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Summary

In the last decade, there has been increasing interest in the production and characterisation of
titanium foams due to the unique combination of properties that are offered by these
advanced materials, such as extra light weight, high compressive strength, good energy
absorption and high permeability, particularly for open celled foams. These foams have huge
potential in a variety of applications, especially for biomedical applications as they offer the
possibility to address the stress shielding problem by tailoring their mechanical properties to
match that of the human bone. The latter phenomenon results from the non-uniform
partitioning of load between the implant and the surrounding tissue or bone as a result of the

large difference between the elastic moduli of the dense implant and the bone.

Ti foams are mostly produced by powder metallurgical foaming techniques, due to the high
melting temperature of Ti and its extreme susceptibility to contamination during melting.
One major challenge in producing Ti foams is the inability to easily shape these foams after
production to the desired shape without resulting in the closure and smearing of the pores
and hence, altering the pore morphology, while creating residual stresses and breaking some
of the cells and deteriorating the mechanical properties. This problem could be addressed by
developing a foaming technique that makes it feasible to produce foams with the final shapes

desired for the component.

One promising technique with great potential for solving this problem, which also has the
ability to mass produce net shaped open celled Ti foams, is Metal Injection Moulding in
combination with a Space Holder (MIM+SH). This technique combines MIM technology,
which is commonly used for producing net shaped complex parts in large quantities, with the

space holder technique, thus ensuring flexible design with different pore morphologies.

The main aim of the project was to investigate the use of MIM+SH technique for the
manufacture of Ti foams with different mesostructures with the potential for biomedical
applications. The foams produced were characterized using Scanning Electron Microscopy
(SEM), Micro-Computed Tomography (Micro-CT) and X-ray Fluorescence (XRF). The
results showed that it is possible to produce net shaped Ti foams with different volume
percentage of porosities and pore morphologies and with a structure that replicates the



structure of the natural bone in having a compact outer layer for increased strength and inner
spongy layer for nutrient exchange. The volume percentage of porosity in the foams produced
was in the range of 20-64%. In addition, it was found that the shape of the space holder does
not have a significant impact on the percentage of final porosity in the samples. However, it
has an influence on the mechanical properties of the foams produced, where foams made by
spherical space holder was found to have a higher yield stress than those made with the cubic

space holder.

Digital Image Correlation (DIC) test was also carried out in order to analyse the failure
mechanism and figure out the distribution of strain across the samples. The analysis showed
that much of the strain is concentrated at 45° in the samples and thus failure is likely to occur
by plastic deformation leading to the growth of cracks in these regions driven by the shear

forces.

After that two approaches were investigated to increase the bioactivity and to potentially
address the bioinertness of Ti, which can be an obstacle towards inducing full integration
between the bone and implant. The first approach involved introducing a bioactive material
known as Hydroxyapatite (HA) into the structure of the foams, while in the second approach
the foams were treated using Plasma Electrolytic Oxidation (PEO) to develop a ceramic

coating.

It was found that adding HA to the Ti can induce brittleness in the structure and reduces the
load bearing ability of the titanium foams by resulting in weak ceramic phases. The extent
of this brittleness depends on the amount of HA added to the structure. While PEO treatment
of the Ti foams produced develops thick surface layers that penetrate through the inner
structure of the samples forming a network of surface and subsurface coatings. The results
are of potential benefit in producing surface engineered porous samples for biomedical
applications which do not only address the stress shielding problem, but also improve the

chemical integration.



Table of Contents

ACKNOWIBAGEMENTS. ... .eiiiiiiiee ittt et e et e e e et te e e e et e e e s ebteeeeebaeeeseastaeeeanstaeeeasteeesaseneesanes i
SUIMIMIAIY e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e eeaaaeeaaaaaaeeaaaaaasasaaaaaaaasaasaeasasanenns ii
[y o) B 7= U PRSP viii
LISt Of TABIES <.ttt st sttt et e bt e s bt e sae e st sab e e bt b e ns XV
List of Abbreviations and SYMDOIS ..........oii i e ree e e XVi
1 INtrodUuCtioN AN @IMS...c.eiiiiiiieiieiee ettt ettt e sb e st st st b e b e e s beesaeeeaeeeaeeen 1
11 INEFOAUCTION ettt ettt et e e st e e st e e sbe e e sabeesaneesneeesareenane 1
1.2 AIMS OF the PrOJECT. ..t e e e e e s sabae e e s naeeeeas 2
1.3 (o= Totdo 1V 1 oY= TS USSP 2
1.4 Terminology USEd iNThESIS ..cccccuiiiiieiiiie ettt e e et e e e e tre e e e e bee e e e ereeeeeeanes 3

2 LITErature REVIEW ....eeiii ettt et et e s st e e st e e s e e e s snreeesenreeas 5
2.1 FOAMS e e e et e e e e s 5
2.2 Manufacturing routes of Ti FOAMS ....cccciiiiiiiiie e 6
D N Y d =Y I 1 0 (<Y T = PR ROt 8
2.2.2 Creation and sintering of hollow SPhEeres..........coccveii i 8
2.2.3 Entrapment and eXpansion Of GaSES........cciivciiiiiiciiiiiiiiee e e e 9
2.2.4 SIUrry-based MEthOAS .......coii i e e e e s ae e e e saaeee s 10

D At A 110 o= 1) 4 1 V-SSP 10

D B - o T ot 1] £ 1 o = PPN 11

D A 3 T C =] W or- 1] 1 1oV - SRR 12
2.2.4.4 FrE@ZE CASTING..cuuiiiiiiiei ittt e e e eeeiiitt e e e e s s s sstateeeeeesessssbabeeeeeeessssssbssaeeeeessssssssnseees 13
2.2.4.5 Impregnation of polymer foam.......cccciiiiiiiii i 16

R o ¥ (o1 o To ] [o Y USRS 17
2.2.5.1 Pressing With Space NOIAEr ........ccuviii i 22
2.2.5.2 Metal Injection Moulding (MIM) with a space holder........ccccceeeeceiiecceieeccieeeee, 23

2.2.6 Influential factors affecting foam characteristics ........cccccevvviveiiiivieeiccie e, 25
2.2.6.1 Characteristics of the starting POWET ........cooociiiiiiiiiiiicce e 25
B A = 13 Vo [T O TP PSP UPTRPN 27
2.2.6.3 Thermal debinding and SINtEIING .......ccceiiiiiiee e e 29

2.3 Properties Of Ti fOamMS ....uui i e e e 31
2.3.1 Models for predicting the properties of open celled foams based on porosity....... 32
2.3.1.1 Micromechanics-based MOdels.........ccocerviiriiiiienieiiineeeeeee e 32
2.3.1.2 Minimum solid area MOdels .........coeiiieiiiiiiieer e 34



2.3.1.3 Gibson-Ashby MOdel..........oeeeiiiiiee e e 37

2.3.2 Mechanical properties of fOams ........coocciiiiieiiiee e 38
2.3.2. 1 UNHAXIAH ettt ettt e b e neennees 38

s N A - Tt {0 = SOOI PPP 42
2.3.2.3  CrB P ciiiiiiiii e a e e e e e e e e e e e aaeaaens 43
2.3.2.4 FaliBUE oo 43

O Y oY o] [oF 1 o] o Ly USRSt 44
95 N 1o 0 g T=To [Tt | IF=Y o] o] oF= 1 To T s L3RR 44
2.4.2  FuNnctional appliCatioNS ......coccuiieiiciiie et naaee s 45
D 3 R L [=To o 1o [= LTS POTOTOURRTRPRN 45
28.2.2 FIEOIS ettt sttt ettt et ettt b e b she e et e et e e be e beenheesaeesane 46
0 Y V= ¢ o 1 o = Tol =Y o] o] ToF= Y o] o L3 SRR 46
2.5 SUMMAIY et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e as 47
N \V/ =1 d o To Yo [o] Lo -4V PSPPSRt 48
3.1 Preparation of Ti foams via Metal Injection Moulding .........ccceeevviiirciiiiiiciee e 48
I Y - 4 [V 0 g e 1T =Y RSP 49
3.1.2 FeedstoCK Preparation ... ettt e e e e e e et ae e e e eabae e e e arees 51
3.1.3 Sample preparation ProCeAUIE........coiciiie ettt sree e e s ebee e s e ares 52
3.1.4 Water debinding and dissolution of the space holder........cccceeiviieiiiecieiicccee e, 53
3.1.5 The effect of temperature on dissolution of space holder and binder .............c.............. 55
3.1.6 Thermal debinding and sintering of SamMpPIes..........cccociiiiecciie e e 56
3.2 Characteristics of the Feedstock and produced Ti foams........ccccceeevieiiecciee e, 57
3.2.1 Rheological characteristics of the feedstock ........cccovviiiiiiiiii i, 57
3.2.2 Differential scanning calorimetry and thermogravimetric analyses of the binder.......... 59
3.2.3 Fourier Transform Infrared Spectroscopy (FTIR) .....cocciiiiieiiee et 59
3.2.4 Estimating the volume percentage of porosity in the samples ........cccceeeeecieeiecciieecennee. 60
3.2.5 Characterisation of the produced foam via Micro-computed tomography.................... 61
3.2.6 Micro-preparation and pore Size @aNalySiS......cccccvuveeeiiiiieeeiiiiee e e 62
3.2.7 Optical MIcroSCOPY @NalYSis ....ccccviiiiiiiiee e ebae e e 64
3.2.8 X-ray diffraCtion ....coocioiiiei ettt eeba e e e ba e e e e bae e e e eares 65
3.2.9 Scanning Electron MICrOSCOPY .....uuriiiieeeiiiiicitiieeeeeeeeceittteeeeseeeessnnraeeeeseesssssnsasneeeasesnannes 66
3.2.10 X-Ray FIUOIreSCENCE (XRF) ...iiiiiieeiieciee ettt te et eere e s te e e tae e s be s esaaeesareesbaeesareeeanes 66
3.2.11 Chemical @NAlYSES ..cccuuiiieiiieeeciiee ettt e et e et e e s s b e e e e s atae e e s abae e s enbaeeeeareeeeennees 67
3.2.12 Compression testing of samples and failure analysis ........ccccceeeiieeeeciiee e, 67



3.3 Preparation of multi-layered radially graded Ti foams and biomedical staples................... 70

3.4 Tifoams as a potential material for biomedical applications.........ccccceeevvieiiecciee e, 71
3.4.1 The addition of hydroxyapatite into the Ti foams ........cccceereciiieicciiee e, 72
3.4.2 The modification of the surface of foams via plasma electrolytic oxidation.................... 73

R T =1 | ol U] {0 < IO TSP P U PP TP 74

I |V, =Y =1 o o] [ Tolk- Lot 4 AV Y2 SRR 75

B A O 1ol 1013 Ty - 1Y [ V=P PR 75

I I 0o 1 =Y =(=T s TR = 11 0 Y- SRS 76

4  Comparison between the developed and commercial feedstocks .......ccccceeeeccirieeeeeeeecccnnnnen. 77

4.1 DSC COMPATISON ceeiiiiiitteee e e ettt et e e e e s sttt eeeeesssaaabbteeeeeeesasusreaaeeeeessasssstaaeeeesssasasneeeaeeeeens 78

4.2  Rheological analysis FESUIS........c.uiii ittt e e e ree e e e e raaeaeeans 80

4.3 Preparation and characterisation of green and sintered samples ..........cccocevveeeeiiieeeecnnenn. 81

4.4 Microstructural and mechanical analysis reSUItS.......ccveiivciiiiiiciiee e 87

4.5 DiSCUSSION....ttiiiiiuittee ettt e eettee e e ettt e s ettt e e s eb et e e s sabeeeessabeeeessabeeeessbaeeesaasaeeesaasaneesanneeeesanreeeesanne 89

5 Incorporation of space holder to form Ti foams........ccovciiiiiiciiii i 93

5.1 The effect of PEG molecular weight on the viscosity in the presence of space holder........ 93

5.2 Effect of solid loading on the viscosity of the feedstocks..........ccceeecuieieeciieiiccciei e, 98

5.3 The effect of the shape of the space holder particles on viscosity..........cccceevrcieiiiriieeennnns 100

5.4  The effect of Ti particle Size 0N VISCOSITY ...cccviiiiieiiiiecciieciee et 103

5.5  Thixotropy of fEEASTOCKS.......eiiiiieieeeeee e e e e s 105

5.6  Initial trials for producing Ti fOAMS ......cccccuiiiiiiciiee e et e e e e aae e e e 106
5.6.1 DSC and TGA analyses of the bBiNder..........cooouiiiieiiiii e 106
5.6.2  SamPIe Preparation ...ttt e et e e st r e e e e nataaeesanraeeen 108

5.7 Debinding and disSOIULION rESUILS.......cciiiciiiiiiiiie e e e e e 109

5.8 The effect of temperature on dissolution of space holder and binder ...........ccccccceuuneeennes 113

5.9 Process design of the debinding Stage.........ccoccuiiiiieiiiie et 115

5.10 Sintering results for the samples made in the initial trials .........ccccecoveeeeciieicciee e, 116

6  Effect of space holder on porosity and mechanical properties.........ccccecveeeeccieeeeicieeeeicinnenn, 121
6.1 The effect of the space holder on the initial porosity and green strength..............c.......... 121
6.2 The relationship between the space holder percentage and the amount of final porosity

0o IR 1 =T V=4 o o SRR 123

6.3 Effect of filling pressure of pycnometer on the percentage of porosity ......cccccceevvcvveennns 129

6.4 The effect of the shape and size of the space holder.........ccoociiiiiiciiiiccii e, 129

6.5 Micro-CT analysis of the foam produced.............ooociiiieeiiiii i 137

6.6  Processing of multi-layered porous samples and complex biomedical products............... 140

Vi



7  Improving the bioactivity of Ti foams via hydroxyapatite addition..........ccccccvvveereerenecnnnnnen. 153

7.1 Fabrication of Ti-HA composite fOam ......c.eiiiiiiiii e 153
7.2 BiologICal TESt RESUILS...ccciiiie ittt ettt e e e e e ebte e e e e bae e e s eabtaeeesananeaeanns 168
8 Improving the bioactivity of Ti foams through surface modification ...........ccecccevvveeeeernnnnins 170
8.1 PEO treatment of porous Ti and resulting coatings.......ccccccueeiviiieiiiiiiiie e 170
8.2 DISCUSSION. c.eutiiiiiitiie ittt ettt e e s s a e s s e e e s s a e s a e e s a e s ra e e s 184
8.2.1 Phenomena and anodiC reaCtiONS .....cccuivieeriiiiiieiierte et 186
8.2.2 Coating thickness and SCaN Fate.......ccueiieiiiiieiiiie e e e ae e e 190
8.2.3 Disintegration of macroporous samples at slow scan rate........ccccceeeeecciiveeeeeeeeeeccnnnnen, 192

1S B o] o Tol [V 1T o - T PP RO UPTRUPPTRTPR 195
10 FUBUIE WOTK .ttt st sttt ettt e sb e sae e st st e e beebeennees 200
REFEIENCES .ttt sttt b e s bt e s bt e sat e st e e be e s bt e sbeesatesabeeabeebeebeennees 201

vii



List of Figures

Figure 1. Possible designations for dispersing one phase into a second phase [13] .....ccccoeevveveviennne. 3
Figure 2. Different types of foams with different pore morphologies [33].........ccceeeveiiiinenenenennenee 5
Figure 3. A schematic diagram classifying many of the processes reported for processing of open
cell porous titanium. Because of their preponderance in the literature, only powder metallurgical
methods are included. From Shbeh, M. and Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY -
VCH Verlag GmbH & Co. KGaA, WEINNEIM.....ccoiieieeeieteeeeseeee e 7
Figure 4. A schematic of the stages of the sintering process for solid powder particles. .................... 7
Figure 5. A schematic diagram of the partial sintering technique with a SEM image of a sample of
microporous Ti produced by partial sintering of a coarse Ti powder from Shbeh, M. and Goodall, R.
Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. ................. 8
Figure 6. A schematic diagram of the entrapment and expansion of argon process for the production
of porous Ti parts from Shbeh, M. and Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, WEINNEIM. ......cceiiieieiceeece ettt 10
Figure 7. Low density Ti sandwich structure made by creep expansion of entrapped argon [29].... 10
Figure 8. Side and top view of a Ti foam with gradient pore size and porosity produced by slip

CASTING [S4]. .ottt b e s bbbttt a bbbt bt e s et e e enea 11
Figure 9. A schematic diagram of the tape casting process from Shbeh, M. and Goodall, R. Adv Eng
Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. ........c.cccocvvveeeenee. 12
Figure 10. A schematic diagram of the gel casting process from Shbeh, M. and Goodall, R. Adv
Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. ...................... 13
Figure 11.A schematic diagram of the freeze casting process from Shbeh, M. and Goodall, R. Adv
Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.............c......... 15
Figure 12. (a) Transverse section of a Ti foam produced by freeze casting (b) high magnification
SEM image of the structure of the foam [61]. .......coveieiiiiceeeceeee e 15

Figure 13. A schematic diagram of the impregnation of a polymer foam to produce porous Ti from
Shbeh, M. and Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co.

G AA, WEINNEIM. ettt e et e e e et e e e e e ee e s e s eeeesaaseeeesaaneeesaanseeeseasseeeseanneeessannees 16
Figure 14. Titanium foams produced via the impregnation of a polymer foam technique using a
polyurethane foam with 25, 30, 35 and 40 pores per inch from left to right respectively [70]......... 17

Figure 15. The change in NaCl and KCI dissolution in water with temperature. ..........ccccceeveeveenee. 19
Figure 16. A schematic diagram of the space holder technique from Shbeh, M. and Goodall, R. Adv
Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim...................... 22
Figure 17. SEM image of a Ti foam with 60% porosity produced by the space holder technique
using magnesium space NoIder [L00] ....c.ooieierieeere ettt 23
Figure 18. A schematic diagram of the MIM-SH technique from Shbeh, M. and Goodall, R. Adv
Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim...................... 25
Figure 19. Hollow spheres assembled forming a porous part [130] ......ccccceveeievereeceneeeere e 33
Figure 20. Idealised stacking of: (A) regular foam cells ;(B) uniform solid spherical particles
contained Within cubical CellS [L27]. ...voirieeee et 35
Figure 21. MSA plot for different idealised Stackings [127] ...cecvvveeverieeeenieierieseee e 36

viii



Figure 22. Gibson-Ashby Model for open cell f0ams [133]......cccvvierirerieeeeeee e 37
Figure 23. Stress-strain curve of a Ti foam under COMPresSion. .......ccocceeveeveeeevieseeceseeeee e 39
Figure 24. Reported values for the Young’s modulus of non-alloyed porous titanium with random
structures, plotted against the relative density. Data are grouped into the broad class of methods,
ignoring variations in how the technique is applied and pore size. Also shown are the prediction
lines from the Rule of Mixtures and the Gibson-Ashby approach with different values of the
constant, C. Data are from [4, 9, 11, 25-27, 58, 62, 67, 69, 74, 75, 77, 80, 82, 136-144]. .............. 41
Figure 25. Reported values for the yield strength of non-alloyed porous titanium with random
structures, plotted against the relative density. Data are grouped into the broad class of methods,
ignoring variations in how the technique is applied and pore size. Data are from references given in
Figure 24. Also shown are the predictions of the Gibson-Ashby model [133] for the strength of
porous materials with C=0.4 for Grade 1 Ti (low O, yield strength taken as 240 MPa) and Grade 4
Ti (high O, yield strength taken as 580 MPa)..........cceoieiriririnineeeee e 42
Figure 26. (a) Porous Ti dental implant produced by Zimmer Dental with up to 80% porosity [160].
(b) U2™ Matrix porous stem produced by United Orthopaedic Corporation [161]. (c) porous Ti

intramedullary rod insert for human proximal femur [157].....c.ccovvieiiiieviieeeee e 45
Figure 27. Traditional 2-volt cell with a foam cell below [163].......ccoeveveeiieieiereeeeeeee e, 46
Figure 28. F-16XL jet with a porous Ti gloVe [165] ....cc.cceiriririnenieieieieeeeeeeesee e 47
Figure 29. Flow chart of the process of producing foams by metal injection moulding in
combination With SPACE NOIUET. ......c..cviuiriiiri et 48
Figure 30. The morphology of the raw materials: (a) Ti powder, (b) cubic KCI, (c) spherical KCI 50
Figure 31. A schematic of the vertical plunger type injection moulder...........cccooevveeeveeeecreceennene. 52
Figure 32. (a) Debinding in a density balance, (b) debinding with water stirring ............ccccceecveunee. 55
Figure 33. CENTORR vacuum Sintering fUMNACE .........ccvcvviiieeeie sttt 57
Figure 34. A schematic representation of the working principle of helium pycnometer.................. 61
Figure 35. Ti foam ground for 4 minutes using (a) SiC paper with grit size of 600, (b) diamond
DASEd GrINAING ISC. ..ecuveviieieiccieeec ettt ettt et e e e e st e sbe et e steesaenbesrseneenns 63
Figure 36. SEM image of a Ti foam: (a) before processing, (b) after closing the pores with drawn
particles, (c) after designating numbers for the pores and measuring them............ccccceevevveceeeennee. 64
Figure 37. Nikon EClipse LV150 MICIOSCOPE. ......eceervereererreeeeriesreesesseesessesseessessesssessesssessesseessenns 64
Figure 38. A schematic representation of Bragg's [aW........ccceecveveveecineecieniceese e 65
Figure 39. A schematic of the generation process of fluorescence X-rays during atom irradiation
L8O ettt h bt h bbbt et h bt bbb bt et e eneeaes 67
Figure 40. White painting of (a) porous sample with 20% porosity, (b) porous sample with 62%

010 (01571 7T 69
Figure 41. (a) DIC test set up, (b) porous sample in between two hardened steel screws. ............... 69
Figure 42. Shear testing assembly for porous Ti with gradient porosity. ........ccceceeeeeeeveeeerieeeenne. 71
Figure 43. A schematic of the PEO process with an image of the PEO process during coating of

S10] (o1 < I TSRS 74
Figure 44. DSC thermograms for the (a) commercial feedstock and (b) current study feedstock.... 78
Figure 45. FTIR spectrum of the commercial feedStock..........ccooeviererieiiniieeeeee e 79

Figure 46. Results of the viscosity measurements for (a) commercial feedstock PolyMIM Grade 2;
(b) current study feedstock made by relatively coarse Ti powder with a solid loading of 58% and
binder content of 42% of which 70 vol % PEG, 25 vol % PMMA and 5 vol % stearic acid. .......... 80

iX



Figure 47. SEM images of the surface of as-broken samples of feedstocks from: (a) current study
made by relatively coarse Ti powder with a solid loading of 58% and binder content of 42% of
which 70 vol % was PEG, 25 vol % was PMMA and was 5 vol % stearic acid at low magnification;
(b) commercial feedstock at low magnification; (c) current study at high magnification; (d)
commercial at high MagnifiCatioN...........ccocieiiii e 83
Figure 48. (a) side and top views of the sintered samples made by coarse powder using current
study feedstock; (b) side and top views of the sintered samples made by commercial feedstock
POIYMIM QFAOB 2.....oeeieeeie ettt ettt ettt ettt s e st e sra e b e s beesa e besraentesseessesteesnensesseensenes 84
Figure 49. (a) Side and top view of sintered and green samples of commercial feedstock produced
by Arburg 320 all-rounder at a pressure of 1400 bar and a temperature of 195°C with a dosage
volume of 10 cm?; (b) lateral view of a crack observed in the structure of the sample.................... 84
Figure 50. Relative densities and volume shrinkages after sintering for: (A) samples processed using
commercial feedstock PolyMIM with the fine powder by plunger injection moulding; (B) samples
processed using commercial feedstock PolyMIM with the fine powder by Arburg 320; (C) samples
processed using current study feedstock with the coarse powder by plunger injection moulding. .. 85
Figure 51. Optical micrographs of the polished samples for: (a) sample sintered using the current

study feedstock; (b—d) centre and edges of a sample sintered using commercial feedstock............. 88
Figure 52. Typical examples of results of the mechanical tests showing: (a) stress-strain curves of
the sintered samples; (b) samples processed by the coarse powder after compression. ................... 89
Figure 53. Viscosity rheograms of the feedstocks prepared using PEG with different molecular
weights at a temperature of: (a) 120 °C, (b) 130 °C, (c) 140 °C, (C) 150 °C. ..ccovvvrcrerreerrrreeeeene 95

Figure 54. (a) Extruded feedstock at 150 °C made by PEG1500 (upper) and PEG 4000 (lower), (b)
samples before and after sintering of a feedstock made with PEG 4000 58% solid content of which

60% KCI injection moulded at 150°C and 45 MPa. ........cccccvecieiieeeiiceeeseeece e 98
Figure 55. Viscosity rheograms of three feedstocks with different solid contents at: (a) 120 °C, (b)
130 °C, (C) 140°C, (d) 150°C.....iiieiirieieieeeeete st ste ettt ettt ste st st e ste e e e seeseesesbestessenseneeneeneenens 100
Figure 56. Viscosity rheograms of three feedstocks with different KCI morphologies at: (a) 120 °C,
(b) 130 °C, (€) 140°C, (d) 150°C. ..oeeeeueeneereeiieiertesteste ettt sttt e esessesbestesbeneeneeneeneeseenes 102
Figure 57. Viscosity rheograms of two feedstocks made with different Ti particle size at: (a) 120 °C,
() IS0 e OSSPSR 104
Figure 58. The hysteresis behaviour of feedStOCK.........cccoveieiiiiececeeeeeee e 105
Figure 59. DSC results (heating) of PMMA and PEG...........ccoooveeiiieiereceeereeeere e 107
Figure 60. TGA results of the binder and pure PMMA .........coo oo 108
Figure 61. Secondary electron SEM image of the surface of as-broken green sample with a solid
loading of 55% from Shbeh, M. and Goodall, R. Mater Design. 2015; 87:295-302. ..........cccccueue. 109
Figure 62. Results of different debinding and dissolution methods.............cccccevveeeveneeceseciennn, 111
Figure 63. Secondary electron SEM images of the sample after 23 hours of dissolution from Shbeh,
M. and Goodall, R. Mater Design. 2015; 87:295-302 .......ccceererieiereriesieseetese e 111

Figure 64. Image of (a) sample made of a feedstock with a solid loading of 55% of which 50% KCI
during debinding without ultrasonic shaking, (b) sample during debinding with ultrasonic shaking

........................................................................................................................................................ 112
Figure 65. Dissolution curves at different temMperaturesS .........ccoeeeeeeeeeieneeeereseeere e 113
Figure 66. (a) plot of cube root mass against time for the 30°C experiment, (b) Arrhenius plot for

water debound MIM-SH foams at different temperatures. ..........ccceeeeeerereererereee e 114



Figure 67. A selection diagram for the different debinding processes explored, showing the trade-
off between dissolution temperature and time from Shbeh, M. and Goodall, R. Mater Design. 2015;
87:295-302. The data points from this study are plotted, along with indicative envelopes of the
ranges they occupy. A selection line following Ashby’s method is included for the gradient when
minimisation of each parameter is of equal IMpPortance [247].....ccccceveeeveeeecieceeeere e, 116
Figure 68. (a) Un-sintered and sintered samples produced by a feedstock with a 55% solid loading
of which 50% was KClI sintered at 1400 °C for 2 using tube furnace, (b). As sintered sample surface
from Shbeh, M. and Goodall, R. Mater Design. 2015; 87:295-302........ccccceeverereecrereeverreeeenenns 117
Figure 69. (a) The amount of initial porosity in the green samples with the space holder added, (b)
The green strength of the samples with the space holder ... 123
Figure 70. Green samples with 0, 17 and 35 vol % space holder after compression testing at a strain
FAtE OF 0.00L S ettt a ettt b et a bt te e st 123
Figure 71. (a) the relationship between the amount of space holder added and the final percentage of
porosity in the sintered samples, (b) mechanical strength of samples with different amount of
porosity under compression, (c) The relationship between the amount of space holder added and the
volume shrinkage of samples after sintering, (d) The change in the relative yield stress with the
change in the relative density with two fitted curves, namely linear and power law...................... 127
Figure 72. The results of the DIC showing: (a) Ti foam made by 52% KCI after 5% deformation, (b)
Ti foam made by 52% KCIl after 17% deformation, (c) Ti foam made by 52% KCI after 15%
deformation, (d) Ti foam made by 17% KCI after 5% deformation, (e) Ti foam made by 17%KCI
after 10% deformation, (f) Ti foam made by 17% KCI after 15% deformation. ..........c.ccccveuenene. 128
Figure 73. Effect of helium filling pressure on the final amount of measured porosity. ................ 129
Figure 74. (a) The particle size distribution of KCI used, where CU336 is a cubic KCI with mean
particle size of 336 um, CU381 is a cubic KCI with mean particle size of 381um, SP607 is a
spherical KCI with mean particle size of 607 um and SP380 is a spherical KCI with mean particle
size of 380 um, (b) An example for calculating the full width at half maximum for space holder

SPBB0 .ttt h et b et b et b et e Rt bRt b et b e st et e st be e ebeaebe e 130
Figure 75. The relationship between the shape and size of space holder added and the final
percentage of porosity and shrinkage in the sintered SampIes. ........cccveeevereerieniencereeeee e, 132
Figure 76. SEM images of: (a) Ti foam made using SP607 space holder, (b) Ti foam made by
SP380 space holder, (¢) Ti foam made by CU336, (d) Ti foam made by CU381. ..........cccoeueneee. 133

Figure 77. Mechanical strength of foams under compression testing at a strain rate of 0.001 s made
by cubic KCI with mean particle size of 336 um (CU336), cubic KCI with mean particle size of
381um (CU381), spherical KCI with mean particle size of 607 um (SP607) and spherical KCI with

mean particle size 0f 380 UM (SP380). .....cvoiiiiieeieeceeeee ettt sttt 135
Figure 78. SEM images of Ti foams after compression testing made with: (a) SP607, (b) SP380, (¢)
CUS336, () CUSBBL.....ceceeieiiierisieieeteesteeete ettt se st e s st st sesse e ssesessesessessesassesensesassesensesessesensns 136

Figure 79. (a) Ti foams with 61% porosity, (b) Volume rendered model of a 4mm section of the
foam produced. The colour spectrum indicates density, with dark red being lowest density and blue

LT o LT O PRSP 137
Figure 80. (a) Transverse cross-section before binarization, (b) Transverse cross-section after
binarization with a lower grey threshold value of 70..........cccerieieieiieeeee e 138

Figure 81. Pore size distribution in the Ti foam produced. Pore sizes ranged from 6 to 100 um for
micropores and from 100 to 480 um for macropores. Although these ranges intersect, the

Xi



distribution showed concentrations around these two separate size ranges, leading to the description

IN termMS Of the tWO PO TYPES. ...oeeeeeieee ettt ettt et e e e e e tesaeenseseeeneeneas 139
Figure 82. Female femur with Micro-CT cross-sectional images of the cortical bone showing: (a)
diaphysis, (b) inferior neck, (C) SUPErior NECK [265].........cccvverirenerieieieeeeeeneereee e 140

Figure 83. (a) Double and triple layered green samples made of two different feedstocks, one of
which had a solid content of 58% and 0% KCI and the other one had a 58% solid content of which
60% KCI. (b) &(c) Side and top view of some double and triple layered samples after water
debinding at 50 °C showing SOme layer SEeParation. ............ceceeerverereereeeeieneeeseseesreseesee e 141
Figure 84. (a) Triple layered porous Ti composed of two microporous layers with a macroporous
layer in-between, (b) Double layered porous Ti sample composed of one microporous layer joined
to one macroporous layer, (c) Triple layered porous Ti foams, (d) Backscattered electron SEM
image of the interfacial bonding between microporous and macroporous layers..........c.ccccecveennene 143
Figure 85. Shear testing results of three triple layered porous samples at a rate of 0.001 s ........ 144
Figure 86. (a) triple layered porous sample after shear testing, (b) Secondary electron SEM image of
a broken Ti particle in the triple layered porous sample (c) Secondary electron SEM of the Ti
particle at high magnification, (d) Secondary electron SEM image of a Ti particle with striations

E Y CcT g =T (U] OSSPSR 144
Figure 87. (a) green state and sintered macroporous staples, (b) two green state and sintered

microporous staples, (¢) and (d) sintered micro and macroporous surgical staples........................ 146
Figure 88. Dimensional shrinkage of medical staples after SINtering ..........cccceceeveverereneneneeennens 146

Figure 89. (a) femoral stem, (b) half-mould showing the cavity of the femoral stem, (c) the mould
with the two halves assembled, (d) the mould after complete assembly of its parts showing the gate
for injecting the TEEASIOCK IN.....c.icui et s 148
Figure 90. (a) femoral stem before and after injecting the porous layer, (b)-(d) top, side and cross-
sectional view of femoral stem with a deposited porous layer after sintering. ........c.cccoeeveeveeveeneee. 149
Figure 91. Femoral stem with a deposited porous layer made by a Ti feedstock with 60%vol KCI
ATTEE SECLIONING ... e ctiiteceee ettt et e st e e s be s be e besbeesb e bessaestesbeenbesteeseensesseensenes 150
Figure 92. (a)-(c) Secondary electron microscopy images of section 5, (d)-(f) Secondary electron
microscopy images of section 3, (g)-(i) Secondary electron microscopy images of section 1. ...... 151
Figure 93. (a) Secondary electron microscopy image showing the EDS spots analysed, (b) EDS
SPECLIUM FOF SPOL L.ttt et ettt e et et e sbeesa e besra et e sbeenbesteeseensesseensenes 152
Figure 94. The morphology of: (a) nano-sized HA powder at low magnification, (b) micro-sized HA
powder at low magnification (penny shaped), (c) micro-sized HA powder at low magnification
(rock like shape), (d) micro-sized HA powder at high magnification, (€) nano-sized HA powder at

high magnification, (f) Ti powder at low magnification............cccceceiieeiiieeececeeee e, 154
Figure 95. (a) particle size distribution for Ti and HA powders, (b) XRD profiles for the HA
POWEES USEU......eenteeeetesie e te sttt et et e e et e e st e et estesaeesaeste e st e seeseessesaeeneessesaeensesteeneensesneensesaeensanes 155
Figure 96. SEM images of Ti powder with nano HA powder after mixXing..........c.ccocevervevveeeennns 155
Figure 97. XRD spectrums of Ti and Ti-HA powders after MiXing .........ccceeevvererereneneneneeennens 156
Figure 98. Viscosity rheograms of two feedstocks, namely one without HA addition and one with
7% micro-HA addition at: (a) 120 °C, (b) 130 °C, (c) 140 °C, (d) 150 °C.....ccoeevvevverireerrrrrerenne. 157
Figure 99. The change in the viscosity of the feedstock with temperature in the temperature range of
120-150 °C at a Shear rate 0f 4016 S™L. .....ovoieieieieieieeeeee et 159
Figure 100. (a) Ti-Ha composite samples after water debinding, (b) Sintered sample made of Ti
WITH 790 NANO-HA ...ttt s b e sttt et e eneenenben 159



Figure 101. Compression testing results of Ti-Ha composite foams with 7% micro and nano HA.

........................................................................................................................................................ 160
Figure 102. SEM images of sintered samples made of Ti with 7% nano-HA .........c..ccceeeievnnnnne 161
Figure 103. SEM images of porous Ti with 7% micro-HA after compression test. ..........c.cceueenee. 162
Figure 104. EDS elemental analysis result of a Ti particle in a porous Ti foam with 7% nano-HA.

........................................................................................................................................................ 163
Figure 105. EDS analysis result of a Ti particle in a porous Ti foam with 7% macro-HA ............ 163
Figure 106. Compression test results of Ti-HA composite foam with 2% micro-HA................... 165
Figure 107. SEM images of Ti foam with 2% micro-HA after compression testing...........c......... 166
Figure 108. XRD spectrum of Ti foam with 2% micro-HA sintered at 1320 °C for 2h................. 168

Figure 109. Mean % SD for (A) cell viability of MLO-A5s on Ti foam and Ti-HA composite foams
over 28 days (B) calcium staining and (C) collagen staining on day 28 of cell culture, (n=6)....... 169
Figure 110. Optical micrographs of the polished samples using colloidal silica mixed with 30%
hydrogen peroxide to reveal the microstructure for: (a) Sample sintered using commercial Ti
feedstock; (b) Sample sintered using relatively coarse Ti powder from Shbeh, M., et al. Appl Surf
SCi. 2018; 439 BOL-8LA. ...ceeeeieieeeieeeeetee ettt ettt ettt b e be bt e st e nae it enaeneene e 170
Figure 111. Cyclic voltammograms for different porous Ti samples in 14 g L™ disodium phosphate
electrolyte at scan rates of 4.22 V st and 2.12 V st from Shbeh, M., et al. Appl Surf Sci. 2018; 439
BOL-BLA. ..ottt ettt ettt ettt et R et eRe s e Rt et e st e s eneete st e beneesenenenas 172
Figure 112. SEM micrographs of: (a) and (b) relatively dense samples, (c) and (d) microporous
samples, (e) and (f) macroporous sample at low and high magnification from Shbeh, M., et al. Appl

SUIf SCi. 2018; 439 B0L-8L4. ...ttt ettt sttt ettt seebe et et et e s e e ena e ene e 174
Figure 113. Secondary electron microscopy images of different regions of the globular sediment
from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814. .......cceeverieieiereeere e 176

Figure 114. Cross-sectional SEM image combined with EDS element mapping of the surface region
of the relatively dense sample subjected to cyclic anodic polarisation at a scan rate of 4.22 V s
The colours in the composite image match those used for the individual element maps from Shbeh,
M., et al. Appl Surf Sci. 2018; 439 801-814. .....c.ooeirieiieirieerieeee et 178
Figure 115. Cross-sectional SEM image combined with EDS element mapping of the surface region
of the microporous sample subjected to cyclic anodic polarisation at a scan rate of 4.22 V s*. The
colours in the composite image match those used for the individual element maps. Red for Ti, green
for P, cyan for O and purple for Na from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814. .... 179
Figure 116. Cross-sectional SEM image combined with EDS element mapping of the surface region
of the macroporous sample subjected to cyclic anodic polarisation at a scan rate of 4.22 V s from
Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814. .....ccoooeeiereeeeeeeeeee et 179
Figure 117. Cross-sectional SEM image combined with EDS element mapping at a depth of 1.62
mm from the surface of the macroporous sample subjected to cyclic anodic polarisation at a scan
rate of 4.22 V s from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814..........cccccevererererererennes 180
Figure 118. Cross-sectional SEM image combined with EDS element mapping at a depth of 3.11
mm from the surface of the macroporous sample subjected to cyclic anodic polarisation at a scan
rate of 4.22 V s from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814. .......ccceevevevererernanes 181
Figure 119. Surface XRF analysis of oxide films produced on the studied Ti samples, where F and S
stand for fast and slow scan rates (4.22 and 2.12 V s). For the macroporous sample with the slow
scan rate (2.12 V s), the globular sediment was used in its XRF characterisation from Shbeh, M.,
et al. Appl Surf Sci. 2018; 439 B0L1-814. ......oceveeieieeeeeeeeeeee ettt 182

xiii



Figure 120. (a) Secondary electron microscopy image of the coating developed in the relatively
dense sample subjected to cyclic anodic polarisation at a scan rate of 4.22 V s, (b) and (c) EDS
element mapping and quantification results from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-
1 SRS SR S SR 182
Figure 121. (a) Cross-sectional SEM image the studied surface region in the microporous sample
subjected to the cyclic anodic polarisation at a rate of 4.22 V s; (b) Depth profiles of the main
elements based on the data of EDS point analysis from Shbeh, M., et al. Appl Surf Sci. 2018; 439
BOL-8LA .ottt h bbbt et et ettt b e Rt be et e b et et et enteneeneene 183
Figure 122. (a) Cross-sectional SEM image the studied surface region in the macroporous sample
subjected to the cyclic anodic polarisation at a rate of 4.22 V s; (b) Depth profiles of the main
elements based on the data of EDS point analysis from Shbeh, M., et al. Appl Surf Sci. 2018; 439
BOL-8LA ettt h bbbttt e et b e Rt bt b e b et et et e st neeneene 184
Figure 123. Results of XRD analysis for the studied Ti substrates subjected to cyclic anodic
polarisation at the scan rate of 4.22 V s*. Rutile (PDF #04-004-4337), anatase (PDF #01-073-
1764), sodium titanium phosphate (PDF #04-002-2744) and titanium phosphate (PDF #04-012-

4504) from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814. .....c.cccvevvvvveieceeeeeceeeee e 185
Figure 124. XRD analysis of the internal surface of the microporous sample from Shbeh, M., et al.
ApPPI Surf SCi. 2018; 439 B0L-814. ....ocveuieeeeeieeeieieeree ettt e st et ne s etens 185

Xiv



List of Tables

Table 1. Space holder materials used for the production of porous Ti. ......ccccceeeieeeeiicieeeeciiee e, 18
Table 2. The relationship between space holder size and pore size reported for porous titanium.... 21
Table 3. Common binder systems used for the fabrication of Ti foams. .........cccccoveveviiiecenecienn, 29
Table 4. Characteristics of the starting materialS...........ccooieeeviiieceseceeceee e 51
Table 5. Mixing programme Of fEEASIOCK...........eruerueieieiiieirreeee e 51
Table 6. FTIR assignments of the commercial feedStoCK ...........covveceveiieciiiceceeceee e 79
Table 7. Flow behavior index and yield stresses for commercial and current feedstocks ................ 81
Table 8. Chemical analysis results of sintered Samples. ..........ccooirirereneiinneeeeeees 86
Table 9. Characteristics of the samples produced by the commercial and current study feedstocks. 89
Table 10. Particle size distribution for the fine Ti-6AI-4V POWEr ........cccoveeeviieeeceeee e, 103
Table 11. Interstitial analysis of the f0ams produced .............coccvevereieininnreeeee 118
Table 12. Particle size distribution of the space holder used ..........cccooveveiieieviiecceceeeeeeee, 124
Table 13. Average pore diameter in the Ti f0oams produced...........cccoeveeeierveceerereesereeeee e 134
Table 14. Some characteristic parameters obtained via CT analysiS ........cccoceeverererenenenienieennenn 139
Table 15. Average diameter shrinkage of double and triple layered porous samples..................... 142
Table 16. Results of the EDS analysis for the investigated SPOt SCaNS. .........cccevevverereereereeieennnn 152
Table 17. Flow behaviour index for feedstocks with and without HA addition .............ccccveueeneee. 158
Table 18. XRF analysis results of Ti-HA porous COMPOSItE ........ccecveveeveeiieeenieieecrese e 164
Table 19. Results of EDS analysis for different regions in the coating area adjacent to the crack. 177

XV



List of Abbreviations and Symbols

DSC Differential Scanning Calorimetry
EDS Dispersive X-ray Spectroscopy
FTIR Fourier Transform Infrared Spectroscopy
HA Hydroxyapatite
KCl Potassium Chloride
MIM+SH Metal Injection Moulding in Combination with a Space Holder
Micro CT Micro-Computed Tomography
n Flow behaviour index
PEG Polyethylene Glycol
PEO Plasma Electrolytic Oxidation
PMMA Poly Methyl Methacrylate
SA Stearic Acid
SH Space Holder
SEM Scanning Electron Microscope
TGA Thermogravimetric Analysis
XRF X-Ray Fluorescence

Capacitance

K Dissolution rate constant
t time in seconds
S Surface area
T, Yield Shear Stress
Mp Plastic Viscosity
Wt.% Weight percentage
Vol.% Volume percentage
y Shear rate

XVi



Publications

Parts of the work described in this thesis has been published in the following articles:
Invited papers / special issue

1. Shbeh, Mohammed, Aleksey Yerokhin, and Russell Goodall. "Microporous Titanium
through Metal Injection Moulding of Coarse Powder and Surface Modification by
Plasma Oxidation." Applied Sciences 7.1 (2017): 105.

2. Shbeh, Mohammed Menhal, and Russell Goodall. "Open pore titanium foams via metal
injection molding of metal powder with a space holder.” Metal Powder Report 71.6
(2016): 450-455.

Research Papers

1. Shbeh, Mohammed, Aleksey Yerokhin, and Russell Goodall. "Cyclic Voltammetry
Study of PEO Processing of Porous Ti and Resulting Coatings." Applied Surface Science
(2018).

2. Shbeh, Mohammed Menhal, and Russell Goodall. "Open Celled Porous Titanium."
Advanced Engineering Materials (2017) 1600664.

3. Shbeh, Mohammed Menhal, and Russell Goodall. "Design of water debinding and
dissolution stages of metal injection moulded porous Ti foam production.” Materials &
Design 87 (2015): 295-302.

4. Shbeh, M.M. and Goodall, R., Single-and multi-layered porous titanium via metal
injection moulding. Advance Materials Letters (2017), volume 8, issue 4, page 500-505,

Conference paper

1. Shbeh, Mohammed Menhal, and Russell Goodall. "Advanced Processing: Design and
Optimisation of Powder Processed Metallic Foams for Different Applications."
European Congress and Exhibition on Powder Metallurgy. European PM Conference
Proceedings. The European Powder Metallurgy Association, 2015.

XVii



Awards

Engineering Researcher Symposium Best Presenter award, second prize, University
of Sheffield (2017)

ABTA Doctoral Researcher Awards Honourable Mention for excellency in research
(2017)

Postgraduate Researcher Experience Programme (£850) (2017)

Sheffield Metallurgical and Engineering Association Travel Award (£500) (2017)
Engineering Researcher Symposium Best Poster award, First prize University of
Sheffield (2016)

Best poster award, first prize, Materials Science and Engineering Department,
University of Sheffield (2016).

Best Scientific Image award, First Prize-Metals category, Materials Science and
Engineering Department, University of Sheffield (2016)

XViii



Conferences

Invited Talks

Mohammed Shbeh and Russell Goodall ‘‘Biologically Active Titanium Foams”’
IDC Machining Science 2017, AMRC, Rotherham

Mohammed Shbeh and Russell Goodall, ‘‘Titanium Foams for Dental Implants
New Scientist Live, London, UK, September, 2016.

Mohammed Shbeh and Russell Goodall ‘“Metal Injection Moulding Titanium
Foams’’ Advanced Engineering, Birmingham, UK, November 2015

29

Talks

Mohammed Shbeh and Russell Goodall “‘Porous Titanium for Biomedical
Applications’” Middle East Technical University, December 2017, Turkey
Mohammed Shbeh and Russell Goodall ‘‘Bio functionalized Titanium Foams for
Biomedical Applications’” MetFoam 2017, Nanjing, China.

Mohammed Shbeh and Russell Goodall ‘Surface Modified Titanium Foams for
Biomedical Applications’” Titanium Europe 2017, Amsterdam, The Netherlands.
Mohammed Shbeh and Russell Goodall “‘Single- and multi-layered porous titanium
via metal injection moulding”’ European Advanced Materials Congress, Stockholm,
Sweden, August, 2016

Mohammed Shbeh and Russell Goodall ““Titanium Foams for Biomedical
applications’” Set for Britain, House of Commons, London, UK, December 2015
Mohammed Shbeh and Russell Goodall ‘‘Designing and Processing Ultra-Light
Functionally Structured Metallic Foams’> EUROMAT, Warsaw, Poland, August,
2015.

Mohammed Shbeh and Russell Goodall ‘‘Design and Optimisation of Powder
Processed Metallic Foams for Different Applications’” PM 2015, Reims, France,
September, 2015.

Mohammed Shbeh and Russell Goodall ‘‘Mesostructured Titanium Foam by Metal
Injection Moulding’” Titanium Europe, Birmingham, UK, July, 2015.

XiX



1 Introduction and aims

1.1 Introduction

Titanium is the fourth most abundant metal and the ninth most abundant element in the
Earth's crust [1]. It is characterized by its light weight, high strength, high melting
temperature and excellent corrosion resistance. It has a density of about 60% of that of steel
and a lower thermal expansion coefficient, but it has a higher melting temperature of
approximately 1668+10°C [2]. These superior properties have made Ti indispensable in
several applications, such as in aero-engines, and the main focus of research for several
decades. However, this focus has been shifted in the last decade towards Ti foams and their
production due to the uniqueness of these foams in combining some of the most sought after
properties of Ti (such as high melting temperature, biocompatibility, light weight and
excellent corrosion resistance) with the distinctive properties of foams such as low density
and high permeability to fluids, thus, producing ultra-light and stiff foams with excellent
mechanical properties and good corrosion resistance. These foams can potentially be utilized
in a variety of areas such as structural, biomedical and aerospace applications.

Owing to the high melting temperature of Ti and its high susceptibility to contamination
during melting, Ti foams are mainly processed through powder metallurgical routes. Several
researchers have tried producing Ti foams with controlled pore sizes and morphologies using
different powder metallurgical foaming techniques such as slip casting [3], gel casting [4]
and impregnation of a polymer foam [5]. However, hitherto most of the Ti foams produced
do not have a desired shape or complex geometries. Furthermore, subsequent grinding and
machining are usually required to shape these foams into the final shapes. These grinding
and machining processes can result in significant contamination of the foams produced and
closure of the pores, thus significantly deteriorating their performance in different
applications [6]. In addition, some of these techniques are relatively slow and do not offer
the possibility of producing Ti foams in large quantities and hence limiting these routes’

viability on a commercial scale.

One promising foaming technique that could have the potential in addressing these issues is
Metal Injection Moulding in combination with a Space Holder (MIM+SH). MIM is a well-
known manufacturing technique for the production of net shaped complex metal parts in



large volumes [7], while a space holder is a material that is temporarily added during the
processing stages to create pores in the metallic structure and is removed at an advanced stage
in the manufacturing process. Examples of space holder materials include KCI, NaCl and
PMMA [8-11]. Combining MIM with a space holder such as KCI could have a huge potential

in producing net shape Ti foams in large quantities.

1.2 Aims of the project

The main aim of the project is to examine the use of Metal Injection Moulding in combination
with a Space Holder (MIM+SH) for potential use in mass producing near net shape, open-
celled Ti foams with different volume percentages of porosity and pore shapes via the
development of special feedstock. A second aim of the project is to explore the possibility of
controlling the mesostructure and mechanical properties of the foams produced through the
optimisation of the processing and foaming parameters in order to achieve functionally
graded mesoporous Ti for different applications. A third aim of the project is to assess the
suitability of the developed feedstock in processing commercial biomedical parts with
complex shapes. Another aim of the project is to investigate the possibility of improving the
bioactivity of the foams produced by the addition of hydroxyapatite to the Ti during mixing
and by surface modification via Plasma Electrolytic Oxidation.

1.3 Project outline

The first chapter states the motivation for the project and the main objectives of this research.
Chapter two summarizes the previous work on Ti foams and reviews the core findings of
these studies. Chapter three is focused on the methodology of the experiments. Chapter four
is concerned with the development of feedstock without space holder and comparing its
performance to that of commercial feedstock. Chapter five deals with the incorporation of
space holder into the feedstock with preliminary trials for injecting porous parts. Chapter six
describes the effect of space holder on porosity and mechanical properties. Chapter seven is
about improving the bioactivity of Ti foams by adding hydroxyapatite. Chapter eight is
concerned with modifying the structure of the Ti foams via plasma electrolytic oxidation.

Chapter nine reviews the conclusions that have been drawn from the results.



1.4 Terminology used in thesis

The terminology used to describe metal parts with different percentages of porosities is quite
varied, interchangeable and under huge debate. Examples of terms used for describing metal
parts with different percentages of porosities include metal foams, metal sponges and cellular
metals. The first three terms are used interchangeably in the literature and only cellular metals
have a clear and precise definition and distinctive characteristics to be called cellular, which
cannot be mistaken, where they have regular distinct cells with approximately similar size.
One common classification system that is widely cited in the literature distinguishes between
different porous parts according to the state of the matter used in processing them is shown

in Figure 1 as reported by Banhart [12].
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Figure 1. Possible designations for dispersing one phase into a second phase [13]

According to this classification the term foam is in its original sense reserved for describing
porous parts which originate from a liquid foam by melting a metal into a liquid state and
dispersing fine gas bubbles within it. Banhart also states that porous parts produced by
powders or in solid state should preferably called sponges [13]. However, these
recommendations are somewhat misleading particularly in the case of Ti, where Ti sponges
(intentionally-made porous parts) can be mistaken for those Ti sponges produced during the
first stage of processing and producing Ti powder from its ores, as well as the reactions

involved in the production process, and hence the term has been mainly avoided in the
3



literature when it comes to describing porous Ti parts. Instead, researchers mainly use two
expressions to describe foams produced by powder technology techniques, namely Ti foams
[14-25] and porous Ti [3, 4, 9-11, 26-31] regardless of the porosity content. Thus, the term

Ti foam will be used throughout the thesis.



2 Literature Review

2.1 Foams

Foams are advanced materials that consist of a network of interconnected or randomly spaced
macropores separated by dense or microporous cell walls. These macropores can be either
open or closed, or mix of those two, depending on the manufacturing process. Open pores
are permeable pores that bridge the internal structure of the foam to the environment, whereas
closed pores are often impermeable pores with their surfaces covered with a thin layer of the
foam material. Open pore foams are typically not as strong and stiff as closed pore foams,
but they possess a higher surface area to volume ratio which can be beneficial for a number
of applications such as catalytic and heat dissipation applications [20]. Unlike common
materials, where the microstructure is the sole player in dictating the properties, foams’
properties can vary significantly according to both their mesostructure (how the porosity is
arranged) and microstructure. Both of these structural levels play a role in altering the
properties of foams. Thus, foams are often considered more complex and advanced materials
compared to traditional ones [32]. This ‘mesostructure’ is the level of structure between the
microstructure and macrostructure and is mainly concerned with the morphology, size and
arrangement of the three dimensional macropores that present in the foams. Figure 2
illustrates examples of different types of foams with different pore morphologies.

Mixed cells

7 VD,

Figure 2. Different types of foams with different pore morphologies [33]



2.2 Manufacturing routes of Ti foams

It is well known that processing titanium in the liquid state can be very challenging due to its
high melting temperature and its extreme affinity for atmospheric gases such as oxygen and
nitrogen [34]. Therefore, Ti foams are almost always processed by powder metallurgical
routes, generating and retaining a porous form from powder particles, and causing atomic-
level bonding between the particles with a sintering treatment at a temperature below the
melting point. Focusing on powder-based production methods used for titanium and its major
alloys (i.e. CP-Ti and Ti-6Al-4V), it is still possible to delineate several different types of
process, which are summarized in Figure 3, and discussed in the following sections. Apart
from additive manufacturing techniques, where full or partial melting of particles occurs
layer by layer via laser or electron beam [35], all of the processes mentioned in Figure 3
require sintering in order to partially fuse the particles together and generate bonds. Hence,

it is important to understand the process of sintering and its stages.

Sintering is the process of joining contacting powder particles together and reducing their
surface area (which provides the driving force for the change) via heating them to a
temperature typically two-thirds of the melting temperature of the powder material [36, 37].
During the first stage of the sintering process (shown in Figure 4), neck formation occurs in
order to minimize the surface free energy of the system, which is the main driving force for
the sintering process and reach more thermodynamically stable state through surface, volume
and vapour diffusion, where the material evaporates or is transported from the convex
surfaces of the powder particles and condenses on or moves to their concave surfaces [38].
Next, neck growth happens at the second stage of the sintering process and pores accumulate
at the grain boundaries. The process continues until the pores become isolated [39]. The final
stage of sintering is the elimination of the majority of the voids leaving behind small, isolated

closed pores depending on the sintering time, temperature and grain coarsening [40].
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Figure 4. A schematic of the stages of the sintering process for solid powder particles.



2.2.1 Partial sintering

One of the simplest ways of producing porous Ti is to partially sinter the metal powder under
vacuum (Figure 5). This will result in the initiation of small necks among the particles via
diffusion and the retention of relatively small pores due to incomplete densification, provided
the temperature and duration of the sintering step is appropriately controlled (sufficient to
cause inter-particle bonding, but not enough to reach near full density). The process has been
used for the manufacture of Ti with a total porosity of up to 60 %, showing an elastic modulus
of 5-60 GPa [41]. The sintering characteristics, and hence porous structure, are affected by
the size of the starting powder. Large particle sizes have greater inter-particle spaces, and
will result in larger pores, along with increased porosity due to a reduced rate of sintering,
with the opposite true for smaller particles [28]. Pore shape can be controlled to some extent
via selection of powder particle shape and control of the sintering process, though these may
also influence the pore size and density. Many foams which are processed by sintering as
part of another method will contain some degree of microporosity even within the nominally

dense metal parts, which can have a significant impact on overall porosity and on properties.

Ti Particles sintering necks

N\

Ti powder
280Y e
:::o ' E
|_ Micro-pores
Powder packing Sintering

and pressing

Figure 5. A schematic diagram of the partial sintering technique with a SEM image of a
sample of microporous Ti produced by partial sintering of a coarse Ti powder reproduced
from Shbeh, M. and Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

2.2.2 Creation and sintering of hollow spheres

Sintering can also bind together other forms, including hollow spheres consisting of a
relatively thin and dense outer shell with an inner void space. Hollow Ti spheres can be

produced by several techniques (on a powder scale it can be created, normally
8



unintentionally, during the production of spherical Ti powders by gas atomisation [42]). One
way of synthesizing hollow Ti spheres is by injecting a slurry of Ti hydride with a polymeric
binder or disperser and solvent through a coaxial nozzle and bubbling it via a passing gas to
form solidified, green hollow spheres by surface tension and hydrostatic forces [43]. These
green spheres are then partially sintered to produce porous Ti parts with a relative porosity
of more than 96%. Another way of producing hollow Ti spheres is by spray coating the slurry
on to polymeric spheres to form Ti coated polymeric spheres [44]. Such spheres are either
sintered to produce hollow Ti spheres, which are combined by partial sintering, or pre-

compacted and then sintered to form a porous Ti part in one step [45].

2.2.3 Entrapment and expansion of gases

The main principle underlying this technique is the introduction and subsequent expansion
of entrapped gas into Ti to form microporous part (Figure 6). It is made possible by the creep
or superplastic behaviour of titanium, which means that, at appropriate temperatures,
pressures achievable by gas are sufficient to cause significant shape change. The method
involves Hot Isostatic Pressing (HIP) of Ti powder packed in a sealed steel container and
backfilled with argon to form a partially densified Ti part with closed micron-sized pores
filled with entrapped argon. The relatively small micropores are then enlarged by heating the
part to a temperature high enough to cause creep in the metal surrounding the pores as a result
of the pressure of the argon entrapped [46]. This early version of the process produced Ti
with porosity up to 27% in the case of pure Ti, and 40% for Ti-6Al-4V [47, 48], and was also
used to make a 35% porous Ti-6Al-4V sandwich structure [49], which remained closed. An
example of Ti sandwich produced by this technique is shown in Figure 7. Because of the
low levels of porosity and its closed nature, and the long duration of processing (which can
be more than a day) this technique where creep occurs to increase pore size has not proved
popular. However, where transformation superplasticity can be used for pore expansion,
there is relatively shorter treatment time and accelerated pore growth reaching a higher
volume percentage of porosity up to 52%, and including a significant fraction of open
porosity [50]. Transformation superplasticity is carried out by thermal cycling of the partially
consolidated Ti part at a temperature range around the o/ allotropic temperature of Ti, which

is about 882.5 °C [51, 52]. The morphology of the final pores ranges from regular separated
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small spherical pores to irregular coalesced pores with sizes in the range of 200-800 pum

depending on the treatment time [53].

Steel Can Filled with Argon

!iii!l

Ti Powder

HIP of loose Powder

Micropores with
entrapped argon

1

High temperature heat
treatment for pores
expansion

Porous Ti part with
enlarged pores

Figure 6. A schematic diagram of the entrapment and expansion of argon process for the
production of porous Ti parts reproduced from Shbeh, M. and Goodall, R. Adv Eng Mater.
19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 7. Low density Ti sandwich structure made by creep expansion of entrapped argon

[29].

2.2.4 Slurry-based methods

2.2.4.1 Slip casting

Slip casting is a method commonly used in the ceramic industry, but more recently applied

to porous Ti [3, 54]. A suspension or slip is first prepared by mixing Ti powder with a solvent

and dispersant such as water and cyclohexane. A stabiliser and polymeric binder are usually

added to the mixture to increase the stability of the solid part in the suspension and provide

sufficient strength for later handling. This suspension is then poured into a porous gypsum
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or plaster mould which absorbs the water from the suspension by capillary action, resulting
in a green body with a very limited strength [55]. This cast body is then removed from the
mould and dried for a period ranging from 8 to more than 24 hours before sintering. This
method was successfully used for the production of Ti foams with a total porosity of up to
65 % [54], slightly higher than that achieved for partial sintering of powders, possibly as the
mechanical compaction of the powders pre-sintering is less. An example of a foam produced
by the slip casting is shown in Figure 8. Like partial sintering, the control of the pore size is
low, and inhomogeneous structures may result. One of the drawbacks of the technique from
a processing point of view is the long drying stage, particularly when large parts are
produced, leading to greater suitability for small scale production [55], however the capital
cost is low with relatively simple tools [3] . Another potential issue is contamination of the

foam during thermal removal of the stabiliser and binder (which are usually polymers).

Figure 8. Side and top view of a Ti foam with gradient pore size and porosity produced by
slip casting [54].

2.2.4.2 Tape casting

This process also uses a slurry of Ti powder with a solvent, binder and disperser. A small
amount of TiH> may also be added to the mixture to facilitate the sintering process by
releasing hydrogen into the sintering atmosphere as it breaks down at high temperature,
reducing oxidation. The homogenised slurry is then poured into a chamber situated above a
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moving carrier film or foil, Figure 9. The slurry passes through a small gap controlled by a
doctor blade and is then left to dry at ambient temperature or in an oven to remove the solvent.
After that the sheet produced is thermally debound to remove the organic binder and is then
partially densified by sintering. This method has been used for producing porous Ti foil with
a thickness of 370 um and a total porosity of 36 %, with once again pore sizes limited to
micropores (22 um average pore size in this case) [56]. These porous sheets could have
potential in several applications, such as in chemical reactors and fuel cells [56].
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Figure 9. A schematic diagram of the tape casting process reproduced from Shbeh, M. and
Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

2.2.4.3 Gel casting

In this process, Figure 10, the slurry is prepared by mixing the Ti powder with a monomer
and cross linker, to form a gel, and deionised water, to dilute the mixture. A small amount
of a disperser is added to the slurry to prevent Ti segregation and settling. After that an
initiator and catalyst are added to start the polymerization reaction, which forms a chemically
crosslinked gel; this is agitated, before being cast into a mould and heated at a temperature
of 60 °C for 2 hours [4]. Next, the gelled parts are demoulded and vacuum dried at ambient
temperature for 24 hours before sintering under vacuum to produce a porous Ti part. As the
internal structure of the gel plays a role in defining the porosity (although the degree of
control thus achieved is not great), this process has the elements of a space holder method,
where another phase defines the shape of the pores. A total porosity of 46 % has been

achieved [4], which is relatively low in comparison with other methods and attempts to
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increase this have been made [57] by first producing a gelled TiO2 foam which was then
reduced to metallic Ti by electrochemical reduction, reaching a total porosity of 88 %.
However, the linear shrinkage observed on the reduction stage was substantial (27%), and a
TiC phase is formed in the material which has a detrimental effect on the ductility. Another
study explored the incorporation of organic space holder particles such as polypropylene and
poly methyl methacrylate (PMMA) beads into the process and carried out gel casting of TiH>
by mixing these with a triblock copolymer dissolved in a solvent [58]. The mixture forms a
low viscosity liquid at high temperatures, but once cooled below a gelation temperature, it
transforms into a thermoreversible, physically cross-linked elastic polymer network or gel.
The triblock polymer and organic space holder are then removed by pyrolysis or thermal
degradation. The TiH2 is reduced and the part is sintered under vacuum. Titanium with a
total porosity of 44 % was successfully produced by this procedure [58]. However, the carbon
content for the foams produced was relatively high (0.66-0.73 wt. %) due to the high organic

content in the mixture and the presence of their decomposition products during sintering.
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Figure 10. A schematic diagram of the gel casting process reproduced from Shbeh, M. and
Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

2.2.4.4 Freeze casting

The freeze casting process was first used for the manufacture of polymer scaffolds for
biomedical applications (it is well known, as freeze gelation, in the polymer industry [59])

and has been used for the production of ceramic biomaterial scaffolds [60]. It was
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implemented for the production of porous Ti in 2008 [61, 62]. Like other methods, the first
step is the preparation of a slurry or suspension, with water the most commonly used solvent.
This suspension is then uni-directionally solidified by freezing, Figure 11, leading to the
formation of ice crystals among the metal powder particles. These growing ice crystals reject
and push the Ti particles to the boundaries or spaces among the crystals, concentrating them
in these regions and thus creating lamellar cell walls in between. The ice crystals are
subsequently sublimated by freeze drying under vacuum, forming lamellar pores that
replicate the shape of the crystals; the ice thus acts as a removable space holder phase. Finally,
the porous cast is thermally debound and partially densified by sintering. Due to the
directional solidification, the macropores are often elongated and aligned along the
solidification direction, with a high aspect ratio. Indeed, the pores frequently form channels
traversing one direction across a sample without interconnects in other directions, and
therefore are potentially well suited for filter applications. An example of a Ti foam produced
by freeze casting is shown in Figure 12. The critical role of water solidification means it is
vital to control the cooling rate, which affects crystal formation, and the particle size of the
powder, which affects its mobility and densification behaviour (this is particularly significant
as, compared to other materials processed by freeze casting Ti has a high density and
tendency to low mobility that might lead to settling and segregation from the suspension
[63]). Very fast cooling rates can result in the formation of dense material [64], while large
particle sizes can result in particle entrapment by the crystals giving lower porosity (for
example 38 % [61]) and smaller, non-elongated pores. Careful control of the cooling rate is
achieved by controlled reduction of the heat applied by the heating element (see Figure 11)
to cause the water to freeze unidrectionally through the polymer mould. Thus, ice crystals
form at a rate that allows sufficient time for the Ti particles to be displaced and gathered at
the boundaries of these ice crystals, resulting in lamellar pores remaining after sublimation.
The cooling rate typically ranges from 0.1 °C min to 10 °C min™ [65]. In addition to water,
the use of camphene as a solvent in freeze casting of porous Ti has also been investigated
[31, 62, 66, 67]. Unlike the lamellar pores produced by freeze casting with water based
solvents, camphene-based freeze casting can result in structures with dendritic porous

channels [63]. A total porosity of up to 69 % has so far been achieved by this method [67].
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Figure 11.A schematic diagram of the freeze casting process from Shbeh, M. and Goodall,
R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ag bl

Figure 12. (a) Transverse section of a Ti foam produced by freeze casting (b) high magnification SEM
image of the structure of the foam [61].
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2.2.4.5 Impregnation of polymer foam

This process, Figure 13, also frequently involves a slurry, but rather than being shaped or
cast into a mould, polyurethane foam is dipped into it, with the slurry impregnating the foam.
Excess slurry is removed by squeezing or pressing it under a roller [68], and the foam is left
to dry before thermal treatment to remove the binder, and also the polymer foam by pyrolysis.
This method can yield Ti with high porosities (up to 84% [5, 69]) and good, well-controlled
structures, leading to efficient mechanical properties (albeit with the ever-present risk of
contamination due to binder removal). One challenge for using this technique is that the shape
of the porous parts produced replicate the shape of the polymer foam used and thus very
intricate parts require either post machining or specially made polymer foams that have a
similar shape to the final product. Examples of Ti foams produced by this technique are
shown in Figure 14.

TiPowder

Binder
1~ - - =]~
Disperser . )
Slurry Impregnation of Squeezing through  Drying and Pyrolysis Ti Foam
D Preparation Polymer Foam with  follers of Polymer Foam Sintering
Ti Slurry
Water

Figure 13. A schematic diagram of the impregnation of a polymer foam to produce porous
Ti reproduced from Shbeh, M. and Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 14. Titanium foams produced via the impregnation of a polymer foam technique using
a polyurethane foam with 25, 30, 35 and 40 pores per inch from left to right respectively [70].

2.2.5 Space holder

The degree of control over pore size and shape, and to a lesser extent, porosity is limited with
the methods discussed above where the pores develop during the process. In order to increase
control, and achieve the highest porosities, a simple and widely-used strategy is to
incorporate particles of a phase within the material which does not react or change
significantly during the process, and can be removed at some stage, leaving behind open (and
interconnected) pores. Such a material is known as a Space Holder (or sometimes porogen).
The space holder needs to be low cost, easily removed and readily available with the desired
shapes and sizes. Furthermore, it must withstand any applied pressure during processing
without deforming. In addition, it must not react with the Ti to avoid undesirable phases that
can have detrimental impact on the mechanical properties of the foam. Most of the space
holders are temporary and usually removed by either water dissolution or thermal treatment.
However, some space holders can be permanent such as cenospheres which are usually made
of alumina silicates and commonly produced as a by-product in coal combustion thermal
plants [71]. Moreover, foams produced by such permanent pore formers are often called
syntactic foams. Table 1 summarizes the investigated space holder materials in the literature

and their method of removal.
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Table 1. Space holder materials used for the production of porous Ti.

Material Method Removal Comments Ref.
Carbamide Space holder + Cold | Thermal Removal Low melting point (133°C). | [22, 27,
(Urea) Isostatic Pressing [72] 200 °C for 2 hrs Very good water solubility. 72]
[22] 300 °C for 2 hrs. Possibility ~ of  deforming.
[27] 200 °C for 3 hrs+350 °C for 3 hrs Breaking at pressure > 200 MPa
[73]
Ammonium Cold Isostatic | Thermal Removal Very low melting point (41.9 | [74, 75]
Bicarbonate pressing [74] 120 °C for 3 hrs °C). Unsuitable for MIM and
[75] 95 °C for 12 hrs HIP
Space holder Water Dissolution High  melting  temperature | [8, 9, 11,
[76] 4 hrs at 50-60 °C. (801°C). Good water solubility | 25, 76]
[9] 60 °C for 5 hrs & low cost
Sodium Chloride MIM+Space holder [9] 60 °C for more than 72 hrs
[11] 50 °C for 40 hrs (92% removed)
Warm compaction [8] 24 hrs (96% removed)
Hot Pressing [25] 2-3 hrs
Space holder Water Dissolution Good water solubility & low | [9, 10]
60 °C for 5 hrs cost. Available in different
shapes and sizes
Potassium Chloride |™\ji\+Space holder | [9] 60 °C for more than 72 hrs
Warm compaction [10] 60 °C for 24 hrs
Starch Space holder Thermal Removal 450 °C for 2 hrs Low cost, high contamination [77]
Saccharose crystals Space holder Water dissolution with magnetic stirrer at | Very good solubility in water & | [17]
20-80 °C for 2-6 hrs low cost.Very hard to use in
MIM [78]
Space holder Thermal Removal Can be used as abinderand asa | [11, 79]
Poly(methyl [79] 200-450 °C for 2 hrs. space holder
methacrylate) MIM+Space holder Solvent Dissolution
[11] Acetone 40 hrs (90-100% removed)
Polyoxymethylene Space holder Catalytic decomposition at 110 °C Melting point 175 °C. [80]
Polypropylene Space holder Thermal Removal 220 °C for 1 h High carbon contamination [81]
carbonate
Acrowax Space holder Thermal Removal 200 °C for 3 hrs. [82]
Hydrogen Carbonate | Space holder Thermal Removal 200 °C for 5 hrs. [83]
Magnesium Space holder Evaporation by heating Relatively expensive. [24]
Presence of MgO [84]
Steel spheres, wires | Space holder Electrochemical Dissolution 10-20 hrs Expensive. Hard to remove | [85]
and mesh completely
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It can be seen from Table 1 that NaCl is one of the most investigated pore formers, which
can be attributed to its low cost and ease with which it can be used. It is mostly cubic in shape
and has a good dissolving rate in water. However, Tuncer et al [9] reported that KCI offers
several advantages over NaCl. Firstly, it can be easily injected and rejected (i.e. removed
from the mould) with reduced wall friction in comparison with NaCl. This is beneficial as it
can reduce the chance of segregation among the space holder particles and Ti particles and
create foams with homogenous properties [9]. Secondly, using KCI can result in lower wear
rate for the screw and nozzle due to low wall friction [9]. However, it should be noted that
the KCI used in their study was approximately spherical while the NaCl was cubic in shape,
thus one might argue that their findings can be attributed to shape rather than the material as
spherical particles have better flowability and less friction than cubic ones. This requires
further investigation. One additional advantage is that KCI has a higher solubility in water in
comparison with NaCl and consequently faster removal rate and less dissolution time than
NaCl. The solubility of NaCl and KCI in water was thoroughly investigated by several
researchers. One case study published in 2005 investigated the solubility of these two salts

in water at different temperatures [86]. Figure 15 summarizes the finding of this study.
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Figure 15. The change in NaCl and KCI dissolution in water with temperature.

It can be noted from Figure 15 that both salts dissolve to an approximately similar amount
in water under ambient conditions, but this trend changes noticeably as the temperature rises,
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where KClI start to dissolve at a faster rate in comparison with NaCl. Interestingly, Tuncer et
al reported that the removal rate of both the NaCl and KCI from the compacted samples were
nearly equal in the first 15 minutes and then started changing in favour of KCI. This might
suggest that the temperature was gradually increasing until it reached the experiment
dissolution temperature (60 °C). Morelli et al [11] studied the feasibility of using NaCl and
poly methyl methacrylate (PMMA) as space fillers for the production of Ti foams via
injection moulding. They stated that PMMA results in foams with better shape retention than
NaCl. In addition, foams processed with PMMA had higher total porosities for the same
percentage of the space holder and lower compressive strength. Furthermore, foams
produced by PMMA had lower carbon and oxygen contents compared to foams produced by
NaCl, in spite of the fact that there are reports to suggest that PMMA can significantly
increase the level of impurities in Ti alloy foams compared to other space holders [78, 87].
Another study argued that using carbamide as a space holder can result in Ti alloy foam with
higher porosity compared to foam produced by NaCl for the same percentage of space holder
and within the same size [88]. It is important to point out that in both of these studies cubic
NaCl was used while the PMMA and carbamide had spherical and rectangular shapes
respectively. Hence, it would seem reasonable to argue that the shape of the space holder can
have an effect on the percentage of the resulting porosity. However, such claims need to be
further investigated by experimental work since different space holder materials were used.
The aim is that the space holder imparts and defines the pore size and shape, yet there are
several processes at work during or after space holder removal in many processing methods,
and this relationship may not be exact. Table 2 summarises the relationships between quoted
space holder size ranges and those of pores. While commonly the same or very similar,
smaller distributions of pores have been reported [89, 90]. The assessment could be
complicated by space holder deformation during compaction, which has been noted to occur

and result in pores with elliptical shape [91].
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Table 2. The relationship between space holder size and pore size reported for porous titanium

Space holder Size of  space | Size of final | Process Pressure | Sintering Time | Ref.
holder (um) pores (um) MPa temp. (°C) (h)

Sodium Chloride 50-500 50-500 SH 30-50 Hot pressing | 2 [25]

780

Sodium Chloride <290 50-300 MIM+SH 100 1150 2 [26]

Sodium Chloride 300-500 50-500 MIM+SH - 1000-1200 4 [11]

PMMA Dso=600 50-500 MIM+SH | - [11]

Table sugar 800-1000 800-1000 SH 500 1250 1 [17]

Ammonium 200-500 200-500 SH 100 1200 2 [83]

Hydrogen

Carbonate

Carbamide 800-2400 100-2500 SH 166 1400 1 [92]

Ammonium 100-900 Smaller SH 166 1400 1 [92]

hydrogen carbonate

Ammonium 500-800 300-800 SH - 1200 10 [90]

hydrogen carbonate

Polypropylene 100-600 50-500 SH 100-400 | 1000 2.5- [93]

carbonate 10

Starch 100-400 100-300 SH 100 1200 3 [77]

Polyoxymethylene | D mean = 500 80-400 SH 50-100 1300 2 [80]

Acrowax 300-500 300-500 SH 100 1100 2 [82]

Magnesium 425-600 Avg. 525 SH 500 1200 1 [24]

High carbon steel | 250-500 250-500 SH 350 1050 12 [85]

wire
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2.2.5.1  Pressing with space holder

To create actual porous metal, the space holder needs to be combined with the powder and
shaped. Simple pressing (hot or cold) of a blend of metal powder and space holder is one of
the most widely reported methods. After this stage the space holder will be removed and the
metal sintered to allow further integration of the powder. A schematic of the method is shown
in Figure 16.
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Figure 16. A schematic diagram of the space holder technique reproduced from Shbeh, M.
and Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Several techniques (all taken from the powder metallurgy of conventional materials) have
been used for the compaction of the Ti powder-space holder mixtures such as single and
double ended cold axial pressing [17, 24, 77, 80, 89, 92, 94], Uniaxial Hot pressing (HP) [25]
and warm compaction [9, 10, 95], producing titanium with a total porosity of up to 80 % [75,
92]. As well as the typically limited range of part geometries that can be created, a drawback
of applying these techniques is that the pressures involved are high, and this can cause the
space holder particles to deform and break during compaction, altering the final shape of the
pores. For example, it has been reported that NaCl space holders are broken at a pressure
higher than 350 MPa [76], and it has been noted that the space holder particles are deformed
and flattened in the direction of the applied pressure during HP, leading to flattened pores
with deformed shapes [25].

Where single ended uniaxial pressing is used, the pressure profile is non-uniform throughout

the compacted specimen (higher at the top and in the centre [27]) thus leading to non-uniform
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mechanical properties; correlations have been found with the expected pressure distribution
and the fracture lines in tested samples [27]. As metal powder and space holder sizes and
densities are frequently different, segregation can occur, which results in inhomogeneous
distribution of the space holder particles in the Ti powder and a reduction in pore
interconnectivity; to overcome this a polymeric binder may be included in the mixture [27,
80, 96]. Normally, the compacted blend of these powders is sintered in a furnace under
vacuum or flow of an inert gas. However, there have been attempts to use faster and more
advanced sintering techniques such as pressureless Spark Plasma Sintering (SPS) [97] as well
as conventional SPS under uniaxial pressure [98]. An example of a Ti foam produced by the
space holder technique is shown in Figure 17. It can be noted that pores are connected
through a small micropore at the bottom part of the macropores, where the space holder

particles were contacting each other during compaction.

Figure 17. SEM image of a Ti foam with 60% porosity produced by the space holder technique
using magnesium space holder [99] .

2.2.5.2  Metal Injection Moulding (MIM) with a space holder

Injection moulding is a net shape manufacturing process originally designed for mass
production of plastic parts, which has been adopted for use with metals. Combining this with
the use of space holders could have huge potential in mass producing porous Ti with near net
complex shapes, overcoming some of the limitations of the space holder methods on their

own [9], especially when the potential for pore structures to be closed by debris or altered by
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deformation during machining is considered [6]. There are four key stages to the process,
Figure 18; first a feedstock is prepared by mixing Ti powder with a polymeric binder and
space holder, which is then granulated by extruding and cutting into small pellets; secondly
the feedstock is injected at a relatively low temperature and pressure into a die cavity which
imparts the desired shape; thirdly the space holder and binder are removed by different
techniques (thermally or with a solvent) depending on their nature; finally, the porous green
part is partially densified by sintering.

There are limited reports on the use of such a technique for the production of pure Ti foams
in comparison with other methods such as the space holder method. This is due to several
factors. One is that this method requires a large amount of feedstock to fill the barrel of an
industrial injection molder as the equipment is designed for mass production, thus carrying
out different experiments can be substantially expensive. Several trials have been carried out
by a number of researchers to overcome this issue by simulating the MIM process using a
process called warm compaction [8-10]. This simple simulation process involves heating and
pressing the feedstock at a temperature and pressure equivalent to the temperature and
pressure used in MIM. However, these trials were not successful. Tuncer et al [9] tried to
simulate MIM by warm compacting Ti feedstock with a solid content of 80% using a multi-
component binder. After successfully warm compacting it, they attempted to inject the
feedstock through a MIM machine. However, the nozzle was immediately clogged. They
believed that the failure was due to powder segregation during injecting. Simulating the MIM
process by pressing a powder mixture with the aid of heat is not an optimum choice since it
does not simulate the main principle behind MIM, namely a hot feedstock flowing through a

nozzle into a die.
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Figure 18. A schematic diagram of the MIM-SH technique reproduced from Shbeh, M. and
Goodall, R. Adv Eng Mater. 19 (11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

2.2.6 Influential factors affecting foam characteristics

There are several crucial factors that need to be taken into consideration while producing Ti
foams by powder metallurgy techniques. These important factors can hugely impact the final
properties of the foams and their meso-structure. These factors will be discussed in the

following sections.

2.2.6.1  Characteristics of the starting powder

Particle size and shape of the Ti powder can have a great influence on the final properties of
the foams produced as they play an important role in determining the packing density of the
powder. It is important to use a powder with high packing density since the pressure used in
injection moulding is relatively low in comparison with other methods such as press and
sinter. Using a powder with low packing density can result in substantial linear shrinkage (up
to 20-25%) and warping [100]. Furthermore, low packing density powder can result in more
micro-pores compared to high packing density powder. Since powder particles normally
constitute the cell walls of the pores in porous foams, it is therefore very important to choose
a powder that results in low number of micro-pores, as these micro-pores can substantially

deteriorate the mechanical properties of foams [101].

In general, the smaller the particle sizes of the powder, the shorter the time required for

densification, whereas using large particles requires longer densification time. Powders used
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in MIM technology are typically very fine and their mean particle sizes usually ranges from
1 um for hard metals up to 45 pum for stainless steel [102]. Using a powder with a uniform
particle size is not an optimum choice since micro-spaces among the particles are not usually
filled. Thus, it is preferred to use a powder with a broad particle size range in order to fill
those empty spaces among the particles by finer particles and consequently minimising the

possibility of micro-pore formation.

Particle shape also has a great impact on the properties of the foams produced. The shape of
the powder is normally dependent on the production method. Common particle shapes of Ti
powders are spherical and angular or irregular. Spherical Ti powders are usually produced
by gas atomisation and they are relatively expensive compared to other types of powders. In
comparison, angular Ti powders are typically produced by hydride-dehydride process and
they are relatively cheaper. One study examining the effect of the shape of the starting
powder on the mechanical properties of the produced parts was published in 2007 [103]. In
this study, two different types of Ti powders, namely spherical and angular were used. One
interesting finding in this study is that angular powders result in higher percentage of micro-
porosity and poorer mechanical properties in comparison with spherical powders. However,
detailed explanation for this behaviour has not been given. One might argue that the lower

packing density of irregular powder is responsible for such a behaviour.

Another study explored the effect of the particle shape on the properties of parts produced by
titanium injection moulding [104]. One major finding in this study is that parts prepared by
irregular powders have lower mechanical properties and more closed porosity than samples
prepared using spherical powders. This was attributed to the low packing density of the
irregular powder in comparison with the spherical ones. Furthermore, the same study
demonstrates that parts prepared by irregular powders had a better biocompatibility
compared to the spherical ones. This might be due to them having more porosity which can
promote cell growth.

It was also argued that spherical particles have the highest packing density compared to other
shapes of particles where the highest packing density of spherical powders in random size
distributions was estimated to be 63.7 vol. % compared to the irregular particles which was

about 63 % [105]. The differences between these percentages are relatively small, however,
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such a small difference can affect the properties of foams, as the properties are strongly reliant
on the strength of the individual cell walls. The presence of micropores due to a reduced
packing density among the powder particles can weaken these cell walls, thus reducing
foams’ strength. It was reported that a decrease in the porosity of about 17% can shift the
compressive curve of Ti foam up by a factor of 10 [106]. Accordingly, spherical powders
can help alleviating the micro-porosity issue and obtaining better mechanical properties.
Thus, using spherical powders in the production of foams by MIM can result in lower micro-

porosity in the cells walls of the foam and consequently enhanced mechanical properties.

2.2.6.2 Binder

Binders are mostly polymeric materials and waxes that provide mechanical stability and
improve the uniformity of the powder-space holder mixtures. Furthermore, they are essential
components in the production of foams via injection moulding in combination with space
holder as they act as wetting and binding agents for both powders, thus providing enough
flowability for the mixture to be injected under heat and shear. However, their use is not only
confined to injection moulding as they can also be used in other foaming techniques such as
gel casting, slip casting, tape casting and space holder method [4, 27, 54, 56, 80]. Binders
can serve many useful purposes. Firstly, they can improve the uniformity of the powder-
space holder mixtures and prevent space holder-powder segregation due to differences in
densities and particle sizes. Secondly, they provide mechanical stability for later handling,
particularly after space holder removal. Thirdly, they can act as a load transmitting and
dissipating component or phase between the space holder and the metallic powder during
injection or compaction, thus, ensuring more uniform distribution of pressure throughout the
whole compact. Injection moulding binders are usually composed of three main components.
The first component is the low viscosity part. This part is often responsible for facilitating
the injection process of the powder mixtures and usually consists of a low melting point
polymer or wax with low viscosity such as Polyethylene glycol (PEG) or Paraffin wax. The
second component is the high viscosity part. This part is usually denser and more viscous
than the first part and typically consists of a polymer with a high melting point, such as
PMMA or Polyethylene (PE). This part is usually called the backbone and is normally
responsible for providing increased viscosity during injection and mechanical stability for
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later handling, especially after the removal of the space holder and the first part of binder.
The third part is a lubricant and surfactant. Stearic acid (SA) is mostly used as the third part.
Table 3 illustrates typical binders used in the literature for the production of foams via

injection moulding.

The first part of the binder is usually removed by solvent leaching, whereas the second and
third parts are mainly removed by thermal debinding. However, there are reports to suggest
that SA can be dissolved in water to a certain extent and its solubility increases as the water
temperature rises [107]. One major difference between PEG and paraffin wax is that the
former can be removed by water dissolution without any hazards [108-110] while the latter
is usually removed by the use of relatively hazardous and un-environmentally friendly
organic solvents such as chloroform [111] and hexane [8, 9, 112]. The first part of the binder
mostly comprises more than half of the binder content and plays a major role in dictating the
rheological properties of the binder and its suitability for MIM. The third part is normally
less than 6 % and can play an important role in reducing the abrasion of the powder-binder
mixtures against the die walls and minimising the segregation of the mixture during injection
[113].

The binder-powder mixtures are often called feedstock in the MIM industry. This feedstock
usually needs to meet certain requirements in order to guarantee the success of the injection
process. One requirement is that the viscosity of the feedstock should be less than 1000 Pa-s
(or in another report in the range between 10 to 1000 Pa-s) at the injection temperature [114,
115]. It is also preferable for the feedstock to exhibit some shear thinning or pseudoplastic
behaviour during injection where the viscosity decreases with increasing shear rate. This is
particularly crucial and beneficial for producing parts with complex shapes [116, 117]. It is
believed that this drop in viscosity occurs due to reduced friction among the powder and
binder components at high shear rates [116]. However, some argue that this phenomena takes
place due to the re-orientation of particles and breakage of agglomerates [118].
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Table 3. Common binder systems used for the fabrication of Ti foams.

1% part 2" part 3" part Reference
PEG+ Paraffin Wax High density PE | SA [26]
Paraffin Wax High density PE | SA [8]

PEG PMMA SA [108]
Paraffin Wax PE / [112]
Paraffin Wax PE SA [111]
PEG+ Paraffin Wax Low density PE | SA [11]
Paraffin Wax Low density PE | SA [11]
Paraffin Wax High density PE | SA [9]

2.2.6.3 Thermal debinding and sintering

Thermal debinding is the process of removing the second and third parts of the binder as well
as residue from the first part by thermal treatment at a temperature equal or just below to the
decomposition temperature of the binder components, while sintering is usually the final step
in the process of producing foams and it involves heating the green foam to a temperature
high enough to initiate and form bonds by atomic diffusion among the neighbouring particles.
Debinding and sintering can both immensely affect the mechanical properties of the produced
foams, as well as the final pore sizes. Hence, careful control of both of these steps is
imperative. These two processes can be either done in one furnace and under the same
atmosphere or separately with different conditions. There are four prominent parameters that
need to be controlled during the debinding and sintering processes, namely temperature,

heating rate, holding time and atmosphere.

One investigation explored the effect of the debinding rate on the injected parts under argon
atmosphere was reported by Thian et al [119]. An important finding in their study is that
using high heating rate during the debinding process can result in the formation of external
and internal cracks and consequently deteriorating the mechanical properties of the injected

parts. It was also observed that increasing the flow rate of the argon gas from 50 to 250
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cm®min can cause a drop in the carbon content of the produced parts by 34.5 %. This drop
was attributed to faster removal rate of the binder vapours at high gas flow rate, thus
preventing them from condensing into carbon [119]. Another study focused on the influence
of the debinding atmosphere on MIM parts was published in 2006 [120]. In this study,
injected Ti alloy parts were debinded under argon and vacuum atmospheres and a comparison
was made between those two. It was noted that argon debinded parts had a lower carbon
contamination than vacuum ones, whereas vacuum debinded parts showed lower oxygen
levels than those debinded under argon atmosphere. Thian et al [119] argue that multiple
stage debinding at temperatures below the decomposition temperatures of the binder
components can result in better shape retention and complete removal of the binder. The
same researchers have also tried in another study to find out the contribution factor and the
extent of influence of each of those parameters during sintering on the mechanical properties
of MIM parts through the use of the Taguchi method [121]. They found that the sintering
temperature is the most important factor affecting the mechanical properties followed by the
heating and cooling rate whereas the holding time was insignificant. However, an alternative
view was put forward by Nor et al [122] who stated that the dwell time was the third most
important factor after the sintering temperature and heating rate, while the cooling rate was
the last factor in terms of contribution. Whilst it is a fact that cooling rate is an important
factor during sintering, yet dwell time is more influential on the final properties of porous
materials as the sintering time can have a significant impact on reducing the porosity and

pore size [123]. Thus, it seems reasonable to go in favour of the Nor et al argument.

Although these studies give a strong indication of the contribution of the sintering parameters
on the mechanical properties, they have not considered the impact of the sintering
atmosphere. An interesting study investigating the importance of the sintering atmosphere
was reported by Gerling et al [124]. In this study injection moulded titanium aluminide parts
were sintered under three different atmospheres, namely vacuum, argon 300 mbar and 900
mbar. It was found that vacuum sintering can result in inhomogeneous microstructure and
considerable loss in Al, while argon sintering at a pressure of 900 mbar results in lower

oxygen, carbon and nitrogen contamination than sintering at 300 mbar.
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It is commonly known that as the sintering temperature and time increase, the mechanical
properties improve while the porosity decreases. This is due to the elimination of a greater
proportion of micropores as a result of increased densification rate and complete growth of
necks among the powder particle. Hence, some researchers recommended carrying out
sintering without densification in order to achieve the highest volume percentage of porosity
[125]. However, this is usually accompanied by poor mechanical properties, due to smaller
bonding areas among the powder particles and the presence of micro-pores. Furthermore, it
is extremely difficult to avoid the formation of these micro-pores while maintaining the sizes
and shapes of the macro-pores. This can be supported by the results of several reports [24,
84, 88, 89]. Despite claims that these micro-pores can be beneficial in some applications
such as in biomedical scaffolds, they are stress concentration sites where cracks are likely to
initiate, thus deteriorating the mechanical properties. One study supports the advantageous
impact of these micro-pores in biomedical applications was reported in 2002 [83]. This study
claims that these micro-pores can help facilitating the transportation of body fluids and
nutrients. While Kotan and Bor [101] reported that these pores reduce the load bearing cross-
sectional area and result in significantly lower mechanical properties. Heating and cooling
rate can also play an important role in the sintering process. Thian et al [119] argue that
higher heating rate results in higher porosity and lower mechanical properties in comparison
with lower heating rate while high cooling rate can lead to the formation of cracks. This
increase in porosity and decrease in properties were attributed to insufficient time for the
necking stage to occur. However, even if these findings hold true, they cannot be generalised

as different sintering temperatures were used for different heating rates in that study.

2.3 Properties of Ti foams

The use of Ti foams in different areas such as in structural and biomedical applications is
strongly reliant on their properties. Therefore, it is extremely important to measure the
properties of foams as they can give an idea of the usefulness of these foams for different
applications and also help comparing Ti foams produced by different foaming techniques in
terms of performance. In addition to typical influential factors that can affect the properties
of dense parts produced by powder metallurgy such as the morphology of the starting powder,
sintering temperature and time, several additional parameters can hugely influence the
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properties of foams such as the volume fraction of pores as well as their sizes and shapes.
Thus, predicting the properties of foams is a challenging task and hitherto there is no clear
and general consensus on a model that perfectly predicts these properties for different foams
produced by different foaming techniques. In this section, prominent models for predicting

the dependence of mechanical properties on porosity will be discussed.

2.3.1 Models for predicting the properties of open celled foams based on porosity

Several models have been proposed by different researchers to try to predict the dependency
of properties of foams on porosity. The majority of these models are based on idealised
structures with uniform shapes and sizes of pores which are far from the real foams. Thus,
up to this moment there is no general agreement on a model that perfectly predicts the
mechanical properties of foams based on porosity indeed, with the complex structure of most
foams, this may not be possible. It is extremely important to understand the nature of this
relationship and try to estimate it as accurately as possible so that correct structure can be
selected. Predicting and simulating this relation accurately is strongly connected to how well
the modelled structure resembles the real structure of foams. Most of the derived models are
usually applied to simplified representations of the real structure due to the complexity and
difficulty in replicating the real structure of foams. In addition, as reported by some
researchers, different properties of foams are affected by porosity in different ways. For
example, Rice reported that heat capacity, dielectric constant and refractive index are reliant
on the composition, whereas most of the physical and mechanical properties rely upon the
volume percentage of porosity as well as one or more aspect of the pores such as pore shape

and size [126]. Some of the most widely reported models are:

1. Micromechanics-Based Models
2. Minimum Solid Area Models
3. Gibson-Ashby Models

2311 Micromechanics-based models

In most of these models porous materials are treated as a special case of two phase materials
where one of the phases is assumed to consist of spherical pores that are randomly distributed

in a matrix of a second phase (solid material). These theoretical models usually involve two
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key steps: establishing the stress and strain distributions for a two phase material and then
modifying these distributions taking into account the interaction between pores [127]. Most
of these models were derived using continuum mechanics for the purpose of calculating the
effective elastic modulus, Poisson’s ratio and shear modulus for porous materials with mainly
spherical pores. Though, some were derived for two phase materials with ellipsoidal pores
or inclusions [128]. One of the most widely reported models was derived by Ramakrishnan
and Arunachalam [129]. In this model, porous materials were considered composite materials
consisting of a group of hollow spheres packed together in a way that constitute a solid

material. Figure 19 shows the basis of this model.

Each hollow sphere is assumed to be composed of two phases, namely an outer layer of solid
material concentrically surrounding a spherical pore. These composite spheres have different
diameters and the same void fraction. In addition, each of these spheres has a uniform wall
thickness. The pressure is assumed to be transmitted equally to each of these hollow spheres

and the volume strains of the hollow sphere and the whole material are the same.

Figure 19. Hollow spheres assembled forming a porous part [129]

According to this model, the effective moduli and Poisson’s ratio of porous solids can be

estimated using the following equations [129]:
M* =M1 -0)?/(1+ b,0) 1)
w=0Q/4)@u+360 —-7u8)/(1+ 20 —3u8) (2
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where M* is the effective modulus, M is the modulus of the dense material, & is the porosity,
bm is a constant dependent on the measured modulus and is a function of the Poisson’s ratio
of the solid material. p* is the effective Poisson’s ratio, whereas [ is the Poisson ratio of the

solid material.

There are lots of drawbacks for using such models for describing and estimating the
mechanical properties of porous materials based on porosity. Firstly, such models consider
only one shape of pores at a time and mostly were derived for spherical pores for the
simplicity of the calculation. This is far from real foams, where usually different shapes of
pores are present or shape alteration can occur due to shrinkage during sintering. Secondly,
these models assume that these hollow spheres stay spherical after sintering without
interaction and this is impossible as necks and bonds among those spheres have to be formed
to give the structure mechanical stability in order to be a solid material. Thirdly, pores are
assumed to be surrounded by a uniform solid layer of material and this is not usually the case
with real foams where non-uniform microporous cell walls are usually surrounding the
macropores. Thus, these models have a limited applicability, but it might be highly applicable
to foams that are made by partial sintering of hollow powders, though they do not take into
account the effect of micropores that are formed among the hollow particles during sintering.
These micropores can have a great impact on the results since these calculations are based

on stress and strain distributions.

2.3.1.2 Minimum solid area models

In these models porous materials are assumed to be ideally represented by a dense regular
stacking of identical cells. These cells are composed of either pores that are located in the
centre of the cells and surrounded by solid struts (Figure 20.A) or spherical particles located

in the centre and surrounded by porosity (Figure 20.B).
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Figure 20. Idealised stacking of: (A) regular foam cells ; (B) uniform solid spherical particles

contained within cubical cells [126].

According to these models, the properties of a porous material is dependent on the properties
of the Minimum Solid Areas (MSA) which are the bonding areas among the spherical
particles and the minimum strut cross-sectional areas among the pores. The minimal solid
areas normal to the stress (or conductive flux) are believed to dominate the transmission of
stress (relating to strength and fracture toughness or energy) and conduction of fluxes in the
porous material [130]. The results of MSA models are not given as equations, but are usually
reported as graphs of the minimum solid area fraction against volume fraction of porosity,
which may then interpreted as a proportional change in the properties. There are several
issues associated with the use of such models for describing the dependency of properties of
solid materials on porosity, such as difficulty in estimating the MSA. It is extremely difficult
to calculate the actual minimum solid areas for a porous material due to the change in volume
during sintering. Therefore, the results of such models are usually reported as plots of the

MSA values for each type of porosity normalised by the cross-sectional area of porosity
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against the volume fraction of porosity [131]. Examples of MSA plots are shown in Figure
21
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Figure 21. MSA plot for different idealised stackings [126]

Another limitation is that these models assume that the properties of porous materials rely on
MSA without taking into account the effect of stress concentrations or the presence of micro-
cracks that can result due to the manufacturing process which can affect the mechanical
properties. Furthermore, these models are based on idealised models where particles and
pores have similar sizes and shapes and this is not the case for real foams where different
particle shapes and sizes are used. In addition, foams produced by powder metallurgical
routes such as the space holder or MIM-SH technique usually have a mixed structure between
the two models in Figure 20 where the cell walls are microporous surrounding macropores.
So, the struts in model A should be similar to model B unless complete densification is
realised. This can make the use of such models very complicated since the result of such
models is a plot for each type of pores and it will require the consideration of different types

of pores with different sizes.
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2.3.1.3  Gibson-Ashby model

In this model, foams are assumed to consist of a group of cubic unit cells that are joined
together at their midpoints. These cubic cells are uniform in size and have a side length of ¢
and edge thickness (cell wall thickness) of t. In addition, the cell walls or struts of these cells
are solid and the cell faces are open (in the simplest version of the equations). A schematic
graph of the Gibson-Ashby model structure is shown in Figure 22. During uniaxial loading,
these cell struts are assumed to deform elastically by bending initially, and then starting to
buckle as soon as the load reaches a critical value. The estimation of the elastic properties is
based on simplifying the case into a beam that is loaded at its midpoint in a way that the load

is uniformly transmitted into the struts of the cells [132].

.

i o “open cell face
U
{

Figure 22. Gibson-Ashby Model for open cell foams [132]

According to this model, the elastic and shear moduli of an open celled foam can be estimated
using the following equations:

E* = E,C, (Z—)Z 3)

6= (2) @

where E* and G* are the foam elastic and shear moduli respectively, Es is the modulus of the
dense material. p* is the foam density, whereas ps is the density of the strut’s material. Cy
and C; are constant values estimated by curve fitting and they are dependent on the shape of

the cells. For equiaxed shape C is equal to approximately one, whereas C: is approximately

37



(3/8) [132]. However, C: value is below 1 for foams with porous struts as the micropores
which result from the incomplete sintering of powders leads to weaker struts and can

dramatically reduce the properties.

Among the three aforementioned models, the Gibson and Ashby model is the most accepted
and widely reported in the literature. Nevertheless, there are several studies which cast doubt
on the applicability of the model to Ti foams produced, which was attributed to several
reasons. One study by Esen and Bor reported that Gibson-Ashby model is only valid for
foams with volume percentage of porosity about 70% or higher and found that the mechanical
properties of their foams change with relative density according to a power law [24]. Another
study in the literature reported similar findings [27], while a third reported a linear
relationship between strength and relative density for foams with a volume percentage of
porosity in the range 36-63% [133]. Thus, this leads to the conclusion that these models can
only be used to give rough estimation of the properties as there are many variables (such as
pore size, shape, non-uniformities in the structure of the foams produced, percentage of
micropores in the struts or cell walls and production technique) that make the process of
precisely predicting the properties of foams produced by powder metallurgical routes quite

challenging.
2.3.2 Mechanical properties of foams

2321 Uniaxial

By far the most frequently applied test for the mechanical response of porous materials is
compression. As a result, there is a significant amount of data available for the uniaxial
response of various porous titanium samples made by different foaming techniques with
different percentages of porosities. A typical stress-strain curve of a Ti foam under uniaxial

compression loading is shown in Figure 23.
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Figure 23. Stress-strain curve of a Ti foam under compression.

The curve is normally considered to consist of three distinctive regions, namely the linear
elastic deformation region followed by a yielding and plateau region and ending with a
densification region. In the first region, the foam is believed to be deforming elastically by
cell wall bending up to a certain stress, above which the foam starts to deform plastically by
cell wall buckling [24]. This buckling is thought to start initially in weak cells that are
perpendicular to the applied load. This increases the local stress applied on the rest of the cell
walls in the same layer until a whole layer of cell walls buckle. Then the adjacent layer of
cell walls that are parallel to the loading axis keeps the foam stable under the applied stress
and starts to deform elastically in a similar manner to the previous layer [134]. Thus, the
stress remains constant until a certain number of cell walls collapse. This process continues
until the material’s behaviour shifts from porous material into a bulk material due to cell

flattening, leading to a dramatic increase in stress [101].

Each layer consists of a number of cell walls separating a group of pores (depending on the
space holder volume fraction). These cell walls are typically composed of metallic particles
bonded together by either small necks or grown ones depending on the sintering temperature.
It is also important to point out that these cell walls can also be porous due to the presence of
micropores that are formed due to incomplete densification during sintering. Thus, foams in
this case are multi-layered materials that consist of a network of interconnected or randomly

spaced macropores separated by microporous cell walls. Hitherto, almost all of the studies in
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the literature reported the presence of such micropores in powder metallurgical Ti foams [17,
22, 24, 25, 27]. The presence of these micro-pores can detrimentally affect the mechanical
properties of foams since most of the applied load is transmitted and concentrated on these
‘load bearing cell walls’. Therefore, it is extremely important to point out that the mechanical
properties of foams are not only dependent on the characteristics of the starting powder, space
holder size and volume fraction, but are also strongly connected with the sintering
temperature and time as both can prominently dictate how well these cell walls are densified

to withstand the applied loads.

The uniaxial properties, namely Young’s modulus and yield strength for the most commonly
reported processing methods and materials in the literature are summarised in Figure 24 and
Figure 25.

Figure 24 shows how the value of E changes with the relative density of a series of randomly-
structured porous samples made from non-alloyed titanium. The majority of reported data
are for foams processed by the space holder method (albeit using a variety of space holders),
MIM-SH, freeze casting and gel casting, and a small number of points for the impregnation
of polymer foams. A number of lines showing the predictions for simple models for the
elastic behaviour of a foam (the Rule of Mixtures upper limit and the Gibson Ashby model
for 4 different values of the constant C, from 1-0.1) are given. For the plot, variations in
processing conditions and pore sizes have been ignored in classifying the data into different
series. This may be one of the reasons behind the large variability seen within each method,
along with minor variations in testing and analysis procedures. Looking at the data, it is seen
that, while there is significant overlap, in the reported data the space holder methods have
achieved some of the highest stiffness values (approaching even the upper bound specified
by the Rule of Mixtures) at a given density, while MIM-SH is frequently among the lowest.
Having a higher percentage of binder in the mixture would reduce the points of contact
among the Ti particles in the case of MIM-SH and hence material has to travel larger
distances to form bonds via boundary diffusion than in the case of space holder technique.
The spread however implies these are more due to variations within the techniques, and not
fundamental characteristics. As an additional point, the flexibility of the methods is

demonstrated by the large range of relative densities which have been made and tested.
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Figure 24. Reported values for the Young’s modulus of non-alloyed porous titanium with random
structures, plotted against the relative density. Data are grouped into the broad class of methods,
ignoring variations in how the technique is applied and pore size. Also shown are the prediction lines
from the Rule of Mixtures and the Gibson-Ashby approach with different values of the constant, C.
Data are from [4, 9, 11, 25-27, 58, 62, 67, 69, 74, 75, 77, 80, 82, 135-143].

The plastic behaviour of a porous material can be characterized in several ways, leading to a
smaller quantity of data which can be analysed together; sometimes the plateau strength is
reported, and in other instances it may be the yield (or offset yield) stress. Due to the
importance of the point of initiation of plastic flow for different applications and the
relatively poor definition of the plateau stress in porous materials that do not show the
classical form of the curve with a perfectly flat region, the yield strength is used (taking the
offset yield strength as being an acceptable measure where this is reported), and these are
collated and plotted in Figure 25 for porous titanium produced by different foaming

techniques.
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Figure 25. Reported values for the yield strength of non-alloyed porous titanium with random
structures, plotted against the relative density. Data are grouped into the broad class of methods,
ignoring variations in how the technique is applied and pore size. Data are from references given in
Figure 24. Also shown are the predictions of the Gibson-Ashby model [132] for the strength of
porous materials with C=0.4 for Grade 1 Ti (low O, yield strength taken as 240 MPa) and Grade 4
Ti (high O, yield strength taken as 580 MPa).

The strength data in Figure 25 show more consistency than the Young’s modulus, without
significant differences based on manufacturing method. This observation is perhaps
surprising, as it would be expected that microstructural variation, significant degrees of
which would be expected, would affect plastic behaviour more strongly. However, as yield
is likely to be affected by defects present (such as misformed pores or missing struts), this
may reflect the fact that in such porous materials the structure on the scale of the porosity is

determining the transition from purely elastic to elastic and plastic deformation.

2.3.2.2 Fracture

Fracture behaviour and toughness of porous metals is experimentally more challenging to

address, although evidence exists that the behaviour on fracture is more dependent on the
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deformation mechanisms possible within the dense material [144]. There are few studies
investigating the fracture toughness of porous Ti in the literature. One example reports the
fracture toughness measured in pre-cracked specimens for titanium with 60 and 70% porosity
[145]. The Kic values were 7.0 and 4.0 MPaVm respectively, significantly lower than dense
Ti (75 MPaVm), reduced by a greater proportion than the reduction in material present, in
general agreement with proposed scaling laws for the fracture toughness of porous metals
[146].

2.3.2.3 Creep

More advanced properties, such as creep, have been experimentally studied for some porous
metals including aluminium [147, 148], and nickel based foams [149, 150] as well as the
development of predictive frameworks and analytical models [151, 152], but experimental
exploration for porous titanium has not been reported, reflecting the recent focus on

biomedical rather than high temperature applications.

2.3.2.4 Fatigue

As porous titanium is likely to be used in applications with some structural role, assessing
the behaviour under cyclic loading is extremely important. However, the fatigue life of
porous materials (particularly those produced by powder methods) is much more difficult to
assess than ordinary dense material, due to the presence of macro and micropores, and high
surface roughness, including on the internal surfaces. One study investigated the fatigue
behaviour of Ti foams was reported by Kashef et al, where they tested a notched Ti foams
with a total porosity of 60% (made by the space holder technique), and compared it with
another foam having similar percentage of porosity, but coated with a thin layer of solid Ti
by localized melting of the surface [153]. Samples were cyclically loaded with a maximum
load of 200 N and frequency of 40 Hz. A dominant crack was observed to form in a pre-
cracked cell wall and grow continuously along the weakest path until fracture. It was also
noted that the uncoated porous Ti displayed a higher Paris exponent (m=17.1+0.3) than the
coated sample (m=14.2+0.2), attributed to the closure and bridging of the cracks [153].
Fatigue has also been investigated in porous Ti samples made by the space holder technique
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[154] with porosities ranging from 51-65% under compression—compression fatigue with a
frequency of 5 Hz and a constant stress ratio of 0.1 up to failure or a million cycles. It was
reported that the fatigue limit could be normalized with the yield strength for a particular

density, being 0.75 of the normalized maximum stress applied.

While not taking samples through to failure, the effect of fatigue-induced damage was tested
by applying cyclic compression across stress ranges up to 50-60 MPa (below the compressive
yield strength) at a frequency of 6 Hz and a minimum to maximum load ratio of R=0.1 in
simulated body fluid, to Ti with 62.5% porosity, made by the space holder technique. A

reduction in the compressive strength by two thirds was seen [75].

2.4 Applications

Ti foams offer several advantages over other foams such as extra light weight combined with
good compressive strength, high operating temperatures and excellent corrosion resistance
combined with good biocompatibility [34]. This extraordinary combination of properties
differentiates them from other foams and makes them excellent candidates for a number of

applications. Some of these applications will be mentioned in the following section.

2.4.1 Biomedical applications

Due to the small part dimensions typically required, and the relatively small volume of
production, of the potential applications open celled porous titanium is often suggested for
use in biomedical implants into hard tissue, for example as reviewed for dental implants in
[155]. The advantages for such applications come from the inherent inertness in the body of
titanium, and its good fatigue resistance under corrosive conditions, combined with the
availability of pores for cells to grow into and provide better fixation and the ability of a
porous structure to be designed with a particular Young’s modulus, below that of the dense
metal (for example by adjusting the level of porosity). This latter behaviour is thought to
provide a potential route to avoid the stress shielding problem, where a stiff implant supports
mechanical load, leading to unloaded bone around the fixation being resorbed by the body.
Foams with gradient or graded porosity can also be made so that they replicate the structure
of the bone itself by having some more porous regions for stiffness reduction and ingrowth,
and some denser regions for improved strength. This might be of a great benefit in some
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biomedical implants such as intramedullary rods or hip stems [156]. Techniques such as the
space holder technique [157] and metal injection moulding in combination with a space
holder were used to produce foams with gradient porosity. Porous titanium has also been
investigated for drug release applications and promising results have been reported [158].
Examples of the use of porous Ti in biomedical applications are shown in Figure 26. The
first and second examples shown in Figure 26 are for commercial porous dental implant
with up to 80 % porosity produced by Zimmer Biomet and U2™ Matrix porous stem
produced by United Orthopaedic Corporation (the upper part of the stem is made of coarse
Ti particles sintered together forming a network of interconnected micropores). The third
example shown is for porous Ti intramedullary rod made via additive manufacturing using

electron beam melting.

(a) (b) (©)

Figure 26. (a) Porous Ti dental implant produced by Zimmer Dental with up to 80% porosity
[159]. (b) U2™ Matrix porous stem produced by United Orthopaedic Corporation [160]. (c)
porous Ti intramedullary rod insert for human proximal femur [156].

2.4.2 Functional applications

24.2.1 Electrodes

Having an extremely high specific surface area makes porous Ti a potential candidate for

several functional applications, including as a material for electrodes in batteries. For

example, the 3C Crista Chemical Company reports the use of Ti foams in next generation

lightweight car batteries (shown in Figure 27), claiming that the higher active surface area

of these foams leads to the energy/volume ratio being greater than lead-acid batteries, and
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also that batteries using titanium foams can support many more charging cycles. The
manufacturing technology is based on electroplating of Ti on to the surface of a carbon or
polymer foam by pulse plating technique after activating its surface with an activator solution
[161].

Figure 27. Traditional 2-volt cell with a foam cell below [162].

2422 Filters

The chemical and temperature resistance make porous titanium suitable for certain
applications in filtration, and some Ti filters, produced through sintered powder, are already
commercially available. LOFMET™ Filter Cartridges from Eaton Technologies GmbH
(Nettersheim, www.eaton.de/filtration) and TPM™ Series Filter Cartridges from Graver
Technologies (Glasgow, www.gravertech.com), are both sold for filtering in the size range
0.5-100 and 35um respectively under extreme operating conditions with a maximum

operating temperature of 371°C and aggressive fluids and gases.

2.4.3 Aerospace applications

The extra light weight, high operating temperatures, high permeability and excellent
corrosion resistance made Ti foams a perfect candidate for aerospace applications [34]. One
potential application is the use of porous Ti as a skin material for slot suction of the turbulent
boundary layer in order to achieve smooth laminar flow across the aircraft wings and reduce
friction and drag [163].
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Figure 28. F-16XL jet with a porous Ti glove [164]

Part of the left wing of the F-16XL jet shown in Figure 28 was made of a porous Ti and was
successfully tested by NASA for achieving laminar flow at supersonic speeds [164]. This can
help reducing the weight of the plane and fuel consumption. In addition, Ti foams can be
used as a core material in the production of structural sandwich panels for aerospace
applications, where they are fixed between two thin and stiff metal sheets, or they can be
manufactured directly in one step through the use of the gas entrapment and expansion
technique mentioned in section 2.2.3. In this latter case, a Ti container is used and the
partially-densified part (including the canister) is hot rolled before creep expanding the pores

via thermal treatment at high temperatures [29].

2.5 Summary

The common techniques for producing Ti foams have been reviewed in this chapter.
However, MIM-SH appears to set itself apart from others in offering the possibility of
potentially mass-producing net shaped Ti foams with different intricate shapes and
percentages of porosity without the need for any subsequent machining. Thus, MIM-SH is a
very attractive technique, particularly for producing biomedical implants. Nevertheless,
there is still much work to be done in order to be able to use this technique in creating Ti
foams with different pore sizes and shapes, high percentage of porosity, good mechanical
properties as well as gradient porous structure, as may be desired for such applications.
Therefore, the aim of this work is to adopt MIM-SH technique and develop it to produce Ti
foams with the potential for biomedical applications.

47



3 Methodology

3.1  Preparation of Ti foams via Metal Injection Moulding

As we mentioned previously in section 2.2.5.2, Ti foams are produced by metal injection
moulding in combination with space holder in four key stages. The first stage involves mixing
of the powders and binders to form feedstock. The feedstock is the powder-binder mixture
after mixing and homogenisation. In the second stage, the feedstock is fed into the injection
moulder in the form of pellets to mould parts with the desired shape. In the third and fourth
stages, the parts are water debound and sintered to form Ti foams. Flow chart of the process
of producing foams by metal injection moulding with the four key stages highlighted is

shown in Figure 29

Ti powder, space holder (KCI) and binder
(PEG, PMMA, SA)

l

Mixing of powders and binders

|

‘ Feedstock ‘

|

Injection moulding

|

‘ Moulded Part ‘

l

Debinding and dissolution

|

‘ Green body ‘

|

Sintering

|

‘ Titanium foam ‘

Figure 29. Flow chart of the process of producing foams by metal injection moulding in
combination with space holder.
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3.1.1 Starting materials

Relatively coarse, commercially pure Ti powder grade 2 (Arcam AB, Sweden) with spherical
particles was used as a raw material in this study. The particle size distribution of the Ti
powder was analysed via a Malvern Mastersizer 3000 using the wet dispersion method and
the results are shown in Table 4. Generally, powders with particle size below 45 pum are used
in injection moulding in order to result in minimal porosity within the samples and a density
near the theoretical density for improved mechanical properties [165]. However, the smaller
the particle size, the higher the surface area and the more the Ti part is prone to contamination
and oxygen pick up during processing, debinding and sintering. In addition, the use of fine
powders can result in more shrinkage, as the smaller the particles used, the greater the rate of
sintering or the rate at which bonding between the particles, neck formation and growth (as
well as densification) occurs [166]. Hence, it was decided to use relatively coarse Ti powder
in order to reduce shrinkage and the extent of contamination, as well as lower the cost. This
will not only be more economical, but can also result in more intentionally-induced
micropores. These micropores are advantageous, particularly for biomedical applications,
where they promote bone ingrowth and cell attachment [72, 167]. In addition, the use of
coarse powders can shorten the time required for solvent debinding and facilitate the process
of thermal debinding, where the larger the powder particles, the smaller the contact areas
among the particles or the larger the channels between them making it easier for the solvent
to penetrate the part and dissolve the binder and provide larger porous channels for the gases
to escape [168].

The space holder used in the formation of pores was potassium chloride (KCI). This was
chosen over NaCl (a more common choice) due to having a higher solubility in water, and
availability in different shapes. Two KCI powders were used, namely cubic and spherical
potassium chloride (Sigma-Aldrich, Steinheim, Germany) and their particle size distributions
were analysed using a Malvern Mastersizer 3000 with the dry analysis method, with results
shown in Table 4. The space holders were sieved through 710 pm, 500 pm and 250 pm
sieves. The morphologies of the Ti powder and KCI space holders are shown in Figure 30.
The cubic KCI particles had a Hopper-like shape in some cases, as shown in Figure 30 (b).
This shape usually results from a crystal growth mechanism where atoms add preferentially
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at the edges, leading to a faster growth at the edges compared to the centre. Ti particles,

produced by gas atomisation, were approximately spherical in shape.

A three-component polymeric binder was used in the preparation of feedstocks. The first part
of the binder (the low viscosity part) was Polyethylene Glycol (PEG) (Sigma-Aldrich,
Steinheim, Germany), and it was chosen due to its ready availability, as well its good
solubility in the water. The second part of the binder (the high viscosity part) was Poly Methyl
Methacrylate (PMMA, Sigma-Aldrich, Germany) and it was chosen due to its high strength
in comparison with other common polymers used in MIM, such as low and high density
polyethylene, so that green samples can be easily handled after removal of PEG without
sample collapse [169]. Stearic Acid (SA) with purity of > 97% (Fluka, Sigma-Aldrich) was
the third part and was added for two main purposes, namely as a lubricant to reduce the
friction between the powder and the inner walls of the mixing and moulding equipment, as
well as a surfactant to improve the dispersion of the Ti powder in the polymeric binder [113,
170]. The density of the powders and binder constituents were measured using a helium
pycnometer (AccuPyc 11 1340, Micromeritics, USA) with a filling pressure of 10 psi over 10
cycles and the results are presented in Table 4.

Figure 30. The morphology of the raw materials: (a) Ti powder, (b) cubic KClI, (c) spherical
KCI
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Table 4. Characteristics of the starting materials

Name Dx (10) Dx (50) Dx (90) Density, g/cm?
Ti Powder 52 72.5 102 4.54
Cubic KCI Powder 229 329 461 1.99
Spherical KCI Powder 188 307 476 1.99
PEG 1500 - - - 1.13
PMMA - - - 1.21
Stearic Acid - - - 1.01

3.1.2 Feedstock preparation

The feedstock was initially prepared by mixing the Ti powder with PMMA and stearic acid
using a centrifugal Speedmixer 800 FZ (Hauschild; supplied by Synergy Devices Ltd, UK).
Next, four cylindrically-shaped dispersion media made of zirconia was added to the mixture
to homogenise and uniformly distribute the binder ingredients. After that the space holder
(KCI) was added and the mixing process continued according to the mixing programme

shown in Table 5.

Table 5. Mixing programme of feedstock

Mixing Speed (rpm) | 1300 | 1600 | 1800 | 1400 | 1600 | 1800

Time, (minutes) 4 4 2 2 2 2

The mixing programme was chosen so that the heat generated from friction as the
constituents mix was sufficient to melt the PMMA. It consists of 2 sets of increasing speeds,
intended to build up the heat each time. PEG was added in the last three stages of the mixing
programme in order to guarantee that the PMMA is melted and homogenised in the mixture
before adding the PEG, as the latter has a lower melting temperature. It should be noted that
the temperature of the mix cannot be directly measured in the equipment, so visual

observation of molten state was used to determine when the temperature was sufficient. The
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total period of mixing, 16 minutes, is much shorter than that reported in the literature (e.g.
over 1h for the same binder components for MIM of stainless steel powder, with a blade
mixer at a speed of 30 rpm and a temperature of 70°C [171]) due to the effectiveness of the
high speed centrifugal mixer, including the dispersion media, in mixing and homogenising
the powders and polymers. However, the mixing programme was modified later on so that
the KCl is added after the addition of PEG to the mixture and taking out the dispersion media
in order to avoid any breakage for the space holder particles. The mixture was then pelleted
by extruding it twice through a vertical plunger-type injection moulder at 150°C and cutting
it into small pellets, the length of which ranges between 0.5-1 cm. The pellets were then

allowed to cool for 5-20 minutes before carrying out any subsequent processing.

3.1.3 Sample preparation procedure

A vertical plunger-type injection moulder (J.B. Engineering, Chippenham, UK) was used to
injection mould green cylindrical parts of the prepared feedstocks at a temperature of 150 °C

and pressure of 45 MPa. A schematic of the machine is shown in Figure 31.
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Figure 31. A schematic of the vertical plunger type injection moulder
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The machine is composed of a pneumatic motor that pushes a piston or plunger down into
the cylindrical barrel of the machine at a pressure of 45 MPa. A hopper is fitted on the top of
the cylindrical barrel in order to hold a larger amount of feedstock and to facilitate the process
of filling the barrel with feedstock. The lower part of the cylindrical barrel is heated through
two sleeve heaters and a thermocouple is embedded inside the nozzle in order to record the
temperature of the feedstock. The machine was switched on for 10 minutes before feeding
the feedstock to heat the barrel to the required temperature of extrusion and injection.
Initially, the feedstock is fed as irregular chunks obtained from the mixing process and
extruded twice into very long pellets which are then cut into small pieces and allowed to cool
before feeding them into the barrel again. The pellets are left inside the barrel for at least 15
minutes before moulding parts in order to reach thermal equilibrium and achieve a
homogenous temperature in the feedstock. Then, the pneumatic motor is brought down into
the barrel injecting the molten feedstock through the nozzle into the moulding gate of the die.
Next, the feedstock runs through the gate into the cylindrical cavities of the mould, the height
of which can be adjusted via screws at the mould base. The moulded specimens here were
10 mm in diameter with a varied height. In some cases (injecting commercial feedstock), the
mould was heated inside an electric furnace in order to facilitate the process of filling the

parts up to a temperature of 60 °C.

3.1.4 Water debinding and dissolution of the space holder

One advantage of using partially water soluble binder is that a fraction of the binder and the
space holder can be removed in one process unlike other binders where organic solvent
debinding and water dissolution are required and have to be carried out separately. The water
soluble part of the binder and space holder were removed by water dissolution using different
techniques. The first technique was performed by real time monitoring of weight loss of both
the binder and space holder using a Mettler Toledo density balance with resolution of 0.1
mg. The sample was put in the weighing basket of the density balance under water and weight
loss was recorded with time. The temperature was recorded using a thermometer supplied
with the density balance. The following equations were used to calculate the percentage of

space holder and binder removed with time:
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P - Wi—W
KCI+PEG Wi-Wy

x 100 % (5)

Wr=(Wri + Wpyma + Wsa) X W, (6)
where:
Pxci+pec: The percentage of binder and space holder removed

W;: The initial weight of the sample (in water in the case of the first experiment and in

air in the case of other experiments) (g)
W, The weight of the sample at time t (g)

W The expected weight of the sample after complete dissolution of the water soluble

space holder and binder components (g)
wy;: The weight fraction of Ti

Wpyma. Weight fraction of PMMA
wg 4. Weight fraction of stearic acid

Although stearic acid can be dissolved in water to a certain extent, and its solubility increases
as the water temperature rises [107], it was assumed to be insoluble in the first experiment as
the temperature was relatively low (20 °C). The second technique was performed using an
ultra-sonic bath at room temperature. The sample was weighed in air using Mettler Toledo
balance with resolution of 0.1 mg and then put on the metal gauze of the ultrasonic bath and
vibrated ultra-sonically. The weight loss was monitored with time by taking the sample out
of the bath every 15 minutes and drying it using heated compressed air for 15 minutes before
weighing the sample three times at different intervals in order to make sure that a consistent
reading was taken. The third technique was done using heated ultrasonic bath supplied with
a thermostat and built-in thermometer in order to have precise control over temperature. The
temperature was set to 50 °C (set according to the DSC analysis of the PEG) and the sample
was ultrasonically vibrated. Every 15 minutes, the sample was taken out of the bath and dried,
using similar drying procedure to the second experiment, followed by weight loss

measurement. The fourth dissolution technique was performed using a hot plate stirrer with
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magnetic bar to mix the water vigorously (shown in Figure 32.(b)). The sample was put on
a metal basket and hung using a metal stand. The basket was placed inside a 1000 ml water
beaker. The beaker was put on a hot plate stirrer. The rotation speed of the magnetic bar was
set to 900 rpm while the temperature was set so that the water temperature inside the beaker
was equal to 50 °C. The temperature was monitored using a digital thermometer with a K-
type thermocouple (Digitron TM22, England). The drying procedure and weight loss
measurement were performed in a similar manner to the previous experiments. In
calculations for these experiments, equation 3 was used without inputting a value for the
weight fraction of stearic acid (wsa) as at 50°C stearic acid dissolves much more easily in

water than at 20°C [107], and is considered therefore not to contribute to the final weight.
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Figure 32. (a) Debinding in a density balance, (b) debinding with water stirring

3.1.5 The effect of temperature on dissolution of space holder and binder

Specimens were placed in the metal basket of a heated bath at different temperatures. The
temperatures were decided according to the melting temperature of PEG which was obtained
through DSC analysis (found to be 50.12 °C). The dissolution processes were carried out at
three different temperatures below the melting temperature of the PEG and three

temperatures above the melting temperature of PEG in order to understand the effect of
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temperature on the dissolution of binder and space holder. The first set of temperatures were
25, 30 and 40 °C, whereas the second set of temperatures were 60, 70 and 80 °C. The
debinding and dissolution processes were carried out for three hours at these sets of
temperatures. The samples were taken out of the bath every hour in order to measure the
weight loss. The samples were dried and weighed using a similar technique to that mentioned
previously. The cube root of mass was calculated and plotted against time in order to find the
dissolution rate constant (K) for each temperature using the Hixson—Crowell cube root law
[172].

Vm=3m; - Kt ©)
where:
m: The remaining mass of binder and space holder at time t
mi: The initial mass of binder and space holder

K: The dissolution rate constant, also counting the temperature-dependent component of the

rate
t; time in seconds

After calculating the dissolution rate constant for each temperature, an Arrhenius plot was
constructed by drawing the logarithm of K against the inverse temperature. Finally, the
activation energy for the dissolution process was calculated by calculating the negative slope

of Arrhenius plot and multiplying it by the gas constant (8.314 J/mol.K).

3.1.6 Thermal debinding and sintering of samples

The removal of the high viscosity part of the binder (PMMA) and sintering of samples were
performed in one cycle under different sintering times. The green samples were placed in a
high temperature alumina sintering trays filled with yttria stabilized zirconia spheres in order
to avoid any reaction between the sintering trays and the samples. The first group of samples
were sintered at 1400°C for 2 h using two furnaces, namely a tube furnace and a vacuum
furnace (CENTORR, USA shown in Figure 33) in order to compare the extent of

contamination that results in the parts. The cycle is performed under an inert atmosphere
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(argon). The samples were firstly heated at a rate of 2.6 °C/min to 450 °C and held there for
1 hour in order to ensure the complete removal of PMMA according to the TGA results. After
that the samples were heated at a rate of 2.3°C/min to 800 °C and dwelled there for 1 hour
for pre-sintering to give some initial structural integrity (a common practice in powder
production of foams [18, 173]) before heating them again at a rate of 3.7 °C/min to 1400°C
and sintering them there for 2h. The parts were cooled at a rate of 11.6 °C/min to room
temperature. The aforementioned cycle was used initially to sinter parts using vacuum and
tube furnace. However, the sintering cycle was changed later on due to the very long time
required for the sintering cycle and due to the huge consumption of inert gas as well as
available equipment time. A second group of samples were sintered at 1250 °C for 2h and
cooled at a rate of 15 °C/min. A third group of samples were sintered at 1320 °C for 2h in
order to compare samples made by the developed feedstock without space holder with

samples made by commercial feedstock in terms of performance and porosity.

Figure 33. CENTORR vacuum sintering furnace

3.2 Characteristics of the Feedstock and produced Ti foams

3.2.1 Rheological characteristics of the feedstock

Viscosity is one of the important parameters in assessing the suitability of feedstocks for
injection moulding. The viscosity needs to be below 1000 Pa.s in a shear rate range of 10?-

10° s [118]. The viscosities of the prepared feedstocks were analysed using a twin bore
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barrel capillary rheometer (Rosand RH2000, Malvern, UK) with a capillary die that has a
diameter of 2 mm and a height of 16 mm. The temperature of the test was set up and the
rheometer was left in order to reach the testing temperature before feeding the feedstock
pellets into the barrel of the rheometer and after feeding them, the feedstock was left for 15
minutes in order to attain thermal equilibrium [95, 174]. Rabinowitsch correction was applied
to the results in order to get absolute viscosity readings by correcting the shear rate value and
obtaining the true shear rate as the flow of the feedstock is pseudoplastic (non-Newtonian)
[175]. The flow behaviour index was calculated using the following power law equation
[176]:

n=K/"" (8)

where 7 is the viscosity, K is a constant, y is the shear rate and n is the flow behaviour index
(shear sensitivity). For non-Newtonian fluids with shear thinning behavior, the shear
sensitivity value is below 1, while for Newtonian fluids it is equal to 1. Another critical
variable in assessing the capability of the feedstock to take the shape of the mould cavity is
the yield shear stress. Yield shear stress is the minimum stress required to cause the feedstock
to flow, below which no flow occurs. The yield stresses for feedstocks were calculated via

the Bingham model using the following equation [177]:
T=1,+ 1,y 9)
where 7,, is the yield shear stress, 7, is the plastic viscosity.

There are limited studies in the literature on the viscosity of feedstocks prepared using a
mixture of metal powder, binder and space holder, and the feedstock system is much more
complex than in the case of having one powder, due to the differences in terms of density,
particle size and shape between the metal powder and space holder, each of which has a
different effect on the viscosity. Hence, it is important to assess the impact of these
parameters for both powders on the viscosity. In addition, choosing the right grade of binder
to be mixed with the powders is also crucial in preparing a homogenised feedstock with
moderate viscosity and good shear thinning behaviour without resulting in any moulding

defects.
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3.2.2 Differential scanning calorimetry and thermogravimetric analyses of the
binder

Differential Scanning Calorimetry (DSC) is a technique used for characterising the melting
behaviour and thermal properties of the materials by measuring the amount of energy flowing
into or out of it [178]. The material needs to be characterised is placed inside an aluminium
pan covered with lid and placed on the first side of the heating chamber, while an empty
reference pan is placed on the other side of the heating chamber. The differential scanning
calorimeter measures the difference in heat flow between the reference pan and material
during heating and cooling and records it automatically. This value corresponds to the
amount of thermal energy absorbed or released from the sample. The DSC analysis was
performed in order to find out the melting behaviour of the binder and its constituents and
according to the results the injection temperature was set. The analysis was carried out using
a DSC Pyris 6, Perkin Elmer, USA. The weight of the samples used for analysis was about
4+0.3 mg and the samples were scanned at a rate of 10 °C/min in the temperature range 25-
200 °C.

Thermogravimetric (TGA) analysis is used in monitoring the changes in the weight of the
sample as the material is subjected to a controlled temperature programme using a
thermobalance [179]. The programme can be either isothermal or non-isothermal. TGA
analysis was done in order to assess the decomposition behaviour of the binder and according
to which the debinding temperature was set during the sintering cycle. The thermogravimetric
analysis was carried out under argon atmosphere and the binder was heated up to 726 °C
using a Pyris 1 TGA instrument, Perkin Elmer, USA.

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a very widely-used characterisation technique for polymers and polymer blends,
which involves passing IR radiation through the polymers and measuring the energy
absorbed at different wavelengths. The incident energy causes atomic vibrations in different
parts of the molecules of the sample at different energy levels causing characteristic
absorption [180].

59



FTIR analysis was carried out in order to specify and identify the polymeric constituents of
the commercial feedstock by putting a sample through a Perkin Elmer FTIR with monolithic
diamond ATR and analysing it in the wavelength range from 4000 to 400 cm™ with a

sampling number of 16 times.

3.2.4 Estimating the volume percentage of porosity in the samples

The volume percentage of porosity in the foams produced was determined by subtracting the
true volume of the foams (the solid part only), which was obtained using a helium
pycnometer, from the bulk volume that was calculated using the dimensions of the sample
viaa Vernier caliper with a resolution of 0.01 mm. The true volume measurement was carried
out using AccuPyc Il 1340 helium pycnometer by Micromeritics, USA under filling and
purging pressure of 10 psi over 10 cycles. The helium pycnometer works by measuring the
amount of helium gas displaced by the sample (shown in Figure 34), where the sample is
placed in a sealed chamber with known volume (chamber 1) and a helium gas is then pumped
into the chamber filling the pores within the sample. The pressure is monitored during the
filling process and the helium gas is then purged into another empty chamber (chamber 2)

where the volume is estimated.
Porosity (%) = Bulk volume — True Volume (10)
2
Bulk volume = 1 * (g) * h (12)

where d is the diameter of the sample, h is the height of the sample. The diameter and height
of the samples were measured four times and average values were used in calculating the

percentage of porosity.
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Figure 34. A schematic representation of the working principle of helium pycnometer.

3.2.5 Characterisation of the produced foam via Micro-computed tomography

Micro-Computed Tomography (Micro-CT) is a non-destructive imaging technique that
utilizes an X-ray source to produce high resolution three dimensional models of the imaged
parts comprised of multiple two dimensional trans-axial projections or slices [181]. The X-
ray beam is collimated and filtered before traveling through the sample and gets recorded via
a charge coupled device camera coated with a phosphor-layer that helps converting the X-
rays into visible light [182]. For complete rendering of the 3D structure, the sample is rotated
at the end of each projection by a certain degree and the process continues until full rotation

of the sample has been achieved and a complete set of projections are obtained.

Micro-CT analysis was carried in order to estimate the percentage of open porosity as well
as analyse the structure of the produced foams and find out the pore size distribution in the
sample. The analysis was carried out using a SkyScan1172 Bruker, USA Micro-CT system
with a voxel size of 6 pm using Imm Al filter. The voltage was 100 kV and images were
recorded using a camera with resolution of 2000x1000 pixel. The sample was partially
embedded in a polystyrene block with a hole in the middle and the block was fixed via a
silicon gun on to a chuck which placed inside the rotating platform of the Micro-CT. The

sample was rotated 360° at a rate of 0.7° per min. The images obtained were reconstructed
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and analysed using CTAnN 2.2.3 software by Bruker, USA. Each obtained image contained
256 grey values and every voxel in it possessed a grey value between 0 and 255. A
segmentation process was then performed in order to assign each voxel a colour either white
or black depending on a pre-set threshold value. Any voxel with a grey value greater than the
threshold value is considered white, and vice versa. The main principle behind the porosity
analysis in CTAnN software is that it considers any group of white pixels a solid object, while
any group of black pixels surrounded completely by white pixels is considered a pore.
Numbers of such pixels can be counted and a porosity measure calculated. For ease of data
analysis, a 4 mm section of the foam was analysed in 3D using three values of threshold

value, namely 60, 70 and 80 in order to investigate the effect of threshold value on porosity.

3.2.6 Micro-preparation and pore size analysis

Samples were cold mounted using two component epoxy resin Epofix™ with CitoVac
vacuum impregnation unit by Struers, Denmark. The samples were left under vacuum for at
least 30 minutes before extraction to remove the air bubbles and allow enough time for the
resin to impregnate the pores so that good bonding is obtained between the sample and resin.
The epoxy is then left to harden.

Samples were then ground until they were a plane using Struers MD-Mezzo 120 disc
followed by MD-Largo with a diamond suspension of 9 um before finishing with Struers
chemo-textile cloth using a solution of colloidal silica plus 30% hydrogen peroxide in order
to reveal the microstructure. Highly porous samples were ground and polished using
successive silicon carbide papers starting with P600 and ending with P1200 as it was noted
that their mesostructure cannot withstand diamond-based polishing and grinding pads as they
deform drastically and pore closure takes place, turning the foam into a relatively dense
sample. One example of a foam with approximately 55.9 % ground for 4 minutes using
silicon carbide paper with grit size P600 and another one ground using MD-Mezzo 120

diamond disc are shown in Figure 35.

The average pore diameter for the samples sintered as well as their degree of roundness was
determined using image analysis software (ImageJ, a public domain Java image processing

program, www.imagej.nih.gov) by binarizing the images and measuring pore diameters using
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minimum and maximum Feret diameters and then averaging them. For Ti foams which have
interconnected pores with no boundaries or cell walls among the pores, spherical particles
with size equal to the average particle size of the Ti particles in the image were drawn in
order to separate the two pores before estimating their pore size. For better explanation, an
SEM image of a Ti foam with a porosity of 63.8 % is shown in Figure 36 (a) and can be
taken as an example. The pores in the sample are interconnected with no cell walls in between
and thus particles were drawn in the image in order to separate the pores; the processed image
after drawing of particles is illustrated in Figure 36 (b). After that, each individual pore is
selected through the use of wand tracing tool of ImageJ which traces the boundaries of objects
with uniform colour (black in the case of pores) and added manually to ROl manager after
assigning them with designated numbers (Figure 36 (c)) using the cell counter function in
ImageJ in order not to count the same pore twice and then Feret diameters are subsequently

measured and averaged for all of the pores using the measure function.

Figure 35. Ti foam ground for 4 minutes using (a) SiC paper with grit size of 600, (b) diamond
based grinding disc.
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Figure 36. SEM image of a Ti foam: (a) before processing, (b) after closing the pores with
drawn particles, (c) after designating numbers for the pores and measuring them.

3.2.7 Optical microscopy analysis

Optical microscope was used to visualize the mesostructure and microstructure of the
samples with low porosity. The analysis was carried out using Nikon Eclipse LV150

microscope under polarized light equipped with a digital camera (shown in Figure 37).

Figure 37. Nikon Eclipse LV150 microscope
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3.2.8 X-ray diffraction

X-Ray Diffraction (XRD) is a very powerful non-destructive analytical technique used for
characterising the structure and phase composition of crystalline materials [183]. The
technique is based on passing collimated monochromatic X-rays into the sample (Figure 38)
which get diffracted by a set of parallel crystal planes and interfere constructively when the
path difference between the reflected rays from successive planes is equal to an integer value

of the wavelength (1), satisfying Bragg's Law (shown in equation 12) [184].
nA=2d sin 0 (12)

where d is the spacing between the parallel planes, @ is the incident angle, 4 is the
wavelength of the ray and n is an integer.

These diffracted X-rays are collected via special X-ray detector, counted and compared
with a standard database for identification.

XRD analysis was carried out in order to analyse the phase composition of the powders used,
as well as the samples produced, using a D2 PHASER, Bruker, USA, equipped with CuKa.
source (A =0.154 nm) operated at 30 mA and 40 kV. The samples were scanned in the range
15-80° with a step size of 0.02 and a counting time of 3 s. The obtained XRD spectra were
analysed using the ICDD PDF-4+ 2016 database.

Incident X-Rays Refiected X-Rays

Figure 38. A schematic representation of Bragg's law
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3.2.9 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to characterise the mesostructure of the
foams and to analyse the type of failure in the samples after mechanical testing. The analysis
was carried out using Inspect F (FEI, Hillsboro, OR, USA) with a voltage of 20 kV and spot
size of 3 after coating the surface of the samples with a thin layer of conductive carbon in
order to avoid charging or electron build up in the mounting resin. The SEM is equipped with
Energy Dispersive Spectroscopy Systems (EDS, Oxford Instruments, UK). The distribution
of elements in the specimens were mapped using EDS element coloured mapping with a
frame count of 20 and pixel dwell time of 20 ps. For quantitative analysis, peak calibration

was performed using a cobalt standard.

3.2.10 X-Ray Fluorescence (XRF)

XRF is a non-destructive analytical technique for determining and quantifying the chemical
composition of the samples and it involves passing a collimated and concentrated X-ray beam
through the sample causing electron expulsion from the lower energy orbitals in the atoms
and creation of holes or vacancies which destabilises the atoms [185]. The atoms then de-
excite back by filling the created vacancy with electrons from a higher energy orbital (shown
in Figure 39) and the process is accompanied by the emission of fluorescence radiations with
energy equal to the energy difference between the levels of the transition and characteristic
to a particular material [186, 187]. The intensity of these fluorescent rays are then measured
using X-ray spectrometer and compared with the materials database to find out the chemical

elements in the sample and their concentration.

X-ray Fluorescence spectrometer (XRF) was used in order to analyse the chemical
composition of the surface of the samples. The system used was Zetium XRF spectrometer
from PANalytical, Netherlands. The samples were placed in a special steel cup that has
aperture with a diameter of 6 mm and analysed under vacuum three times before averaging
them. The XRF spectra were analysed and the total element concentrations were obtained

using SuperQ software, supplied with the instruments.
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Figure 39. A schematic of the generation process of fluorescence X-rays during atom
irradiation [188].

3.2.11 Chemical analyses

Chemical analysis for the samples was carried out in order to measure the extent of
contamination during thermal debinding and sintering as this can noticeably affect the
mechanical properties of the foams produced, particularly oxygen and nitrogen. Chlorine
content was also assessed as a means to check the removal of the KCI. The analysis was
performed using LECO melt extraction system by AMG Analytical, UK. The test involves
heating the sample in ceramic crucibles and analysing the gases released as well as the sample
by thermal conductivity spectroscopy and IR Spectroscopy. The error of the analysis is less
than 1%.

3.2.12 Compression testing of samples and failure analysis

Samples with a height of around 12.4 £ 0.7 mm were tested under compression loading at a
strain rate of 0.001 s and a maximum load of 40 kN according to 1ISO 13314 using a Zwick
Z50 testing machine (Zwick Roell, UIm, Germany). A compliance test was performed before
testing the samples in order to account for any deformation in the machine (non-sample
displacement in the testing fixture [189]). The yield strength for the samples was estimated
using the 0.2% offset method.
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Failure analysis and distribution of strains in some porous samples were carried out using
Digital Image Correlation (DIC). DIC is a non-contact optical technique for measuring
deformation on the surfaces of materials by tracking the movements of physical points or
speckles during deformation relative to their original positions in a reference image using
high speed cameras [190, 191]. The accuracy and success of such technigue in estimating
deformation is reliant on several parameters including the size of the points tracked and their
density on the surface of the sample as well as the calibration process and subset and step
size used during processing. The speckles or points to be tracked are typically black dots
spray-painted on the surface of the sample before painting it with a matte white paint. This
helps making the process of detecting the black speckles easier due to the high degree of
contrast between these two colours. The high speed cameras are fixed on a stand or tripod
which placed within an appropriate distance and points towards the sample with a stereo
angle typically ranging from 15-25°depending on the length of the lenses used [192]. Before
carrying out the test and acquiring the images during deformation, a calibration process is
performed during which a set of intrinsic and extrinsic parameters are defined, such as focal

length, sensor centre and dimensional displacements between the cameras, etc.[193].

The DIC test for the porous samples was carried out in order to analyse the failure mechanism
and try to visualise the extent of deformation that occurs in the samples during compression.
The samples were firstly painted with white paint from DecoArt, Stanford, USA and then
black speckled uniformly using a dual-action, siphon feed airbrush. Great difficulty was
encountered during the white painting stage due to the porous nature of the samples and their
high surface area, and the best results were achieved through the use of a high viscosity paint
(20% solvent and 80% paint), less viscous paints either flowed off or were sucked into the
pores of the sample. Samples with higher amount of porosity were more challenging to paint
as the paint did not have enough time to settle on the surface due to increased permeability,
as shown in Figure 40, where less porous samples get fully impregnated with the white paint,

unlike high porosity samples.
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Figure 40. White painting of (a) porous sample with 20% porosity, (b) porous sample with
62% porosity.

Specially-developed platens had to be used due to the small size of the samples and their poor
visibility in the cameras when normal platens are used. The platens used were composed of
two hardened steel screws with their heads ground and polished up to 2000 paper. The small
platens were screwed into the universal testing machine and samples were placed on them as

demonstrated in Figure 41.

The software used for image analysis was LA Vision with a subset size of 17 and step size
of 5. The subset size specifies the part of the image which is used to monitor the displacement
between the taken images, while step size limits the spacing between points that are analysed

during correlation [192].

(@) (b)

Figure 41. (a) DIC test set up, (b) porous sample in between two hardened steel screws.
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3.3 Preparation of multi-layered radially graded Ti foams and biomedical staples

The preparation of multi-layered, radially-graded porous Ti was attempted by injecting two
different feedstocks into the same mould at different intervals. The first feedstock was
prepared using the coarse Ti powder with a solid content of 58%vol and 0% KCI, while the
second feedstock had 58% solid content of which 60% KCI. It should be noted that the solid
content refers to the volume percentage of the Ti powder and the space holder added and
mixed with the binders to form a feedstock. The KCI used was cubic with a mean particle
size of 348 um. The process was designed so that the samples have three porous layers, two
microporous layers with one macroporous layer positioned at the centre of the samples.
Another attempt was carried out by injecting one microporous layer with one macroporous
layer. The main source of pores for the microporous layers are the micropores that result
from partial bonding and incomplete neck formation among the Ti particles during sintering.
Shear testing for the triple porous layers was performed using two specially developed
holders that enable holding the samples from the microporous layers, thus ensuring much of
the shearing load is localised at the macroporous layer. The shear testing assembly is shown
in Figure 42.

In order investigate the suitability of the process for complex parts, an attempt was made to
produce porous surgical staples by injecting a feedstock with 35%vol KCI into a barbed
staple mould and the injected parts were then debound and sintered. The KCI used for the
medical staples was cubic with a mean particle size of 348 pm. For comparison, some
medical staples were injection moulded using a feedstock with similar solid loading, but
without space holder. Another attempt was made to deposit a porous layer onto the surface
of a femoral stem for a hip implant in order to investigate the suitability of the developed

technique to process a potential biomedical part.
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Figure 42. Shear testing assembly for porous Ti with gradient porosity.

3.4 Ti foams as a potential material for biomedical applications

The three most popular materials used for biomedical implants these days are Ti-6Al-4V,
Co-Cr-Mo and 316 stainless steel. However, each of these alloys contains some elements
which are reportedly cytotoxic. For example, Shettlemore et al studied the toxicity of these
three alloys and found that the most toxic was Co-Cr-Mo followed by 316 stainless steel,
while Ti-6Al-4V is minimally toxic, which was attributed to the high toxicity of Cr, Ni and
Co elements in the former alloys [194]. Another study however reported that Ti-6Al-4V is
synergistically toxic due to the occurrence of synergistic interaction between the titanium,
aluminum, and vanadium [195]. Thus, in this study commercially pure Ti was chosen. The
excellent corrosion resistance, good biocompatibility and low cytotoxicity of pure titanium
makes it a good candidate for biomedical hard tissue implants. However, there are two main
issues associated with the use of such a biomaterial that are yet to be addressed. The first one
is the stress shielding problem that arises from the differences between the elastic moduli of
the natural bone and Ti, which leads to bone resorption around the implant and is one of the
main causes of failure in implants. The second problem is the bioinertness of Ti which results

in poor bone cell adhesion to the implant compared to bioactive materials such as

71



hydroxyapatite or bio-glasses [196]. Such bioactive materials form spontaneously a layer of
bonelike apatite to promote chemical integration to the bone tissue [196, 197]. One way of
addressing the first problem is by incorporating intentionally-induced pores into the material
structure to produce porous Ti with adjustable elastic modulus so that its properties match
the desired mechanical properties of different implants for different parts of the body. The
presence of pores in the structure can additionally help promoting bone ingrowth and cell
attachment thereby creating a better mechanical fixation to the surrounding tissue [198, 199].

The process of producing foams with different porosity and pore shapes to remedy the first
issue associated with the use of Ti has already been addressed in the previous sections
through the addition of different amount of space holders with different particle
morphologies resulting in porous bioinspired structure that replicates the natural structure of
the bone for better mechanical fixation and reduced stress shielding. However, the second
problem still has not been addressed as the Ti foams produced will be mainly dependent on
mechanical fixation to bond into the surrounding tissue without chemical integration. Hence,

two ways of addressing the second issue were explored.

1- The addition of hydroxyapatite into the Ti foams.
2- The modification of the surface of foams via Plasma Electrolytic Oxidation

3.4.1 The addition of hydroxyapatite into the Ti foams

The addition of Hydroxyapatite (HA) was examined by adding HA powder to the mixture of
the Ti and space holder powders during feedstock preparation stage. Two types of HA
powders from two different suppliers were used. The first HA powder was micro-sized
powder supplied by Plasma Biotal, UK, while the second HA powder was nano-sized powder
supplied by Sigma-Aldrich, Germany. The volume percentage of HA added to the mixture
was 7%vol. The space holder used was spherical in shape (Ds0=366 um) and constituted
52%vol. of the solid content. In the case of the nano-sized HA, powder was initially added
to the Ti powder with four cylindrically-shaped dispersion media and mixed without a binder
in order to break the agglomerates using a high speed centrifugal mixer Speedmixer 800 FZ
Synergy Devices Ltd., UK for 4 minutes at a speed of 1900 rpm and then a multi system

polymeric binder and KCI as a space holder were added to the mixture and mixed in a similar
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manner to our previous experiments. The composite feedstock was then pelleted and extruded
twice using a low pressure injection moulder in order to homogenize the feedstock before
injecting cylindrical samples. After that, water debinding was performed before sintering the
samples using a vacuum furnace Centorr, USA under flow of argon at a temperature of
1320°C for 2h.

3.4.2 The modification of the surface of foams via plasma electrolytic oxidation

There are several techniques to develop biologically active porous ceramic coatings on Ti
surfaces such as Physical Vapour Deposition (PVD) [200], electrodeposition [201],
anodization [202] as well as Plasma Electrolytic Oxidation (PEO) [203]. Among those, PEO
is preferred due to the non-line-of-sight nature, low cost, high productivity, environmental
friendliness, as well as short treatment times required to produce thick ceramic coatings with
high adhesion strength, wear and corrosion resistances [203-206].

Plasma Electrolytic Oxidation (PEO) is an advanced anodization technique that involves the
growth of anodic oxides on Ti electrode in an aqueous electrolyte at potentials high enough
to cause electrical discharges on the Ti surface forming a relatively thick and porous ceramic
coating. The process offers the possibility of adjusting the chemical composition of the
coating by adding different salts to the electrolyte including phosphates, sulfates, silicates
and aluminates [206-209]. In addition, the PEO treatment can be carried out in different
current and potential modes, including AC, DC, pulsed and bipolar electrical regimes [210].
However, DC mode is the simplest and the most convenient to study fundamental aspects of
the coating process [211].

The possibility of coating porous Ti samples with PEO was explored using three groups of
porous Ti samples with different amount of porosity, namely 7%, 20%, and 62% with average
pore size of 17 um, 57 um and 348 um respectively. The samples had diameter of 8.84+0.30
mm and height of 12.35+0.46 mm and were ultrasonically cleaned in acetone for 10 min and
dried after tap threading holes in them. The threaded samples were then fastened onto a Ti
bar with external insulation and connected to the positive output of a power supply, while the
negative output of the power supply was connected into a water cooled steel tank (Figure

43). The electrolytic solution was prepared by gradually dissolving of 14 g L™ reagent grade
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disodium phosphate (Na2HPOy4) in distilled water. Electrolyte stability was assessed based
on the values of pH and conductivity before and after experiments, which were found to vary
insignificantly, from 9.6 to 9.8 and from 10.4 to 8.1 mS cm, respectively. The cyclic
voltammetry studies were performed in DC mode by sweeping the potential up to a maximum
value of 500 V at scan rates of 2.12 and 4.22 V s, After that the samples were cleaned with
acetone and distilled water in an ultrasonic bath for 4 minutes before drying them at about
85 °C for 5 min. For cross-sectional analysis, the samples were cut in half, cleaned and cold
mounted and then ground using successive grades of SiC grinding papers followed by
polishing up to 1 um with a diamond suspension and Chemo-textile cloth. Then, the samples
were sputter-coated with carbon to avoid charging during SEM characterisation. The PEO
treated samples were then imaged and analysed using an Inspect F, Scanning Electron
Microscope (SEM; FEI, USA) equipped with Energy Dispersive X-ray Spectroscopy (EDS)
attachment. In addition, X-Ray Fluorescence (XRF) as well as X-Ray Diffraction (XRD)
analyses were utilized in examining the elemental and phase composition of the sample
surfaces. The thickness of the oxide layers developed on the surface was measured using

Image J image analysis software.
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Figure 43. A schematic of the PEO process with an image of the PEO process during
coating of porous Ti

3.5 Cell culture

To evaluate the suitability of the fabricated Ti-HA composite foam to support bone
formation, in vitro biological characterisation was performed on two different types of
titanium foam scaffolds with and without HA. MLO-A5 osteoblastic mouse cells were seeded
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on the samples. Cells were cultured at 37°C and 5% CO> humid environment in culture
medium containing Minimal Essential Medium-a (a-MEM, Lonza, Castleford, UK). It was
supplemented with 10% Foetal Bovine Serum (FBS, Labtech,UK), 1% L-Glutamine solution
(0.2 M), 1% Antibiotic solution containing penicillin (10,000 U/mL) and streptomycin (10
mg/mL), Ascorbic Acid-2-Phosphate (AA, 0.2 mM), and B-glycerophosphate (B-GP, 5 mM)
(Sigma Aldrich,UK). Culture media was changed every 2-3 days during the cell culture
period. Prior to cell seeding, samples were autoclaved for 30 minutes at 121°C, and then
submerged in a culture medium with 30 minutes incubation. MLO-A5 at passage 48 were
seeded with 3,000 cells in 25ul expansion media per scaffold a 24- well plate. To allow cell
attachment scaffolds were incubated for 45 minutes. Then 2 ml of culture media was added
to each sample and incubated overnight. Negative controls without cells were also used.

3.6 Metabolic activity

The metabolic activity of cells was assessed at 1, 4, 7, 14, 21 and 28 days after seeding using
Resazurin reduction (RR) assay. 1 mM resazurin sodium salt (Sigma Aldrich,UK) in diH.0O
was diluted (10 vol% ) in a culture mediam. 2 ml of RR was added to each sample with 4
hours incubation. Aluminium foil was used to wrap the well plates during the incubation
because of the sensitivity of RR to light. The blue non- fluorescent resazurin sodium salt was
reduced by the metabolic activity of cells to form pink fluorescent resorufin after the
incubation period. In a transparent 96-well plate 200 puL of the reduced solution was
transferred and the absorbance read with a plate reader (Tecan infinite 200-pro) at Aex : 540

nm and Aem : 590 nm. samples were washed twice with PBS then replaced with fresh media.

3.7 Calcium staining

Alizarin Red S Stain Assay (ARS) is a qualitative method used to detect extracellular calcium
deposition after 28 days of cell culture. 1% wi/v of Alizarin Red S (Sigma Aldrich, UK)
powder in deionized water (dH20) was used to stain seeded scaffolds for 30 minutes under
gentle orbital shaking at 100 rpm. Before staining, samples were fixed with 3.7%
formaldehyde and washed three times. 5% v/v perchloric acid in distilled water was used to

destain samples for 20 minutes with gentle orbital shaking. 150 pL of destaining solution
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from each well was added to a clear 96 well plate in triplicate. The absorbance was measured

in a plate reader at 405 nm.

3.8 Collagen staining

Collagen deposition within the scaffolds was assayed using Sirus Red Stain. After
performing the calcium assay, all scaffolds were washed with dH2O three times to remove
any of the ARS destain. To prepare the SRS, direct red 80 was dissolved in saturated picric
acid (1% w/v) and filtered to 0.2 um to remove undissolved particles. 2 ml of SRS working
solution was added to each sample and left on orbital shaking at 100 rpm for at least 18 hours.
After that, the SRS was removed and washed off with dH20 until no trace of the SRS was
present in the washes. The scaffolds were de-stained with 2ml of 0.2M NaOH:methanol (1:1)
on an orbital shaker for 20 minutes at 100rpm. In triplicate 150ul of solution from each well
plate was added to a clear 96 well plate and absorption was measured at 405nm in a plate

reader.
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4 Comparison between the developed and commercial feedstocks

The first step towards successfully producing Ti foams by metal injection moulding is the
development of a homogenised feedstock (without space holder) that can be easily injection
moulded into the desired shapes with a minimum amount of energy and without the
occurrence of powder-binder separation. This is crucial before moving into the next step of
introducing a space holder material into the feedstock and developing Ti foams. It is also
important to point out that the main current hurdles which negatively impact the
competitiveness of the MIM process in processing Ti parts are the cost of the fine Ti powder,
the high shrinkage in the produced parts and the high interstitial content. These
aforementioned drawbacks could be potentially solved through the use of relatively coarse
Ti powder as the cost is reduced, it results in more micropores that are potentially useful for
biomedical applications and it has less surface area compared to the fine Ti powder and thus
less prone to contamination. Therefore, relatively coarse Ti powder with a mean particle size
of 75 pum was chosen in our initial experiments. However, before using such a powder with
a mean particle size more than three times higher than that preferred for MIM powders [212],
it needs to be compared in terms of performance against a benchmark or a commercial
feedstock in order to assess its suitability for the production of Ti foams. The commercial
feedstock which was chosen for comparison purposes was PolyMIM Grade 2 supplied by
PolyMIM® Germany, which is produced using Ti powder grade 2. The feedstock developed
by the current study had a 58 vol % solid content and was prepared using the relatively coarse
Ti powder with a multi component polymeric binder composed of 70 vol % PEG1500, 25
vol % PMMA and 5 vol % stearic acid. It should be noted that PEG is commercially available
in different molecular weights and detailed discussion of it and its impact on the injection
process is reported in section 5.1. The two feedstocks were compared in terms of melting

behaviour, viscosity as well as the percentage of porosity in the sintered samples.
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4.1 DSC comparison

DSC analysis was carried out in order to identify the peak melting temperatures of both
commercial and prepared feedstocks and analyse their melting behaviour. The outcome of
such analysis can be beneficial in facilitating the process of choosing the optimum extrusion
and injection temperatures for the feedstocks prepared. Several samples of each feedstock
were heated up to a maximum temperature of 200 °C at a rate of 10 °C/min. The results of
the DSC analyses for both of the commercial and developed feedstocks are plotted in Figure
44,
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Figure 44. DSC thermograms for the (a) commercial feedstock and (b) current study
feedstock.

It was found that the first part of the binder for the commercial feedstock had a higher peak
melting temperature of about 64 °C compared to that used in the current study (PEG 1500),
which was approximately 45 °C, whereas the second part of the binder for commercial
feedstock had a lower peak melting temperature than that of the current feedstock (about 126
°C), which was about 136 °C. A small third peak was also noted at about 158 °C in the
commercial feedstock, which might indicate that there is a third polymeric component.
Auzene et al [213] investigated the use of different commercial feedstocks including 316L
stainless steel PolyMIM and reported that the feedstock had a similar infrared spectrum to
polypropylene, though they did not give their findings in detail. One might argue that the

second part of the binder for commercial feedstock is actually high density polyethylene, as
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the peak melting temperature lies in the peak melting temperature range for high density
polyethylene, which is about 125.8-138 °C. In addition, the small third peak could
correspond to the peak melting temperature of the isotactic polypropylene which ranges from
160 to 166 °C [214]. In order to investigate this further, an FTIR test (Fourier Transform
Infrared Spectroscopy) was carried out in the wavelength range from 4000 to 400 cm™ with

a sampling number of 16 times. The result of the test is shown in Figure 45.
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Figure 45. FTIR spectrum of the commercial feedstock.

The obtained data were compared with the results in the literature, and it was found that
several peaks coincide with the high density polyethylene peaks reported by Kumar and
Singh, as shown in Table 6 [215] from work on the recovery of hydrocarbons from high
density polyethylene waste. Other peaks could not be explained due to the complexity of the

binder system used, which makes the analysis process more challenging.

Table 6. FTIR assignments of the commercial feedstock

Wavenumber (cm-) Type of Vibration
2950/2915 C-H Stretching
2883 CHs and CHz2 Stretching
2849 C-H Stretching
718 CH: Rocking (Methylene rocking)
1466 C-H scissoring (Methylene scissoring) [180]
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4.2 Rheological analysis results

The viscosity of the feedstocks was measured in order to assess their sensitivity to
temperature and shear rate as well as to measure the yield shear stress for both. It should be
noted that the commercial feedstock could not be tested at a temperature below 170 °C, as
the capillary die of the rheometer became clogged below this temperature. This is expected,
as it is recommended in the specification sheet of the PolyMIM feedstock to inject the
feedstock at a minimum temperature of 178 °C, even though the peak melting temperature
of the highest part of the binder of the commercial feedstock was found to be 158 °C
according to the DSC results. This might be due to the high percentage of solid loading in
the commercial feedstock, which seems to affect the flow of the feedstock with temperature
under shear in the capillary die. Hence, the viscosity of commercial feedstock was tested at
three different temperatures, namely 170, 185 and 195 °C. The feedstock prepared in this
study with the relatively coarse Ti powder was tested at 120, 135 and 150 °C due to both the
lower peak melting temperature of the highest viscosity part of the binder, and its reduced
amount compared to the second part of the binder PEG. Rheograms of both commercial and
current feedstocks are shown in Figure 46.
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Figure 46. Results of the viscosity measurements for (a) commercial feedstock PolyMIM
Grade 2; (b) current study feedstock made by relatively coarse Ti powder with a solid loading
of 58% and binder content of 42% of which 70 vol % PEG, 25 vol % PMMA and 5 vol %
stearic acid.
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It can be seen from Figure 46 that the viscosity of the commercial feedstock is much higher
than that of the feedstock used in the current study even accounting for the higher test
temperature, which means that higher injection and tool temperatures are needed in order to
successfully inject the samples into the desired shapes. Both of the feedstocks showed some
shear thinning behavior, which is desired in the MIM industry, especially for intricate parts.
The yield shear stresses as well as the flow behavior indices for both feedstocks are
summarized in Table 7. Although the commercial feedstock was tested at much higher
temperatures (as required by its higher viscosity), it was found that it has a much higher yield

stress than the current feedstock and, also a lower flow behavior index.

Table 7. Flow behavior index and yield stresses for commercial and current feedstocks

Feedstock Temperature (°C)  Yield stress (kPa) n
170 135 0.49
Commercial 185 118 0.45
195 107 0.42
120 79 0.63
Current Study 135 42 0.56
150 35 0.53

4.3 Preparation and characterisation of green and sintered samples

A vertical plunger-type injection moulder was used to injection mould small cylindrical parts
of both feedstocks at a pressure of 45 MPa. The commercial feedstock was injection moulded
at a temperature of 185 °C into small cylindrical parts with a diameter of 10 mm and a height
of approximately 13.50 mm. The mould was heated to 60 °C in order to facilitate the process
of filling the cavity of the mould. It should be noted that great difficulty was encountered
during moulding at a lower mould temperature, where the feedstock either freezes before
reaching the mould cavity or partially fills it before freezing, resulting in an incomplete part.
In contrast, the feedstock prepared by this study was injection moulded using the vertical
plunger-type injection moulder at a temperature of 150 °C into cylindrical samples without
the need to heat the mould. Some green samples of both feedstocks were broken and their
surfaces were characterized using Scanning Electron Microscopy (SEM). The surface of as-
broken samples of injected but not debound samples from both feedstocks are shown in

Figure 47.
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It can be observed that the Ti powder used in the commercial feedstock is spherical and
therefore there is a high probability that it is a gas atomized powder with, as a result, a good
packing density. The particle size for the Ti powder used was determined by estimating the
size of spheres with equivalent dimensions to those of Ti particles, which were observed in
six SEM images for the commercial feedstock [16]. The analysis was carried out using image
analysis software (Image J, a public domain Java image processing program,
www.imagej.nih.gov) and the Ti particle size was found to range from 12-45 pm, with
average particle size of about 23 um. This is not far from the recommended size of the Ti
powder for MIM, which is about 20 um. It was also noted that the Ti particles were coated
with a layer of what is believed to be polyethylene, referring to the large amount of the second
part of the binder in the commercial feedstock. In comparison, the relatively coarse Ti
particles used in the current study were surrounded by the binder, consisting of PEG with
some PMMA.

Several moulded parts were then water debound at a temperature of 50 °C in a water tank
filled with distilled water for 35 h. Next, the parts were taken out of the tank and dried for 2
h at 100 °C in order to remove the moisture. After that, the samples were sintered at 1320 °C
for 2 h under the flow of argon. Images of the sintered parts from both feedstocks are shown
in Figure 48. Note that these binders without space holder produce nominally dense samples,

not foams.

It was noted that samples made with the commercial feedstock using the vertical plunger type
injection moulder had some cracks on the surface of the samples. These cracks might be due
to the insufficient injection and backing pressure of the injection moulder used to mould the
commercial feedstock, as it had a much higher yield shear stress than the feedstock developed
here, and thus requires being processed and moulded at much higher temperature and
pressure. Hence, another batch of samples was made to investigate this further using an
Arburg 320 all-rounder at a pressure of 1400 bar and a temperature of 195°C with a dosage
volume of 10 cm?. The samples prepared were cylindrical in shape. After water debinding of
the samples, they were sintered under the same conditions as the previous experiments. It

was observed by visual examination of the samples that there were also small cracks, but less
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apparent than the ones seen on samples made using the low pressure injection moulder. Some

of the sintered samples are shown in Figure 49.

Figure 47. SEM images of the surface of as-broken samples of feedstocks from: (a) current
study made by relatively coarse Ti powder with a solid loading of 58% and binder content of
42% of which 70 vol % was PEG, 25 vol % was PMMA and was 5 vol % stearic acid at low
magnification; (b) commercial feedstock at low magnification; (c) current study at high
magnification; (d) commercial at high magnification.
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(b)

Figure 48. (a) side and top views of the sintered samples made by coarse powder using current
study feedstock; (b) side and top views of the sintered samples made by commercial
feedstock PolyMIM grade 2.

()

Figure 49. (a) Side and top view of sintered and green samples of commercial feedstock
produced by Arburg 320 all-rounder at a pressure of 1400 bar and a temperature of 195°C
with a dosage volume of 10 cm?; (b) lateral view of a crack observed in the structure of the
sample.

It was also noted that the majority of the samples had small crater-like defects at the surface
and some blistering. These craters are believed to be formed due to the thermal
decomposition and diffusion of the high viscosity part of the binder from the inside of the
sample through the surface during the initial stages of the sintering cycle, leaving a small
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volcano-like blister with a crater-like features. The final densities of the samples were
measured using a helium pycnometer with a filling pressure of 10 psi (0.07 MPa) over 10
cycles and the volume shrinkages after debinding and sintering of the samples were
monitored by measuring the dimensions of the samples using a Vernier Caliper with a
resolution of 0.01 mm (by the average of at least 4 readings). The relative densities and

volume shrinkages of the samples after sintering are shown in Figure 50.

It can be seen that samples made using current study feedstock with the coarse Ti powder
had a lower relative density than those made from commercial feedstock PolyMIM with the
fine powder, and consequently also had a higher porosity. This can be attributed to the size
of the titanium powder used in this study compared to the commercial feedstock, where finer
particles sinter at a much higher rate, resulting in greater growth of the necks and
spheroidization of pores compared to coarser particles. However, the volume shrinkage after
sintering for the samples made by commercial feedstock was found to be much greater than
that of the samples made by the current study, where samples processed with the coarse
powder shrank 20.7% in volume, while samples made of commercial feedstock shrank 32%—
33% in volume. Owing to the fact that the sintering process is mainly driven by the surface
free energy of the powder, the higher the surface area of the powder, the greater the rate of

sintering, resulting in more volume shrinkage in the samples [216].
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Figure 50. Relative densities and volume shrinkages after sintering for: (A) samples
processed using commercial feedstock PolyMIM with the fine powder by plunger injection
moulding; (B) samples processed using commercial feedstock PolyMIM with the fine
powder by Arburg 320; (C) samples processed using current study feedstock with the coarse
powder by plunger injection moulding.

85



Although the solid content for the commercial feedstock (which can have an impact on the
volume shrinkage) is not known, generally the solid content for such fine powders in
commercial feedstocks ranges from 60%-65%. It can also be noticed that the standard
deviation for the volume shrinkage after sintering for the samples made by the commercial
feedstock using the Arburg injection moulder was the lowest (about 0.18 compared to the
samples made by the current study feedstock using the vertical plunger-type injection
moulder of about 0.31). In comparison, the standard deviation for samples made by
commercial feedstock using the vertical plunger-type injection moulder was 0.35. These
differences in shrinkage and standard deviation between samples made by the vertical
plunger-type injection moulder and the ones produced by the Arburg 320 could be a
consequence of the high backing and injection pressure used in the Arburg compared to the
vertical plunger-type injection moulder; the pressure used in the Arburg was more than triple

that used in the vertical plunger-type injection moulder.

Samples were analysed for contamination by using a LECO melt extraction system by AMG
Analytical, Rotherham. The extent of interstitial elements contamination in the sintered

samples is summarized in Table 8.

Table 8. Chemical analysis results of sintered samples.

. Smterefl Sample from Sintered Sample in the  Ti Powder Error in
Contaminant = Commercial Feedstock (wt each
Current Study (wt %) (wt %) .
%) analysis
C 0.044 0.079 0.006 +0.050
@) 0.273 0.277 0.093 +0.1
N 0.033 0.023 0.010 +0.050

It can be observed that the carbon concentration in the parts produced by the commercial
feedstock is much lower (around half) than that of the current study, which might be due the
reaction of Ti with the carbonaceous gases that result from the decomposition of the second
part of the binder (PMMA) during sintering, leading to a higher carbon content. Zeng et al.
[217] studied the burning behaviour of PMMA under argon and found that PMMA
decomposes at about 300 °C into a monomer and other products, such as CH3sOH, CH4, COy,
CO and H20. This monomer is then decomposed at higher temperatures to produce more

gaseous molecules, such as CHs, CO2 and CO. While this may aid removal, these gaseous
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products may react to some extent with Ti, resulting in more carbon residue in the samples.
The difference in oxygen concentration in the parts produced by both feedstocks is negligible,
whereas the nitrogen concentration in the parts produced by the current study is somewhat
lower (about 2/5) than that in the parts produced by the commercial feedstock. One might
argue that this difference in nitrogen content is not that significant; nevertheless, nitrogen has
the highest influence on the strength compared to other interstitial contaminants, such as
oxygen, where increased nitrogen content leads to a significant increase in the strength and

a slight drop in impact toughness [218].

4.4 Microstructural and mechanical analysis results

Optical microscopy images of the polished cross-sections of the prepared samples of both
feedstocks are shown in Figure 51. It was found that samples made by the coarse Ti powder
had much larger micropores with less sphericity. These micropores are formed due to
incomplete sintering and bonding amongst the adjacent Ti particles. In comparison, samples
processed by commercial feedstock had much finer micropores and more spherical sizes that
tend to increase towards the outer edges of the specimens. As pores corresponds to residual
free space that originates from interstitial sites in the original packed powder, a correlation

between powder and pore size is reasonable.

The average pore diameter for the commercial feedstock was about 17 um with a sphericity
of about 0.63, whereas the average pore diameter for the current feedstock was about 57 um
with a sphericity of about 0.49. Hence, it is expected that samples processed by commercial
feedstock have better mechanical properties than those processed with the coarse Ti powder.
Nevertheless, the relatively large micropores in the samples processed by the coarse Ti
powder are in size at least well suited for biomedical applications, where pore sizes greater

than 50 um are required for rapid osteoconduction [219].

The results of mechanical tests for the samples are presented in Figure 52 (a) and
summarised in Table 9. The compression test results indicate that samples processed by the
commercial feedstock have a significantly higher yield strength compared to those processed
by the coarse Ti powder, where the average yield strengths (co0.2) for the samples were about

473 and 191 MPa, respectively. However, when tested under stress-limited conditions the
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energy absorbed by the samples processed by the coarse Ti powder was notably higher than
that absorbed by the samples made with the commercial feedstock. This is one of the unique
characteristics of porous materials, and reflects the lower stress deformation and good
ductility of the samples processed by the coarse powder, which had an average volume
percentage of porosity around 20%. Yet, the stress-strain curve for these porous samples did
not show any plateau stress, such as that classically expected during testing of porous
materials. Nevertheless, there are many examples, particularly in metal foams which show
work hardening, where this is not seen, e.g. [220]. The samples after testing did not show nor
develop any cracks and showed some signs of barrelling, which is typically observed during

compression testing due to sample-platen friction, as seen in Figure 52 (b).

- ;
Figure 51. Optical micrographs of the polished samples for: (a) sample sintered using the
current study feedstock; (b—d) centre and edges of a sample sintered using commercial
feedstock.
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Figure 52. Typical examples of results of the mechanical tests showing: (a) stress-strain
curves of the sintered samples; (b) samples processed by the coarse powder after
compression.

Table 9. Characteristics of the samples produced by the commercial and current study
feedstocks.

Variable Samples processed by Samples processed by
current study feedstock commercial feedstock

Porosity (%) 20+3.0 7+1.5

Yield strength (c0.2) (MPa) 19146.2 473+7.1

Average pore size (Um) 57+£17.5 17+ 3.8

4.5 Discussion

DSC curves (Figure 44) showed that the current study feedstock requires a lower temperature
to be successfully injection moulded than commercial feedstock, where the peak melting
temperature of the high viscosity part of the current study binder (PMMA) was 14% lower
than that for commercial feedstock. It should be noted that the SA peak could not be detected
in the DSC diagram for the current study binder, which could be ascribed to the small amount
of SA in the mixture, as has been observed in the literature [8]. In addition, the results of the
DSC analysis suggested that the commercial binder consists of more than two parts and does
not only contain polypropylene as previously reported, but also high density polyethylene.

This was supported by the results of the FTIR analysis, Figure 45. Based on the DSC results,
8
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the current study feedstock was injection moulded at a temperature 10% higher than the peak
melting temperature of the high viscosity part of the binder, to ensure complete melting. In
contrast, the commercial feedstock was injection moulded at a temperature of 185 °C (chosen
based on the specification of 178-186 °C), which is about 17% higher than the melting point
of the high viscosity part of its binder.

Viscosity analysis results (Figure 46) demonstrated that both feedstocks exhibit some shear
thinning behaviour, which is desirable in MIM. This can arise where shear rate decreases
viscosity due to the unfolding, stretching and alignment of the tangled polymer chains and
the breakage of the particle agglomerates [221]. The sensitivity with which the shear
viscosity changes with shear rate is usually assessed by the flow behaviour index (n). The
lower the n value, the higher the shear sensitivity and the more the feedstock shows
pseudoplasticity or shear thinning [222]. Thus, Table 7 shows that the commercial feedstock
exhibits the most pseudoplasticity. However, a low value of n may also be associated with
some moulding defects, including jetting, and leads to the slip flow phenomenon [223]. It
was also found that the commercial feedstock has a much higher shear viscosity and yield
stress, despite being tested at much higher temperatures. The high shear viscosity, yield stress
and shear sensitivity could be attributed to several factors, including the high viscosity of the
polymers used in the commercial binder and the high solid content for such commercial
feedstocks [223] (usually in the range of 60%—-65%), as well as the small Ti particle size used
[224].

Sintered samples of the commercial feedstock injection moulded using the vertical plunger-
type injection moulder showed relatively large macro-cracks, as shown in Figure 48 (b).
These cracks were up to 2 mm in length and might be formed due to the insufficient injection
and backing pressure of the vertical plunger-type injection moulder. Sintered samples
processed by the same feedstock using the Arburg 320 all-rounder with a pressure more than
three-times higher and a temperature of 195 °C exhibited smaller cracks, Figure 49. In
comparison, sintered samples of the current study feedstock processed using the vertical
injection moulder did not show any cracks.

The average relative density of the samples sintered using the current study feedstock was
found to be 14% lower than that of the samples processed using commercial feedstock with
a volume percentage of porosity of about 20%, while the average volume shrinkage for the
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samples after sintering was 35% lower than that for samples processed by the commercial
feedstock. The differences in shrinkage and density between the samples produced by
commercial and current study feedstock could be attributed to the relatively large Ti particle
size used in the current study feedstock compared to that of the commercial feedstock, as the
use of a smaller particle size results in sintering (and therefore, shrinkage) proceeding more
rapidly [225], due to the greater amount of surface energy present [226]. This may also
explain the fact that pores in the samples made using the commercial feedstock were much
more spherical and more regular in shape (Figure 51).

The average linear shrinkage of the parts processed by the commercial feedstock (12.51%)
lies in the typical range of linear shrinkage for MIM parts in the literature (14%—18%) [227],
whereas for samples produced by the current study feedstock, it was significantly lower
(7.3%). Hence, the use of a coarse particle size can be advantageous in increasing the
competitiveness of MIM among other manufacturing processes in terms of cost, as well as
dimensional tolerances and shrinkage.

In terms of pore size, the average pore diameter for samples processed by the current study
feedstock was found to be three-times higher than that of the commercial feedstock, and the
pores were less regular.

It should be noted that samples made here using the commercial feedstock had a slightly
lower density (higher porosity) and larger pore size compared to that reported for sintered
MIM parts using other commercial feedstocks, e.g., for Catamold® Ti BASF (Ludwigshafen,
Germany), porosity is about 4% with a pore size of less than 10 um [228]. These differences
might be attributed to the sintering time and temperature (samples were sintered in the
previous study at 1300 °C for more than three hours), as well as the Ti particle size (reported
to be 2-35 um in the BASF feedstock [228]), finer than that estimated here for PolyMIM
feedstock (12—45 um). It should however be noted that, as the solid content for both
commercial feedstocks is not known, an exact comparison is not possible.

Chemical analysis of the interstitial elements (Table 8) showed that samples made by the
commercial feedstock had a carbon content approximately half of that detected in samples
made by the current study feedstock, even though the finer Ti powder would be more prone
to contamination. This could be attributed to the use of PMMA in the current study binder,

which decomposes during thermal debinding, releasing large amounts of carbonaceous gases,
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which may subsequently react with Ti. Nevertheless, the amount of carbon in samples made
using the current study feedstock is lower than that reported for BASF feedstock (0.09%—
0.11% [228]).

The results of the mechanical tests (Figure 52) showed that samples made by the current
study feedstock had a yield stress (0,,), 60% lower than that for samples made using
commercial feedstock, but a much higher ability to absorb strain. The higher porosity and
larger micropores of the samples made by the current study feedstock will lead to reduced
strength, though the porosity also increases the energy absorption capacity in plastic
deformation [229].
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5 Incorporation of space holder to form Ti foams

After assessing the performance of the feedstock made with the relatively coarse Ti powder,
it is crucial now to investigate the effect of adding another material to the feedstock, namely
the space holder material (KCI) as well as to understand the impact of various processing
parameters on the viscosity of the feedstock in the presence of this space holder material
(such as Ti particle size, PEG molecular weight and the percentage of solid loading, among
others). These parameters could have a significant effect on the performance of the feedstock
and thus on the success of the process of producing Ti foams. Hitherto, there is a very limited
number of studies in the literature which investigate the effect of these parameters on the
MIM process in the presence of a space holder material with a size several times larger than
the size of the Ti particles. Therefore, this chapter will modify the MIM process to account
for the space holder material in terms of binder, debinding and sintering and establish a

standard procedure for producing Ti foams.

5.1 The effect of PEG molecular weight on the viscosity in the presence of space
holder

It was mentioned earlier on in chapter 4 that PEG is commercially available with different
molecular weights that can reach up to 20,000 g/mol. PEG is a non-toxic, water soluble
polymer with an open helical structure and has a chemical formula of HO-[CH2-CH2-O]-H)
[230]. Choosing a PEG with a suitable molecular weight is of crucial importance, as the
viscosity of PEG and its rate of solubility in water are dependent on the molecular weight.
Thus, in order to investigate the effect of molecular weight of PEG on the viscosity and
porosity of the feedstock, as well as the ease with which parts can be moulded, three
feedstocks were prepared using PEG with three different molecular weights, namely 1500,
4000 and 8000 g/mol. The feedstocks prepared had solid content of 50% vol of which 50
%vol was Ti and 50%vol was cubic KCI. The mean particle size of the KCI particles used
was 338 um. Feedstock preparation and mixing was carried out using the procedure outlined
in section 3.1.2. It was noted during mixing that the colour of the binder changed according

to the PEG used, being highly viscous and milky with high whiteness in the case of PG8000,
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but with the degree of whiteness decreasing with reducing molecular weight of PEG. The
designated as  F50Cu50L250PEG1500,
F50Cu50L250PG4000 and F50Cu50L250PEG8000. The formulation of these identifying

three  feedstocks  prepared  were

names is shown below:
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Solid content of the space holder (50% vol) and its shape (cubic).

Solid content of the feedstock (50%vol).

These feedstocks were then extruded through a low pressure injection moulder at different

temperatures. The temperature of extrusion of each of these feedstocks was set according to
visual inspection. Feedstocks made with PEG 4000 and PEG 8000 were extruded at 120°C
due to their high viscosity, whereas feedstock made with PEG1500 was extruded at 110 °C

as it was too liquid to be extruded at 120°C. The extruded feedstocks were then cut or pelleted

into small pellets about 0.5-1 cm in length. The viscosity of the feedstocks was measured at

four different temperatures, namely, 120, 130, 140 and 150 °C at least three times to make

sure that consistent data were obtained. The feedstock pellets were then fed into the barrel of

the capillary rheometer and left for 15 minutes in order to reach thermal equilibrium

throughout the feedstock. The shear rate was set from 900 to 4000 s™. The results of the

viscosity analysis for the feedstocks prepared are shown in Figure 53.
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Figure 53. Viscosity rheograms of the feedstocks prepared using PEG with different
molecular weights at a temperature of: (a) 120 °C, (b) 130 °C, (c) 140 °C, (c) 150 °C.

The results show that the higher the molecular weight of PEG, the higher the viscosity, which

can be attributed to an increased degree of entanglement in the longer polymer chains of the

higher molecular weight polymers compared to the lower molecular weight (shorter) ones,

resulting in higher resistance to flow, and hence higher viscosity at a given temperature. It

was also generally found that the viscosity of all feedstocks decreases with increasing

temperature and shear rate as shown in Figure 53.

In terms of the yield shear stress,

feedstock made with PEG8000 had the highest yield shear stress compared to other
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feedstocks, where its yield shear stress was about 46 kPa at 120 °C, dropping to around 27
kPa at 150 °C, compared to the yield shear stresses of the feedstocks made by PEG 4000 and
PEG 1500 which were approximately 35 and 19 kPa respectively at 120 °C and dropped to
about 19 and 13 kPa at 150 °C. In addition, It was also noted that feedstocks processed with
PEG1500 came out of the capillary die and spread non-uniformly on the moving tray such
that the shape of the strands of the feedstock was lost, (as shown in Figure 54). Feedstocks
made with PEG 4000 and 8000 came out of the capillary die and kept their strand shape, as
they solidified faster than the feedstock made with PEG1500. Feedstocks made with PEG
1500 stayed soft after 1 minute of cooling at room temperature, whereas feedstocks made
with PEG 4000 and 8000 became solid within approximately 20 and 10 seconds respectively.
Furthermore, the sensitivity (n) with which the shear viscosity changes with shear rate was
found to be highest for the feedstock made with PEG 1500 at the test temperature of 120 °C,
where it was about 0.78, compared to 0.71 and 0.73 for feedstocks made with PEG 4000 and
PEG 8000 respectively. However, this trend changes with increasing test temperature from
120 to 150 °C, where the shear sensitivity value becomes lowest for feedstock made with
PEG 1500, dropping to 0.46, whereas the shear sensitivity values for feedstocks made by
PEG 4000 and PEG 8000 were about 0.59 and 0.61. It should be noted that the lower the n
value, the higher the shear sensitivity and the more the feedstock shows pseudoplasticity or
shear thinning. This is desirable, particularly for complex MIM parts as it aids mould filling
and shape retention [222]. Thus, it can be concluded that feedstock made with PEG 1500 has
a higher flowability and can easily fill the cavity of the mould at a lower yield stress.
However, higher dwell time is expected to be needed to cool the feedstock down as it
solidifies slower than feedstocks made with higher molecular weights.

PEG molecular weight does not only have an influence on the viscosity, but can also have an
impact on the percentage of porosity in feedstock. The entrapment of air during the process
of mixing and extrusion of the feedstock can result in the incorporation of some pores in the
feedstock obtained. These pores can have an influence on the density of the injected parts as
well as on their mechanical properties. Therefore, estimating the amount of porosity in the
feedstock is crucial in monitoring the quality of the feedstocks as well as assessing their
suitability for the production of high quality products. The amount of this porosity does not

depend only on the mixing and extrusion procedures, but also on the characteristics of binder
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used, such as the viscosity and speed of solidification during cooling as well as the shape of
the starting powder. The viscosity of the binder is strongly reliant on the molecular weight
of the polymer used which in turn dictates the length of the polymer chains and their
propensity to entangle. Thus, using polymers with different molecular weights can result in
different percentages of porosity in the feedstock. The percentage of porosity in the feedstock
was estimated by comparing the theoretical density of the feedstock calculated using the ‘rule
of mixtures’ (equation 13) and the measured one using a helium pycnometer and finding the

difference between them.

prn. = (pri * Vri) + (Pxct * Vier) + (Ppec * Veee) + (Ppmma * Veuma) + (sa * Vsa)
(13)

where prp, is theoretical density and V is volume fraction.

It was found that feedstock prepared using PEG 4000 had the lowest amount of porosity
compared to other feedstocks, where the amount of porosity was found to be equal to 1.6 %,
compared to feedstock prepared with PEG 1500 which was 1.9%, while the highest amount
of porosity was associated with the use of PEG 8000, reaching 2.8%. This might be attributed
to the high viscosity of PEG 8000 and its rapid solidification which does not give sufficient
time for the air bubbles to escape during cooling. PEG 4000 can therefore result in the lowest
amount of porosity during processing. However, it is harder to water debind it compared to
PEG 1500 as the penetration of the water molecules into its longer molecular chains and the
transportation of these solvated molecules into the surface is much more difficult, resulting
in higher possibility of cracking and swelling and longer debinding times [230]. In addition,
trials of injecting samples using a feedstock with a solid content of 58% made with PEG 4000
at 150 °C have shown that either the injected samples had a high defect content due to the
insufficient pressure of the vertical plunger injection moulder, or the nozzle was clogged as
shown in Figure 54 (b). Using a high density PEG can affect the process of filling of the
cavity of the mould as high molecular weight PEGs have a higher viscosity and require
processing at higher temperatures than PEG 1500. They also have higher yielding stress,
which means high pressure is required during injection in order for the feedstock to flow and
fill the cavity without any defects. The presence of relatively coarse KCI particles in the

mixture can also contribute to aggravating the problem by increasing the friction between the
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mould and the molten viscous feedstock leading to incomplete filling of the mould cavity,
particularly if the injection pressure was insufficient. Therefore, PEG 1500 was chosen as
the main component of the binder due to reduced debinding time and the ability to process

feedstocks at lower temperatures and with reduced injection pressure.

5mm

(@) (0)

Figure 54. (a) Extruded feedstock at 150 °C made by PEG1500 (upper) and PEG 4000
(lower), (b) samples before and after sintering of a feedstock made with PEG 4000 58% solid
content of which 60% KCI injection moulded at 150°C and 45 MPa.

5.2 Effect of solid loading on the viscosity of the feedstocks

Solid loading or solid content is the volume percentage of solid powder in the feedstock and
itis a very important factor that has a significant influence on the process of producing porous
parts by MIM. It dictates the percentage of space holder that can be added with the Ti powder
in the feedstock, as well as the ease with which green parts can be moulded. In processing of
MIM parts using a single powder, solid loading has a major role in dictating the sensitivity
of the feedstock to the change in temperature, distortion in the produced parts as well as the
final density and tolerance control [231]. High solid loading feedstocks can result in less

shrinkage and distortion in the produced parts, but lead to a higher temperature sensitivity
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and more difficulty in moulding parts without defects depending on the size, shape and

density of the powder to be processed [232].

Adding a space holder to the feedstock mixture, such as potassium chloride with a density
about half that of the metal powder, could potentially have a beneficial impact in decreasing
the viscosity of the system by replacing some of the metal powder in the feedstock with a
lighter material [233]. Nevertheless, the size of the space holder could be problematic in
increasing the possibility of nozzle clogging, as its size is more than triple that of the metal
powder, and the diameter of the die of the rheometer is 2 mm. Therefore, it is important to
assess the impact of the solid loading including the space holder on the viscosity of the
feedstocks in order to be successfully able to produce porous parts by MIM-SH. In order to
do so, three feedstocks with different solid content or loadings were prepared using different
volume percentages of cubic KCI and spherical Ti powder with mean particle sizes of 338
and 75 pum respectively. Viscosity measurement was carried out at four different sets of
temperatures 120, 130, 140 and 150 °C. Each test at each temperature was performed multiple
times in order to make sure that the values are consistent. The feedstocks were designated as
F50CU50L250PG1500, F58CUS50L250PG1500 and F61CUB0L250PG1500.

Figure 55 shows the viscosity rheograms for the three feedstocks with different solid
contents. It is worth noting that the feedstock with the solid content of 61vol% could not be
tested at a temperature below 130 °C, where the capillary die of the rheometer become
immediately clogged. It can be seen from the plotted graphs that the higher the solid content,
the higher the viscosity. It was also noted that the shear sensitivity value for the feedstock
with the highest solid content (61%) was much more influenced by the testing temperature
than other feedstocks, where the value dropped from 0.59 at 130 °C to about 0.22 at 150 °C.
Such a low value of shear sensitivity can be associated with certain moulding defects,
including jetting, and leads to the slip flow phenomenon [223]. Feedstock with 58% solid
content was considered to be the best as it had a good solid content, higher than that for the
feedstock with 50 vol%, and its shear sensitivity value did not change significantly with
temperature, dropping from 0.83 at 120 °C to about 0.49 at 150 °C, and hence this solid

content was chosen for further experiments in making foams.

99



Log (Viscosity, Pa.s)

2.0+

-
<
1

Log (Viscosity, Pa.s)
>
1

=
ES
1

1.2 H

1.9 130 °C

120 °C
i 22 ®  F50CU50L250PG1500
R?-0.98 ® F58CUS0L250PG1500
184 : 1 A FB1CUB0L250PG1500
] 1;;2.0-
S R*=0.99
1.7 4 >
®  F50CU50L250PG1500 1.5
® F58CU50L250PG1500 8
(2]
1.6 >
916- \
3
R*=0.99
1.5 4 1.4
R’=0.99
14 T T T T . T T T Y T T 1 12 T T T T T T T T
290 30 3% - ap e A4 35 ag a7 30 31 32 33 34 35 36 37
Log (Shear rate,1/s) Log (Shear rate,1/s)
(b)
(a)
140 °C 150 °C
2.0
®  F50CU50L250PG1500
e F58CU50L250PG1500 o
4 F61CUBOLZ50PG1500 45 = F50CU50L250PG1500
& e F58CUS0L250PG1500
1.6 A FB1CUB0L250PG1500
R’=0.99 2
@
51.4—
()]
S
124 R*=0.99
R%=0.99 R’=0.99
5 1.0 <
R*=0.99 R*=0.99

28 350 3?2 3?4 3!6 3!8 28 30 3!2 3?4 3?6 38 4.0
Log (Shear rate,1/s) Log (Shear rate,1/s)

(c) (d)

Figure 55. Viscosity rheograms of three feedstocks with different solid contents at: (a) 120
°C, (b) 130 °C, (c) 140°C, (d) 150°C.

5.3 The effect of the shape of the space holder particles on viscosity

It is important to be able to produce foams with different pore morphologies (e.g. cubic,
spherical, etc.) to meet different demands for different foam applications. This diversity in
pore morphologies can be achieved by using space holders with different particle shapes.
Thus, investigating the influence of the space holder particle shape on the viscosity of the
feedstocks is important in assessing the suitability of these feedstocks for the production of
foams with different pore morphologies by MIM-SH. Two shapes of space holder particles
were used, namely cubic and spherical KCI, and their particle size distribution was mentioned
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previously in Table 4 in section 3.1.1. A third feedstock was prepared using a mixture of fine
cubic (D1o= 147 pm, Dso= 222 um, Dgo=325 pum) and spherical KCI powder (D1o= 88.3 um,
Dso= 201 pm, Dgo=340 um). The feedstocks were prepared using the procedure previously
described in 3.1.2 with a solid content of 58% of which 60% was KCI and 40% was Ti. The
feedstocks were assigned the symbols of F58SPPG1500, F58CUPG1500 and
F58CU+SPPG1500 for those prepared by spherical KCI, cubic KCI and a mixture of cubic
and spherical KCI respectively. The rheological analyses of the feedstocks were performed

at a series of four temperatures, namely 120, 130, 140 and 150 °C.

The viscosity rheograms of the feedstocks made with different KCI morphologies are shown
in Figure 56. It was observed that feedstocks made with cubic KCI particles had a much
higher viscosity than those made using spherical KCI particles and a slightly higher viscosity
than that of feedstock made with a mixture of finer cubic and spherical KCI particles.
Spherical KCI particles flow much better than cubic particles (moving past each other more
easily) with reduced die wall friction, resulting in lower viscosity and reduced resistivity to
flow. Tuncer et al [9] favoured KCI over NaCl as a space holder and reported that KCI powder
can be compacted at lower pressure to almost full theoretical density and can give lower wear
of screw and valve components compared to NaCl. However, one might argue that the shape
of the space holder is a significant contributor to their findings, rather than just the material,
as the KCI particles used in their study were approximately spherical, while the NaCl
particles were cubic. It has also been reported in the literature that feedstocks made by
spherical powders have lower viscosity than those with irregular powders and can have a
higher maximum solid content in single-system Ti feedstocks [234]. In binary feedstock
systems, the same effect has been observed on the viscosity in the case of adding secondary
spherical powders compared to cubic or irregular powders. Thus, more spherical KCI can be
added to the feedstock to produce foams with larger percentage of porosity compared to the
cubic case. It can also be noted that feedstock prepared with a mixture of cubic and spherical
KCI powders had a viscosity value between the spherical and cubic, albeit the particle size
was finer. At lower shear rates, the viscosity of the feedstock with the cubic KCI and that
with the mixture of finer cubic and spherical particles were close to each other. However,
this trend changes noticeably as the shear rate increases where spherical particles flow easily,

yet their movement is still restricted by the presence of cubic KCI particles which keep the
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viscosity relatively high compared to viscosity of the feedstock made with spherical KCI
alone. It is worth mentioning that the shear sensitivity value for the feedstock made with
spherical KCI was the lowest among the tested feedstocks at the test temperature of 120 °C,
where the value was equal to 0.78, whereas the shear sensitivity values for feedstocks made
with cubic and a mixture of spherical and cubic were about 0.83 and 0.81 respectively. This
value drops significantly with temperature to 0.35 at 150°C in the case of feedstock made
with spherical KCI, while it drops to 0.49 and 0.39 for feedstocks made with cubic particles
and the mixture of spherical and cubic particles. This means that feedstocks with spherical
space holder particles show higher pseudoplasticity or shear thinning behaviour, which

increases with increasing test temperature.
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Figure 56. Viscosity rheograms of three feedstocks with different KCI morphologies at: (a)

120 °C, (b) 130 °C, (c) 140°C, (d) 150°C.
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5.4 The effect of Ti particle size on viscosity

It is reported that feedstocks made with fine powders have significantly higher viscosity and
lower shear sensitivity compared to feedstocks made with coarse powders in single system
feedstocks (without space holder) [235]. However, adding space holder with very large
particle size and lower density to fine metal powders can result in a reduction in the viscosity
and a greater chance for the powders to segregate due to the differences between the sizes of
the powder and space holder. Thus, it is important to examine the effect of Ti particle size on
the viscosity of the feedstock with the addition of the space holder and its sensitivity to shear

rate.

The effect of Ti particle size was investigated by comparing the viscosity of the feedstock
prepared by a mixture of the coarse Ti powder and cubic space holder with that made using
a mixture of fine Ti-6Al-4V (AP&C, Canada) and cubic space holder. It should be noted that
Ti-6Al-4V has a lower density than Ti (the density measured by the helium pycnometer for
the fine Ti-6Al-4V was about 4.51 g/cmq), and is expected to result in foams with improved
mechanical strength due to the presence of the beta phase, which yield more strength in the
samples than those contain only alpha phase [2]. Nevertheless, it was used due to its
availability in the case of this test. The particle size distribution for the fine Ti-6Al-4V is
shown in Table 10. The two prepared feedstocks were designated as
Ti64F50CU50L250PG1500 and F50Cu50L250PG1500. The viscosity of the feedstocks was

tested at two different temperatures, namely 120 and 150 °C.

Table 10. Particle size distribution for the fine Ti-6Al-4V powder

Powder Dx (10) Dx (50) Dx (90)
Ti-6Al-4V | 15.5 pym 31.3 um 52.4 pym

The results of the viscosity analysis for feedstocks made with different Ti particle size are
illustrated in Figure 57.
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Figure 57. Viscosity rheograms of two feedstocks made with different Ti particle size at: (a)
120 °C, (b) 150°C.

It can be observed that the viscosity of the feedstock prepared using sub-45 um Ti-6Al-4V
particles at 120 °C was much higher than that of the feedstock prepared using the relatively
coarse Ti powder with a mean particle size of 75 um. However, this difference in viscosity
decreases with increasing the temperature to 150°C. This might be due to a higher chance for
the breakage of agglomerations of the sub-45um Ti-6Al-4V particles at higher temperatures,
where the polymeric binder has enough fluidity to give more freedom for the particles to
move compared to at lower temperatures. During shearing and compression of the feedstock
against the capillary die, the particles tend to agglomerate forming flocs. The sizes of these
flocs depend on the particle size, shape and the percentage of solid content [236]. The smaller
the particle size of the powder, the higher the tendency to agglomerate [237, 238]. These
flocs gather near the capillary die of the rheometer or the nozzle of the injection moulder and
lead to an increase in the viscosity of the feedstock initially. In order for the feedstock to flow
through the capillary die or the nozzle of the injection moulder, the shear rate applied has to
be higher than the yield stress of the highly filled polymer system and sufficient to partially
or completely break down these flocs. Once the shear rate meets the required value, the
powder particles pass through the capillary die and line up in a chain-like manner. Increasing
the shear rate further would result in polymer chain dis-entanglement leading to a reduced
viscosity at higher shear rates. Furthermore, this decrease in viscosity continues until a certain

stage where the shear rate would be high enough to break these flocs completely into primary
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particles and dis-entangle the polymer chains. Beyond this the viscosity will stay constant

with further increase in the shear rate.

5.5 Thixotropy of feedstocks

Some viscous materials exhibit time-dependent shear thinning, a phenomenon called
thixotropy. It is often related to the breakdown of the structure under shear with time leading
to a reduced viscosity reading. This breakdown in the internal structure can be time-reversible
where the structure of the material rebuilds once the shear stress is removed and the material
is allowed to rest [177]. Feedstocks need to be checked for this phenomenon in order to make
sure that there is no segregation between the polymeric binder and powders which might
result from the breakage of the structure under shear. This can be carried out by subjecting
them to ascending shear rate up to a maximum value and then decreasing it at the same rate
to the starting value. Thixotropic materials often display a wide hysteresis loop, whereas
normal materials do not show any hysteresis. Two feedstock samples were prepared using
cubic KCI particles with mean particle size of 229 um and tested for their structural stability
by shearing them up to a maximum value of about 2200 s and then reducing it to the starting
value at the same shear rate. These tests were carried out at two different temperatures,
namely 140 and 150 °C. The thixotropy test results for the feedstock are shown in Figure 58.
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Figure 58. The hysteresis behaviour of feedstock.
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It can be noted that there is no obvious hysteresis loop at the injection temperatures, which
is an indication of the feedstock having good structural stability and consistency, sufficient
to inject the feedstock into different part shapes [239].

5.6 Initial trials for producing Ti foams

After understanding the effect of different processing parameters on the viscosity of the
prepared feedstocks in the presence of the space holder material, it is now necessary to
produce Ti foams using feedstock with a relatively low percentage of solid loading. This
helps establish a standard procedure for producing these foams to be followed in further
experiments, and provides a basis to increase the percentage of space holder content
systematically in order to avoid any wastage of materials by unsuccessful trials. Thus, a
feedstock with a solid loading of about 55% was chosen as a starting step and prepared using
the procedure mentioned in section 3.1.2. The percentage of space holder added was 50% of
the solid content, while the rest was Ti powder with a mean particle size of 75 um. The space
holder used was cubic KCI with average particle size of about 348 um. The percentage of the
binder was equal to 45% of which 65% PEG, 30% PMMA and 5% stearic acid. The binder
was analysed using DSC and TGA before carrying out any sample production.

5.6.1 DSC and TGA analyses of the binder

DSC analysis was performed in order to find out the melting behaviour of the binder and its
constituents and the results help in dictating the injection and extrusion temperatures for the
feedstock in order to make sure that all the binder components are melted. The DSC analyses
were carried out at a scan rate of 10 °C/min in the temperature range 25-200 °C. The onset
and offset melting temperatures were obtained by extrapolating the baseline and finding the
points which intersect with the tangents of the peak. TGA analyses were also performed in
order to assess the decomposition behaviour of the binder components and according to
which the thermal debinding temperature was set during the sintering cycle. The TGA test
was carried out under argon atmosphere and the samples were heated up to 726 °C at a rate
of 5°C/min.

The results of the DSC analyses of the binder and its constituents are shown in Figure 59.
As can be seen from Figure 59 the peak melting point of PEG was shifted to the left in the
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presence of PMMA and stearic acid (i.e. lowered from 50.12 °C for pure PEG 1500 to 48 °C
for PEG in binder), while the onset temperature of melting was increased from 42°C in the
case of pure PEG to 43 °C for PEG in the binder. Conversely, the offset melting temperature
for PEG reduced from 53 °C for the pure state to 51 °C for PEG in the binder. In addition,
the peak melting temperature of the PMMA was shifted to the right (i.e. increased from 126
°C for pure PMMA to 139 °C in the presence of PEG). This is an indication of interaction
among the binder polymers where the crystalline PEG interacts with the amorphous PMMA
resulting in a blend of some amorphous regions with crystalline regions composed of PEG
entirely. Jian and Guogin [240] studied the behaviour of interaction between PEG and
PMMA and found that PEG and PMMA can form semi-interpenetrating polymer-networks
that are composed of mixtures of crystalline and amorphous regions when the PEG content
is greater than 35 wt %. Thus, in order to make sure that all the binder components are melted,
a temperature of 150 °C was chosen for further investigations and sample preparation.
Furthermore, a temperature of 50 °C was chosen for the dissolution and debinding processes
to guarantee PEG melting.

240 60
e PMMA in binder w— PEG 1500 alone
23.7 A | e PMMA alone s PEG 1500 in binder
50 -
23.4
E 40 4
3
S
w
© 30
@
xE
20 A
T T T T T 10 T T T T T T T
80 100 120 140 160 180 200 20 25 30 35 40 45 50 55 6(
Temperature, (°C) Temperature, (°C)

Figure 59. DSC results (heating) of PMMA and PEG.

The results of TGA analyses of the binder (PEG, PMMA and SA) and pure PMMA are shown
in Figure 60.
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Figure 60. TGA results of the binder and pure PMMA

It can be noted from Figure 60 that pure PMMA was completely decomposed at
approximately 430 °C, whereas almost all of the binder was decomposed at a temperature of
450°C. This means that the thermal debinding stage should be carried out at a temperature
equal to or above 450 °C in order to guarantee the removal of components remaining after
water debinding and dissolution of the space holder. The binder shows a higher
decomposition temperature than pure PMMA because of chemical interaction among the
binder components. Thus, it is expected that PEG removal from the mixed binder will be
more difficult than its debinding in the pure form. In addition to this, several factors will
affect the removal of PEG from the samples, including the percentage of PMMA in the
binder, the particle size and shape of the injected powder as well as the molecular weight of
the PEG used [230].

5.6.2 Sample preparation

Small cylindrical parts were injection moulded at a temperature of 150 °C using the sample
preparation procedure outlined in section 3.1.3. The specimens were 10 mm in diameter and
6 mm in height. One green sample was broken and its surface was gold coated by sputtering
for 3 minutes in order to investigate the surface of the sample using SEM. Figure 61
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illustrates the morphology of the broken sample which was imaged using SEM at 6 kV. It
was noted that the KCI particles remain cubic in shape and are not coated with the binder to
the same extent as the Ti powder. This can be helpful for rapid removal of the space holder
from the sample by water dissolution, where water penetrates into the specimen faster and

breaks up the ionic lattice of the KCI resulting in solvated ions.

Figure 61. Secondary electron SEM image of the surface of as-broken green sample with a
solid loading of 55% reproduced from Shbeh, M. and Goodall, R. Mater Design. 2015;
87:295-302.

5.7 Debinding and dissolution results

One of the greatest challenges in producing Ti foams by MIM in combination with space
holder is the removal of the main component of the binder and space holder during the
debinding stage, where the process is very time consuming and can take up to 72 h [9].
Hitherto, most of the reports on the production of Ti foams via MIM-space holder method
used paraffin wax as a major binder constituent and organic solvent debinding for binder
removal [111, 241]. However, this will not only result in the use of environmentally
unfriendly organic solvents for the removal of paraffin wax such as chloroform, but will also
require another separate dissolution stage for removal of the space holder. In comparison, the
major part of the binder used here is a water soluble polymer (PEG) and this offer the
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advantage of removing both PEG and the space holder (KCI) in one stage. The debinding
and dissolution stage was performed following the procedure outlined in section 3.1.4 under
four different conditions. In the first condition the water debinding and dissolution stage was
carried out at 20 °C and weight loss in the samples was monitored with time using a density
balance, while in the second condition the process was performed using an ultrasonic bath at
room temperature. In the third condition the removal of the space holder and PEG was carried
out using heated ultrasonic bath at a temperature of 50 °C. In the final condition the process
was performed using a hot plate stirrer with a magnetic bar at a temperature of 50 °C. The
results of the different water debinding and dissolution techniques used are shown in Figure
62. It can be noted that the ultrasonic water debinding and dissolution at a temperature of 50
°C was the quickest method in comparison with other water debinding and dissolution
techniques, where the PEG and space holder were completely removed (assessed by weight
loss and DSC measurement) after 4 hours. The hot plate stirring method came second with
double the removal time of the heated ultrasonic bath method. The third and last methods
were ultrasonic dissolution at ambient temperature and dissolution at 20 °C. It can also be
seen from Figure 62 that the linear parts of the curves of the heated ultrasonic dissolution
and hot plate stirring were much larger compared to the other two methods. This is due to the
fact that temperature has a great impact on the removal rate of both space holder and PEG,
the latter especially as the melting temperature of PEG (50°C as assessed by the DSC
experiments, section 5.6.1) was reached in the experiments. Hence studying the temperature
effect would be a matter of great importance in the removal rate of PEG and space holder.
Furthermore, it can also be observed that the removal rates were approximately equal for the
heated ultrasonic and hot plate stirring dissolution in the initial stages of water debinding and
dissolution, but this trend changes with time in favour of the heated ultrasonic bath. This is
due to the high efficiency of the ultrasonic vibrations in removing the dissolved space holder
and PEG faster from the inside of the sample and consequently lifting the limitation of the
rate being controlled by diffusion of the dissolved space holder and PEG to the outer surface.
This has been considered previously as the bottleneck in slowing the removal process of the
space holder and PEG from the sample [242-244].
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Figure 62. Results of different debinding and dissolution methods.

It can also be noticed that the real time monitoring of water debinding and dissolution using
a density balance gives a smooth curve over time. However, the complete removal of space
holder and PEG (based on the known weight added) was not realised. This can be attributed
to the low temperature of the experiment (20°C) compared to the peak melting temperature
of PEG (50°C). SEM images of the 20°C water debinded specimen are shown in Figure 63.

Figure 63. Secondary electron SEM images of the sample after 23 hours of dissolution
reproduced from Shbeh, M. and Goodall, R. Mater Design. 2015; 87:295-302
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As can be seen from the SEM images, the KCI space holder was dissolved in water and the
shape of pores replicated the shape of the space holder, while the PEG and PMMA networks
are still apparent after 23 h of dissolution at 20°C. These networks could be eliminated by

increasing the temperature of the dissolution up to or above the melting temperature of PEG.

Figure 64. Image of (a) sample made of a feedstock with a solid loading of 55% of which
50% KCI during debinding without ultrasonic shaking, (b) sample during debinding with
ultrasonic shaking

Based on the results, ultrasonic water debinding was chosen to remove both the space holder
and the water soluble part of the binder (PEG). However, in order to investigate the effect of
ultrasonic vibrations on the samples, another trial of debinding was carried out in an
ultrasonic bath and the changes in the sample were monitored using Dino Lite digital
microscope which was placed above the ultrasonic bath. It was found that once the sample
put in the ultrasonic bath and switched on, KCI and PEG start dissolving from the surface
and the solvated molecules depart from the sample leaving porous channels behind. These
porous channels act as an exit gate, aiding the process of removing the solvated molecules
from deep inside the specimen. It was also noted that a large number of bubbles leave the
samples and these bubbles were noted to form both with and without ultrasonic shaking,
though their intensity increases with ultrasonic shaking (Figure 64). These bubbles were
noted to float up to the surface of the water, forming a cloud of bubbles in the case without

ultrasonic vibrations, while they break up and new bubbles form if ultrasonic shaking is used.
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It is believed that these bubbles are formed due to the presence of trapped air inside the
sample which is liberated as the binder dissolves. Once the water diffuses into the inside of
the sample, this trapped air tries to escape with the solvated molecules up to the surface of
the sample. It was also observed that these bubbles break up in small micro explosions in the
general mode of shaking, while they break up and form intermittently in the case of the
degassing mode of vibrations. In the sweeping mode, the whole samples move laterally
backward and forward in addition to the formation of these bubbles.

5.8 The effect of temperature on dissolution of space holder and binder

Investigating the effect of temperature on the debinding and dissolution stage can help
identifying the optimum water temperature for the removal of the PEG and space holder.

Figure 65 indicates the results of debinding and dissolution at different temperatures
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Figure 65. Dissolution curves at different temperatures

In general, as the temperature of the dissolution increases, the rate of removal of the space
holder and PEG rises. This is due to faster removal of PEG and KCI at higher temperatures,
where there is greater thermal energy for diffusion and activation-dependent processes,
especially when the temperature reaches the peak melting point of PEG (50°C). However,

this trend changes as the dissolution temperature reaches 80°C, where the removal rate
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becomes slower than that at 70°C, particularly after longer dissolution times. This is
suspected to be due to the fact that under these conditions the sample was significantly
swollen, narrowing the internal channels and making it much harder for the space holder to
be removed. Observations of the samples after dissolution found that the sample surface area
at 80°C had swelled by around 20 %. This might be due to water uptake by the binder on a
microscale; such swelling could also close the channels through the structure, reducing the
dissolution rate. Thus, it is not recommended to carry out water dissolution at a temperature
higher than 70°C. In addition, the data for the 80°C experiment were not used in constructing
the Arrhenius plot which follows, as another mechanism is thought to have been activated by
this stage. The weight percentage of space holder and binder removed after three hours of
dissolution at 70°C is equal to 95 %, whereas only 28 % was removed after 3 hours of
dissolution at 20°C. An example of cube root mass plot obtained under equation 3 for the
30°C experiment is shown in Figure 66.(a). All the tests at different temperatures showed a
similar degree of fit. The correlation values for the plotted root mass curves ranged from 0.95
t0 0.99. The Arrhenius plot obtained is illustrated in Figure 66.(b).
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Figure 66. (a) plot of cube root mass against time for the 30°C experiment, (b) Arrhenius plot
for water debound MIM-SH foams at different temperatures.

The fact that these plots show a straight line indicates that the Hixson—Crowell law applies
in the first stages of the dissolution and that the process at this stage is not controlled by slow

rate diffusion. Thus diffusion does not play a significant role in the first stages of dissolution.
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However, its importance in determining dissolution time would be expected to increase at
later stages in the dissolution process or where samples have larger size (with additional
dependency on sample shape, debinding technique and percentage of space holder). It is also
interesting to note that there is not a dramatic departure from the linear fit as the temperature

passes the measured peak melting point of the PEG, 50 °C.

The activation energy for the dissolution process was estimated by calculating the negative
slope of Arrhenius plot and multiplying it by the gas constant (8.314 J/mol.K). The activation
energy for the dissolution process was found to be equal to 21.4 kJ/mol. This value is
comparable to the value reported in the literature for dissolution of PEG from injection
moulded dense Ti parts, namely 21.5 kJ/mol, and approximately equivalent to the attraction
energy between the water molecules (23.3 kJ/mol) [243, 245]. Thus, PEG plays an influential
role in the dissolution process and is the main barrier for accelerating it. By contrast, the KCI
does not act as the rate controlling phase. The dissolution process takes place by interaction
of water molecules with PEG and KCI. KCI dissolves faster than PEG leading to the creation
of macropores that replicate the shape of KCI particles. These macropores promote rapid
water penetration through the sample. Depending on the dissolution temperature, the
hydration process of PEG molecules begins and proceeds at a particular rate. These hydrated
PEG molecules move out of the sample leaving amorphous networks of PMMA behind and
creating micropores. These amorphous PMMA networks are therefore responsible for
providing mechanical stability for the parts after dissolution, but before sintering (the green

state).

5.9 Process design of the debinding stage

As noted earlier, the debinding stage makes up the dominant fraction of the time required for
the processing of titanium foams by MIM in most currently reported methods. To achieve a
feasible processing time industrially, this should be minimised. As expected, and shown
above, increasing the temperature is one way to do this, yet this also comes with an associated
financial cost. The balance between the two may vary with different applications, and so a
selection diagram has been created, based on the data found here (Figure 67). As the moment
of complete dissolution is difficult to determine precisely, this chart is constructed taking the
time to 60% dissolution as a representation of the dissolution speed. It shows that, while
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many different sets of conditions could be optimum, depending on the relative importance of
keeping temperature or time low, the ultrasonic method would always be preferred, and the
optimum conditions for an equal weighting of low time and temperature would be estimated
to be ultrasonic conditions at 50°C. Hence, these conditions will be used for debinding

samples in all further experiments.
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Figure 67. A selection diagram for the different debinding processes explored, showing the
trade-off between dissolution temperature and time reproduced from Shbeh, M. and Goodall,
R. Mater Design. 2015; 87:295-302. The data points from this study are plotted, along with
indicative envelopes of the ranges they occupy. A selection line following Ashby’s method
is included for the gradient when minimisation of each parameter is of equal importance
[246].

5.10 Sintering results for the samples made in the initial trials

To validate that the materials processed were suitable for the production of titanium foams,
several debinded samples were sintered using the outlined procedure in section 3.1.6 after
drying them at about 85 °C for 5 min in order to remove any moisture. The sintering process
was carried out at 1400 °C for 2 h. The samples were first heated to 450 °C and held there
for 1 h in order to ensure the complete removal of PMMA according to the TGA results.

There was then a dwell at 800 °C for pre-sintering to give some initial structural integrity
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before sintering the samples [18, 247]. Some sintered samples are shown in Figure 68 (a),

while an SEM image of as-sintered foam surface is shown in Figure 68 (b).
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Figure 68. (a) Un-sintered and sintered samples produced by a feedstock with a 55% solid
loading of which 50% was KCI sintered at 1400 °C for 2 using tube furnace, (b). As sintered
sample surface reproduced from Shbeh, M. and Goodall, R. Mater Design. 2015; 87:295-
302.

As can be seen the shape of the pores has been altered during the sintering process from a
cubic shape to approximately elongated irregular pores. The average pore diameter was
estimated using the procedure outlined in 3.2.6 and found to be 333 um with a roundness of
0.38. The change in the shape of the pores is believed to be due to shrinkage during sintering
under a relatively high sintering temperature (1400°C) in comparison with what is typically
used in the literature (1100-1200°C) [9, 11]. The diameter of the samples shrank by 16.5%
to become around 8.6 mm after sintering, while the height of the samples shrank by 12% to
be equal to 5.3 mm. It also can be noted that the inner cell walls of the foams are microporous.
These micropores will act as microporous bridges connecting the macropores, and should
thus lead to higher porosity and permeability. Although some argue that these micropores
can be beneficial (e.g.in transporting body fluids and nutrients in biomedical applications
[83]), the presence of such micropores can negatively impact the mechanical properties of
foams by reducing the load bearing cross sectional area of the cell walls [101]. The true
density (i.e. not counting open pores accessible by the helium in the pycnometer area) was
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found to be equal to 4.5 g/cm?® which is equivalent to the density of Ti and an indication that
all pores present are open pores, whereas the foam density was equal to 2.005 g/cm® meaning
that the volume percentage of porosity is equal to 55%. This percentage is much higher than
the volume percentage of the space holder, which was about 27.5% vol. This could be
attributed to several factors. One of which is the amount of microporosity that results from
the partial sintering of the Ti particles. Another is the large percentage of binder used, which
decomposes during sintering leaving pores behind that add on to the percentage of porosity.
In addition, the presence of initial porosity in the samples before sintering can also play an
important role in increasing the porosity in the samples. The presence of the micropores can
be ascribed to several parameters such as the relatively large particle size of the starting
powder and the low solid loading as well as the nature of binder system used (PMMA, PEG
and SA), which is reported to lead to micropores [248]. Increasing the space holder
percentage has been observed to lead to decreased cell wall thickness and reduced chances

for the formation of micropores among the powder particles [84, 249].

Table 11. Interstitial analysis of the foams produced

Foam Vol% Vol% Sintering % Cc @) N Cl

Space binder ~ Temperature, porosity wt.% wt.% wt% wt%

holder °C
Ti foam, Vacuum 36 40 1400 for 2h 56 0.091 0.786 0.026 <0.01
Furnace
Ti foam, Tube 275 45 1400 for 2h 55 0.672 0.730 0.042 <0.01
Furnace
Ti foam[11] 25 50 1200 for 4h 36 0.17 0.66 0.020 -

One critical issue in producing Ti parts by MIM is carbon and oxygen contamination during
processing (mainly during debinding and sintering stages). It has been shown that the binder
system used can give low content of these interstitial elements [109]. Carbon, oxygen and
nitrogen content in an example of a MIM foam sintered at 1400 for 2 h in both a vacuum and

a tube furnace with flow of argon were assessed using a LECO melt extraction system by
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AMG Superalloys, Rotherham. Chlorine content was also assessed as a means to check the
removal of the KCI. The results are shown in Table 11, and are compared with a Ti foam
produced by MIM in the literature using NaCl as a space holder and a binder composed of

PEG, low density polyethylene, paraffin wax and SA [11].

The low chlorine content indicates that KCI removal has been largely successful. In addition,
the results indicate that the type and cleanliness of the furnace used play a significant role in
dictating the extent of contamination during debinding and sintering as the carbon content
for foams produced in a vacuum furnace was much less than that for foams produced in a
tube furnace under flowing argon. The level of oxygen found is also quite high for titanium
foams generally, which would be expected to impact the mechanical properties, a result that
Is comparable to material from the literature. This problem can be addressed by improving
the vacuum of the sintering environment and reducing the sintering temperature [120, 250].
It is worth noting that the amount of interstitial elements is significantly higher in the Ti
foams produced using the vacuum furnace compared to the relatively dense samples
produced without space holder (the data of which are reported in section 4.3). The carbon
and nitrogen contents increased by 13%, while the oxygen content rose by 64.8%. This
significant increment in contamination in the samples processed with space holder could be
ascribed to two main factors. The first one is the percentage of binder in the feedstocks
prepared, where the percentage of binder for the relatively dense samples processed without
space holder was 42% of which 25% PMMA, whereas the percentage of binder for samples
processed with space holder was about 45%. Thus higher binder content means more PMMA
to be thermally debound during sintering and consequently result in more contamination in
the samples. The second reason is the differences in the sintering programme, as samples
without space holder sintered at a lower temperature (1320 °C) and without a dwell at 800
°C for 1 h. Sintering the Ti foams at a higher temperature and having a dwell time at 800 °C
for 1 h might have increased the exposure of Ti to these contaminants during the sintering
cycle leading to increased level of contamination. Kato studied the extent of contamination
in Ti parts produced by MIM using a gas atomised Ti powder [251]. He reported that the
oxygen content in the Ti parts is influenced by the sintering temperature, and found that the
oxygen content was increased by 39.3% when the sintering temperature was raised from 975

°C to 1075 °C for 2h. Thus it was decided to follow the sintering programme and the solid
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content used for parts without space holder for further foam processing in order to avoid any
excessive contamination and reduce the oxygen content. After establishing a standard
procedure for preparing feedstocks with space holder and identifying appropriate debinding
and sintering programme, the next step or chapter is devoted to investigate the effect of
increasing the space holder volume percentage on the porosity and mechanical properties of

both green and sintered foams.
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6 Effect of space holder on porosity and mechanical properties

6.1 The effect of the space holder on the initial porosity and green strength

The presence of any initial porosity in the feedstock as well as in the samples before sintering
(green samples) can hugely impact the green mechanical strength of the samples as well as
their final mechanical properties. The amount of this porosity depends on several factors such
as the volume percentage of binder added to the mixture, particle size and shape of the Ti
powder as well as the temperature of extrusion and injection for both of the feedstock and
samples respectively. Good volume percentage of binder and low viscosity are required to
achieve low initial porosity by efficiently wetting the Ti particles and bonding them together.
However, increased amount of binder can result in an increase in the volume shrinkage of
samples. Therefore, a balance between those two must be reached for reduced initial porosity

and acceptable volume shrinkage.

Adding another material to the feedstock during mixing in addition to the Ti (such as the
space holder) can make it more difficult for the binder to wet all of the particles without
leaving voids, consequently resulting in an increased amount of initial porosity, depending
on the mixing procedure. Thus, it is important to investigate the effect of adding space holder
to the samples on the initial porosity and green strength in order to assess the ability of these
samples to withstand mechanical handling before debinding, as well as making sure that this
initial porosity is maintained at an acceptable level. Therefore, five feedstocks were made,
one without space holder addition and four with four different volume percentages of space
holder (KCI), namely 17, 35, 52 and 60% vol. The percentage of solid loading in the
feedstocks prepared was 58%. The mixing procedure was carried out according to our
previous experiments. All feedstocks were extruded at the same temperature (150°C) twice
and then pelleted into small pellets before injecting cylindrical samples with a 10 mm in
diameter and 13 mm in height at an injection temperature of 150°C and pressure of 45 MPa.

The initial porosity of the samples was determined using a helium pycnometer, while the
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compressive green strength of the samples was assessed using Zwick Z050 system at a strain
rate of 0.001 s. Compliance testing was carried out and data were subtracted from the
results. The results of the pycnometer measurements as well as the compression tests for the

samples are shown in Figure 69.

It can be seen from Figure 69 that the initial porosity in the samples generally increases
slightly with the addition of space holder and there are no significant differences in the
amount of porosity among samples with different volume percentages of space holder,
whereas the results of the mechanical tests showed that the green compressive strength of the
samples decreases with increasing amount of KCI powder in the samples, with the highest
strength for samples having no space holder. The decrease in the strength with increasing the
space holder percentage could be attributed to the large particle size of the KCI and its small
surface area compared to the Ti powder, resulting in weaker bonding to the polymeric binder.
The strength of such composites made of polymer with fillers like Ti and KCI is strongly
dependent on the efficiency of the stress transfer between the polymer matrix and the mixture
of Ti and KCl fillers, and this efficiency is reliant on how well these fillers are bonded to the
polymer. If the large KCI particles do not bond well to the polymer matrix, then inefficient
load transfer occurs due to the inability of the large KCI particles to carry and transmit any
load. Thus the strength decreases with increasing KCI content. It is also generally reported
that the strength of particle reinforced polymer composites increases with reducing the
particle size of the fillers and increasing their amount up to a certain limit beyond which the
strength decreases [252]. Hence, exchanging the smaller Ti particles with more weakly-
bonded, larger KCI particles would result in a deterioration in the strength of the composite.
It was also noted that failure occurs in the samples by forming one or two cracks at 45° and
these cracks grow gradually to the other end of the sample as shown in Figure 70. In addition,
it was also observed that KCI particles are ejected from the sample as the samples are
compressed and settled on the platens of the compression testing machine, which can be
taken as an evidence for the weak bonding between the KCI particles and the binder

compared to the Ti particles, which stayed bonded to the binder.
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Figure 69. (a) The amount of initial porosity in the green samples with the space holder
added, (b) The green strength of the samples with the space holder.

5

Figure 70. Green samples with 0, 17 and 35 vol % space holder after compression testing at
a strain rate of 0.001 s™.

6.2 The relationship between the space holder percentage and the amount of final
porosity and strength

The volume percentage of final porosity in the samples depends hugely on the amount of
space holder added to the mixture as well as the sintering parameters. Sintering samples at
high temperatures for longer times can lead to better bonding between the Ti particles and
the formation of complete necks, but at the same time it can reduce pore volume, increase
volume shrinkage as well as resulting in closure of the pores. Thus, care must be taken during
sintering of porous materials. In order to investigate the effect of the space holder volume
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percentage on the final amount of porosity, four groups of samples with different volume
percentages of KCI were synthesized, water debinded and sintered at 1320°C for 2h. The
solid loading in the feedstock used was 58%vol. The percentage of space holder in the
feedstock ranged from 17-60 vol%. The space holder used was spherical KCI and its particle
size distribution is shown in Table 12. An additional group of samples was made without
adding space holder as a control. Samples were tested under compression at a strain rate of
0.001 s. The volume percentages of porosities for samples as well as their compression

behaviour are depicted in Figure 71.(a) and (b).

Table 12. Particle size distribution of the space holder used

Do 241 pm
Dso 366 um
Doo 544 pum

It can be seen from Figure 71 (a) that the relationship between the space holder amount
added to the mixture and the final amount of porosity in the foams is not linear and follows
a more complex one-phase exponential decay function in increasing form, where the
percentage of porosity in the samples seems to increase very rapidly at first, and then the
increase slows down to become asymptotic to an upper limit. This might be ascribed to
increased volume shrinkage in the samples with increasing amount of space holder.
Increasing the space holder percentage will result in more connections between the KCI
particles in the green samples and increased distance between the Ti particles surrounding
the space holder. Thus these Ti particles have to travel further during sintering to initiate
atomic bonds between each other and form cell walls, and these movements will
consequently result in more volume shrinkage in the samples. This hypothesis could be
supported by the amount of shrinkage measured in the sintered samples with the amount of
space holder added which is shown in Figure 71 (c). It has been found that the amount of
volume shrinkage in the samples increases exponentially with increasing the amount of space
holder added. This could also be supported by the finding of Laptev et al that with increased
amount of space holder added, the samples lose their stability and collapse under the action

of gravity [139]. In addition, it was also noticed that the compressive strength of the foams
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was dramatically reduced with increasing the amount of porosity (Figure 71 (b)).
Furthermore, the stress-strain curves for foams made with high volume percentage of
porosity, particularly those made with 52 and 60% vol. space holder, showed clearly a very
long plateau region before densification compared to those with low volume percentage of
porosity, where this plateau region is shorter and not well-defined, and the densification
region is more prominent. Similar observations were reported in the literature for foams made
by the space holder technique by Esen and Bor [24], where they stated that the plateau region
starts to disappear with reduced porosity and the stress after yielding increases sharply.
Foams with a large amount of porosity may have more uniform porous structure with more
uniform deformation to densification while those with a lower amount of porosity reach

densification earlier.

In terms of the relationship between the relative density and the yield strength of the foams
produced, the range of the data obtained seems to fit both linear and power law regressions
as shown in Figure 71 (d) provided that the law’s exponent for the latter regression is equal
to 2.17+0.25. It should be noted that the value is slightly higher than that predicted by Ashby
for open cell cellular materials, where the value reported is 1.5 according to the following
equation [253]:

U= ¢ (ﬂ)B/2 (14)

Os Ps

where oy is the yield strength of the foam, o, is the yield strength of dense or solid Ti and
was assumed to be 450 MPa for pure Ti [254], C is a proportionality constant (which is,
however, well-known to take slightly different values), ps and p, are the densities of the
foam and solid Ti respectively. One study reported an exponent value of 3.57 and
proportionality constant of 2.13 for foams with porosities ranging from 45-69.8% produced
by the space holder technique and ascribed the difference to parameters that are related to the
mesostructure of the foams produced such as cell morphology, shape and curvature of the
cell walls [24]. It also reported that Gibson-Ashby model is only applicable for foams with
volume percentage of porosity about 70% or higher. Although the value obtained here is
closer than that reported in their study to the predicted value, the porosity is below 70% and

this might have resulted in the small discrepancies in the exponent value. It is also worth
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noting that the data obtained here can also be fitted using linear regression, in agreement with
the results reported by Wang et al [133]. Hence, it is difficult to draw a firm conclusion and
be certain of the overall trend of relative yield strength with relative density due to the limited
range of porosity studied here which might lead to a potential error in predicting the general

trend.

The results of the DIC analysis for compression of cylindrical samples of foams made by 17
and 52% KCI are shown in Figure 72. This shows sections of the curved surface analysed to
produce strain maps (&; shown), with the colour indicating the measured local strain. Thus
the red end of the spectrum indicates the regions where longitudinal strain is concentrated.
It was found that much of the strain is concentrated at 45° in the samples in a similar manner
to the failure of the green state and thus failure is likely to occur by plastic deformation
leading to the growth of cracks in these regions driven by the shear forces. Compared to foam
made by 52% KCI, foam made with 17% KCI was much less deformed, which is expected

due to reduced volume of porosity and improved mechanical strength.
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Figure 71. (a) the relationship between the amount of space holder added and the final
percentage of porosity in the sintered samples, (b) mechanical strength of samples with
different amount of porosity under compression, (c) The relationship between the amount of
space holder added and the volume shrinkage of samples after sintering, (d) The change in
the relative yield stress with the change in the relative density with two fitted curves, namely

linear and power law.
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Figure 72. The results of the DIC showing: (a) Ti foam made by 52% KCI after 5%
deformation, (b) Ti foam made by 52% KCI after 17% deformation, (c) Ti foam made by
52% KCI after 15% deformation, (d) Ti foam made by 17% KCI after 5% deformation, (e)
Ti foam made by 17%KCI after 10% deformation, (f) Ti foam made by 17% KCI after 15%
deformation.
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6.3 Effect of filling pressure of pycnometer on the percentage of porosity

The helium filling pressure of the pycnometer can have an effect on the amount of porosity
calculated. Generally, the higher the filling pressure the more the helium is able to penetrate
smaller micropores and consequently, the more the results are accurate. Nevertheless, this
comes at a price, where the time of testing could be dramatically increased from about 20
minutes per sample to 70 minutes depending on the filling pressure and the number of cycles
for purging. In order to investigate this, three pycnometer measurements were carried out on
a foam made by adding 52 % of space holder using three different filling pressure values 10,
15 and 19 psi (corresponding to 689, 1034 and 1310 in mbar). The results of these
measurements are shown in Figure 73
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Figure 73. Effect of helium filling pressure on the final amount of measured porosity.

It can be noted that increasing the filling pressure results in only a slightly higher estimation
of porosity and this can be attributed to the presence of very small micropores that are not
easily penetrated using low filling pressure. Nevertheless, these pores do not significantly
contribute to the total percentage of porosity. Thus, a filling pressure of 10 psi was chosen
for all further measurements of porosity.

6.4  The effect of the shape and size of the space holder

The influence of the space holder particle’s shape and size on the initial and final amount of
porosity in the feedstock and samples were investigated by preparing four different
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feedstocks with different particle shapes and sizes of space holder, namely cubic KCI
particles with mean particle size of 336 um (CU336), cubic KCI with mean particle size of
381 um (CU381), spherical KCI with a mean particle size of 380 um (SP380) and spherical
KCI with mean particle size of 607 um (SP607). The particle size distributions for the KCI

powders used are shown in Figure 74.
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Figure 74. (a) The particle size distribution of KCI used, where CU336 is a cubic KCI with
mean particle size of 336 um, CU381 is a cubic KCI with mean particle size of 381um, SP607
is a spherical KCI with mean particle size of 607 um and SP380 is a spherical KCI with mean
particle size of 380 um, (b) An example for calculating the full width at half maximum for
space holder SP380

In order to compare the particle size distribution width for the space holders used, the full
width at half maximum was determined for each space holder by drawing a horizontal line
at 50% of the maximum and finding the difference between the two values that intersects the
drawn line (see Figure 74 (b)) [255]. It was found that SP380 and SP607 space holders had
the highest full width at half maximum, as the values were 294.6 and 271.1 um respectively
compared to those for CU381 and CU336 space holders, which were 253.4 and 188.3 um
respectively. Hence, spherical SP380 had the widest particle size distributions compared to
other space holders. The percentage of the solid content in the feedstocks prepared was 58%
of which 60% was KCI. The feedstocks were prepared and extruded using the same procedure
mentioned previously and injection moulded at a temperature of 150°C. Several samples of
each of those feedstocks before and after injection of samples have been taken and tested

using a helium pycnometer at a pressure of 10 psi. The results were compared with the
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theoretical density and the percentage of porosity was calculated using the following

equation:

. Expected Density—Measured Densit;
Porosity (%) = —2 Y 4

(15)

Measured Density

The percentage of initial porosity in the feedstock was found to be highest in the feedstock
made with CU336, where it was equal to 1% and this value reduced to 0.6 % after moulding
of the samples. In comparison, other feedstocks had negligible amount of porosity ranging
between 0.4 for feedstock made with CU381 to about 0.3 and 0.1 for feedstocks made with
SP380 and SP607 respectively. Thus it seems reasonable to say that the space holder particle
size has also to some extent an effect on the percentage of initial porosity in addition to the
shape and size of the metal powder as well as the type of binder. This difference in the
percentage of porosity can be attributed to the surface area of the particles. As the size of the
KCI particle increases, the surface area to volume ratio decreases, thus keeping the volume
percentage of porosity low by requiring less amount of binder to wet the KCI particles. Finer
KCI particles on the other hand have higher surface area to volume ratio and require more
binder to wet the particles. Although this porosity was noticeably reduced during the injection
stage, there is still a small difference in the percentage of initial porosity between the prepared
feedstocks.

Several samples were sintered from each feedstock at 1320 °C for 2h after water debinding
at 50 °C to check the percentage of final porosity in the foams produced. The results are
shown in Figure 75. It can be seen from Figure 75 that foams produced by CU381 space
holder had the highest porosity compared to other foams with a total average volume of
porosity about 64.4% and a standard deviation of 0.4. This might be due to having a better
packing density resulting in improved pore connections, by smaller KCI particles sitting
among larger ones. Despite the fact that it had the widest particle size distribution, samples
processed with space holder SP380 had slightly less porosity than those processed using
CU381 space holder and approximately equal to those made by CU336 and SP607. Thus,
our findings seem to suggest that the shape of the space holder does not have a significant
impact on the percentage of final porosity in our system, unlike what has been reported in

the literature for other systems [11, 256].
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SEM images of each group of the sintered samples which are made by different sizes and
shapes of space holders are illustrated in Figure 76. All of the samples showed
interconnected macropores with microporous cell walls surrounding them and the shape of
the pores replicates the shape of the space holders used. The average pore diameter in the Ti
foams produced and their degree of roundness were analysed on multiple images using image
J software, and are summarised in Table 13. Generally, the average pore diameter for
samples was noted to be somewhat lower than the average particle size of the space holder
used. This could be ascribed to pore shrinkage during sintering as the space holder is removed
during water debinding leaving a network of open pores without any mechanical support
during sintering. Furthermore, the roundness and the uniformity of the shape of the pores in
the foams produced with spherical space holder were much higher than that for samples made

with cubic space holder.
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Figure 75. The relationship between the shape and size of space holder added and the final
percentage of porosity and shrinkage in the sintered samples.
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Figure 76. SEM images of: (a) Ti foam made using SP607 space holder, (b) Ti foam made
by SP380 space holder, (c) Ti foam made by CU336, (d) Ti foam made by CU381.
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The results of the compression testing of the Ti foams made by different shapes and sizes of
space holders are shown in Figure 77. The results of the compression testing demonstrated
that Ti foams made by spherical space holder have higher yield stresses than those made with
the cubic space holder. This might be due to the shape of pores present in the samples, where
cracks can initiate more easily in the samples with irregular and angular pores compared to
regular spherical pores as they act as stress concentration sites with preformed crack tips or
sharp corners, and thus samples yield at a lower stress value. Similar findings were reported
in the literature for foams made with the space holder technique [257] as well as foams made
by the entrapment and expansion of argon gas technique [258]. SEM images of the foams
after failure are shown in Figure 78. It was noted that all of the samples showed signs of a
striated failure structure with some marks that resemble beach marks in fatigue failure.
Furthermore, EDS results showed that samples were mainly composed of Ti with some
interstitial elements and no signs of other phases which are usually reported in foams due to
the interaction of the space holder material with Ti. This could be taken as an indication of
the success of the process of removing the space holder by the ultrasonic water debinding
[96, 139, 256].

Table 13. Average pore diameter in the Ti foams produced

Feedstock Average pore Standard | Roundness Standard Error
used diameter (um) Error

Cu336 320 12 0.66 0.04

Cu3sl 370 8 0.69 0.04

SP607 541 5 0.80 0.05

SP380 362 10 0.76 0.07
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Figure 77. Mechanical strength of foams under compression testing at a strain rate of 0.001
st made by cubic KCI with mean particle size of 336 um (CU336), cubic KCI with mean
particle size of 381um (CU381), spherical KCI with mean particle size of 607 pum (SP607)
and spherical KCI with mean particle size of 380 um (SP380).

135



) 4~
'121»)1100 um

Figure 78. SEM images of Ti foams after compression testing made with: (a) SP607, (b)
SP380, (c) CU336, (d) CU381.
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6.5 Micro-CT analysis of the foam produced

Two samples of Ti foam produced with a porosity percentage of about 61.25%+0.29 were
analysed using micro CT in order to assess the pore size distribution in the sample produced
and compare the results of the pycnometer measurement of porosity with the results of the
micro CT by analysing the sample in 3D using CTAn software. Figure 79 shows the Ti foams

analysed with a 3D volume rendered 4 mm diameter section of the foam produced.

Titanium Foam

(a) (b)
Figure 79. (a) Ti foams with 61% porosity, (b) Volume rendered model of a 4mm section of
the foam produced. The colour spectrum indicates density, with dark red being lowest density
and blue the highest.

The results of the 3D analysis of the micro CT showed that the foam had a total percentage
of porosity of about 61.5% of which 0.18% is closed porosity. This result is in good
agreement with the pycnometer measurement, provided that a lower grey threshold value of
70 is applied during the analysis of the data of the micro CT (see Figure 80), as this value
dictates the appearance of each voxel in the scanned data. Increasing the lower grey threshold
value to 80 would increase the measured porosity to around 68.48%, whereas reducing the
value to about 60 would results in a decrease in the measured porosity to about 54.47%. It
was also found that the foams produced had a denser outer layer with a much lower amount
of macropores compared to the centre of the sample. This is expected due to the fact that the
KCI particles cannot get closer to the surface than when they were touching the mould. This
observation can be clearly seen in the volume rendered CT section, where the colour bar is

indicative of the density difference between different regions in the foam.
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The blue colour refers to the highest density part of the foam, while the dark red colour refers
the lowest. This distribution of density difference is potentially quite beneficial, particularly
for biomedical applications, as this structure mimics the structure of the bone, where the outer
layer provides strength and structural integrity, and the inner layer consists of micro and
macro porous channels, that enable bone ingrowth, nutrient exchange, as well as cell

migration and attachment [259].

(b)

Figure 80. (a) Transverse cross-section before binarization, (b) Transverse cross-section
after binarization with a lower grey threshold value of 70.

Table 14 shows some important parameters for the analysed 4 mm section of the foam which
were obtained via the micro CT analysis. As seen from the data, the surface area of all the
solid objects within the volume is more than 22 times higher than the surface area of the
volume scanned (i.e. the area of the cylinder-like section) showing the much greater internal
surface area that these foams have as a result of their porosity with great potential for

biomedical applications.

The results of the pore size analysis are shown in Figure 81. It can be clearly seen that there
are two distinctive regions in the curve, one with much more narrow Gaussian distribution
starting from 6 um and extending up to 67um, reflecting the size of the micropores that result
from incomplete sintering of the Ti particles. The second region has a much wider Gaussian
distribution with larger sizes of pores up to 481 um, which reflects the broad range of the
KCl particle size distribution that was used in this study. It is important to point out that there

is a transitional region that connects the microporous region with the narrow Gaussian
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distribution from the KCI induced macroporous region with the wide Gaussian distribution,
and the pores in this third region range from 67-150 pum. Hence, the foams produced have a
very wide pore size distribution with high interconnectivity and resemble the natural
cancellous bone structure, where the pores in cancellous bone vary in sizes and can reach up
to 470um [80, 260]. Having this broad pore size distribution is also important in relation to
biomedical applications for osteoconductivity as it has been reported that for the metal foam
to be osteoconductive, it has to have pore sizes in the range of 100-500um [261].

Table 14. Some characteristic parameters obtained via CT analysis

Parameter Value
Total volume of a 4mm section (mm?®) 248
Object or solid volume (mm?3) 95.60

Surface area of the Total Volume (mm?) 254

Surface area of solid object (mm?) 5790
Surface area of closed pores (mm?) 40.20
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Figure 81. Pore size distribution in the Ti foam produced. Pore sizes ranged from 6 to 100
pum for micropores and from 100 to 480 um for macropores. Although these ranges intersect,
the distribution showed concentrations around these two separate size ranges, leading to the
description in terms of the two pore types.
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6.6 Processing of multi-layered porous samples and complex biomedical products

Most of the bones in the human body are composed of an outer compact shell characterised
by relatively high density and low porosity, namely cortical bone surrounding a core of
spongy and highly porous cancellous bone with lower density [262]. An example of such a
bone is the femur (see Figure 82). However, in some cases such as the calvaria (skullcap),
the structure of the bone is composed of a sandwich of relatively dense cortical layers on the
outer surface with a layer of reinforcing cancellous and spongy structure [263]. Making
foams that mimic the structure of such a bone with a hierarchically organised structure and
gradient porosity by one manufacturing step would be extremely difficult without having the
ability to join different porous layers with different pore sizes and volume percentage of
porosity. Furthermore, processing of porous foams with gradient porosity is a little-explored
area, yet is of great importance as components making use of porous titanium are likely to
also require dense regions (e.g. for strength) and the bond between the two is critical. In order
to achieve this, samples were injection moulded using sequential injection moulding with

different feedstock compositions.

Figure 82. Female femur with Micro-CT cross-sectional images of the cortical bone
showing: (a) diaphysis, (b) inferior neck, (c) superior neck [264].

The first feedstock was prepared using the coarse Ti powder with a solid content of 58% and

0% KCI, while the second feedstock had 58% solid content of which 60% KCI. The KCI used

was cubic with a mean particle size of 348 um. The first trial was designed to produce double
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layer samples (relatively dense/porous) by injecting dense layer first (feedstock without
space holder), then emptying the barrel of the vertical injection moulder and filling it with a
feedstock with space holder, followed by injecting a porous layer (about 6 mm in thickness
for each layer). The second and third trials were designed to make triple layer samples
(porous/dense/porous and dense/porous/dense, approximately 4 mm each layer in thickness).
All the multiple shot green samples appeared to be strong and exhibited good mechanical
strength during handling. Figure 83 (a) illustrates some double and triple layered samples
made through this procedure. While there was no difficulty in making these green samples,
layer separation was found to occur during water debinding at the region of the bonding
between the layers. This separation can be attributed to the higher volume shrinkage of the
porous layers compared to dense ones during debinding, where both KCI particles and the
soluble part of the binder (PEG) are removed. In addition, the dissolution of KCI particles at
the interface of the layers could also aggravate this problem by reducing the bonding area
between the layers and consequently, reducing the mechanical strength. This observation was
noted in both triple and double shots samples. However, it was more apparent in the double
and triple layered samples (porous/dense/porous) as seen in Figure 83 (b) and (c).
Furthermore, porous/dense/porous samples did not have sufficient mechanical strength to be

handled for sintering and thus, further work on them was stopped.

(a) (b) (c)
Figure 83. (a) Double and triple layered green samples made of two different feedstocks, one
of which had a solid content of 58% and 0% KCI and the other one had a 58% solid content
of which 60% KCI. (b) &(c) Side and top view of some double and triple layered samples
after water debinding at 50 °C showing some layer separation.

The diameter shrinkage of each layer in the samples during debinding and after sintering was

recorded using a Vernier caliper with a resolution of 0.01 mm (by the average of at least 4
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readings) and numerated in Table 15. The average diameter shrinkage for the porous layers
after debinding is more than four times that of the relatively dense layers, whereas the average
diameter shrinkage after sintering is approximately three times higher than that for the dense
layers. Some double and triple layered porous samples after sintering are depicted in Figure
84. The relatively dense layers which made using feedstock without space holder were
microporous, while those made with space holder were macroporous. Hence, the former will
be referred to microporous layer, while the latter will be referred as macroporous layer. It
can also be observed from Figure 84 that there is good bonding between the macroporous
and the microporous layers as we move away from the outside edges towards the centre of
the samples. However, layer separation was noted at some edges of the interface between the
macro and micro porous layers. This layer separation was initiated during debinding as noted
earlier and the depth of separation ranged from 300 um up to 1 mm. The separation can be
attributed to two main factors, namely, the differences in the volume shrinkage between the
porous and dense part during debinding and the time interval of injection between each shot
or layer due to equipment limitation. As each layer was injected with a time difference of
about 10-15 minutes (required to empty the barrel of the feedstock with no space holder and
load it with a feedstock that has 60% KCI). This resulted in poorer bonding at the green body

stage than would be achieved if injection were sequential with no delay.

Table 15. Average diameter shrinkage of double and triple layered porous samples

ID No. | Dense layer 1 diameter Porous layerl shrinkage % | Dense layer 2 Shrinkage
shrinkage % %
Debinding | Sintering | Debinding | Sintering | Debinding | Sintering
Dense/porous | 1 0.3x0.2 4.0+0.6 2.6x0.4 12.5+0.3
2 0.4+0.2 4.1+0.2 2.5+0.6 12.3+0.5
3 0.3+0.1 3.9+0.4 2.4+05 12.0+0.6
4 0.4+0.2 3.7£0.7 2.4+0.2 12.4+0.3
Dense/porous/ | 1 0.5+0.1 3.8+0.3 1.8+0.7 11.6+£0.7 | 0.5+0.2 3.77+0.5
dense 2 0.5+0.2 3.7£0.8 2.1+0.4 11.9+0.6 | 0.5+0.3 4.27+0.4
3 0.5+0.3 3.4+0.5 2.4+0.3 11.3+0.4 | 0.5+0.3 4.02+0.6
4 0.3+0.2 3.4+0.6 2.1+0.2 11.7+0.7 | 0.5+0.2 4.07+0.2

This could be solved with the use of two component injection moulding or low pressure

injection system with multiple barrels. 1t was also noticed that some KCI particles have
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Figure 84. (a) Triple layered porous Ti composed of two microporous layers with a
macroporous layer in-between, (b) Double layered porous Ti sample composed of one
microporous layer joined to one macroporous layer, (c) Triple layered porous Ti foams, (d)
Backscattered electron SEM image of the interfacial bonding between microporous and
macroporous layers.

infiltrated the bottom of the microporous layers, which could be due to left over feedstock
with KCI in the nozzle or barrel. In addition, the foam or the macroporous layer in the triple
layered porous samples took a neck-like shape, where the microporous layers confined the
movement of the particles at the interface during sintering leaving the centre of the foam to
shrink freely. Although the production of the triple layered porous samples with gradient
porosity was successful, the presence of the preformed cracks at the interface due to layer
separation is expected to lead to failure at an early stage. This was confirmed by the shear
test results for the triple layered porous samples as shown in Figure 85. All of the samples
failed at the interface between the macro and micro porous layers as expected. Nevertheless,
some parts of the macroporous layer were still intact and bonded to the microporous layers
even after fracture, indicating the presence of good bonding in some areas among the

microporous and macroporous layers (see Figure 86). It was also observed that necks were
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mostly broken with few Ti particles with striated structure. This might suggest that crack

propagation follows the weakest bonds or necks between the bonded Ti particles.
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Figure 85. Shear testing results of three triple layered porous samples at a rate of 0.001 s.
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(© (d)
Figure 86. (a) triple layered porous sample after shear testing, (b) Secondary electron SEM
image of a broken Ti particle in the triple layered porous sample (c) Secondary electron SEM

of the Ti particle at high magnification, (d) Secondary electron SEM image of a Ti particle
with striations after failure.
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In order to investigate the suitability of the MIM-SH process to produce relatively small and
complex part, a biomedical implant was selected, and an attempt was made to process porous
surgical staples. These staples are knotless fixation implants that were developed to replace
conventional suturing for repairing incisions during surgical operations [265]. Furthermore,
the body of these surgical staples are sometimes barbed in order to anchor the staple to the
surrounding tissue and provide improved fixation. A feedstock with 60%vol KCI was
prepared using the procedure outlined in section 3.1.2 and injection moulded into a surgical
staple mould with five barbs. The KCI used was cubic with a mean particle size of 348 pum.
For comparison, some surgical staples were also injection moulded using a feedstock with
similar solid loading, but without space holder. Green surgical staples of both feedstocks with
their sintered counterparts are depicted in Figure 87 (a)-(d). It was noted that the
macroporous barbed staples, which were made using the feedstock with space holder, have
retained their shape to some degree even though they shrank significantly compared to those
processed without space holder (the microporous ones). However, the interconnected
macropores formed crack-like paths at the edges of the staples, and thus it is expected to have
much inferior mechanical properties compared to the microporous ones made without space
holder. In terms of dimensional shrinkage, the macroporous staples shrank in length more
than three times that of the microporous ones after sintering (see Figure 88). Such a
significant shrinkage could be an issue which might require modifications to the design of

the part in order to be overcome.

Another attempt was made to process a potential biomedical part and join a thin porous layer
onto the surface of a femoral stem for a hip implant. Hip implants are used to replace severely
damaged hips or hips with severe osteoarthritis (a term or condition used for representing a
heterogeneous group of joint disorders that cause pain and stiffness and result in significant
morbidity, particularly in elderly people) [266, 267]. From 2003 to 2015 796,636 hip
replacement surgeries were successfully carried out in just England and Wales, and 92% of

those who required the surgery were diagnosed with osteoarthritis [268].
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Figure 87. (a) green state and sintered macroporous staples, (b) two green state and sintered
microporous staples, (¢) and (d) sintered micro and macroporous surgical staples.
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Figure 88. Dimensional shrinkage of medical staples after sintering

However, the number one cause for implant failure and urgency for revision operation is
aseptic loosening, according to the National Joint Registry, where the fixation between the

implant and the surrounding bone gets loose and fails [268, 269]. One solution for this
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problem is to deposit a layer of macroporous Ti onto the surface of the implant, to potentially
help improve the integrity and bonding between the implant and the bone itself, via providing
porous channels or space for the bone to grow in. Thus, a trial was made to investigate the
use of MIM-SH process to deposit a porous layer onto a modified femoral stem. The stem
was a JRI Orthopaedics Furlong Evolution®, presented in Figure 89 (a). The forged and
machined stem was approximately 8 cm in length (the length was estimated from the bottom
to the neck of the stem) and made of Ti-6Al-4V with a 2 mm deep groove or cavity machined

in the middle for deposition of the porous layer.

The stem was placed inside a mould (Figure 89 (b-d)) comprised of two pieces joined
together via screws with a cavity similar in shape to that of the stem so that the only area or
space to be filled with feedstock during injection is the machined groove in the implant. The
mould cavity was designed to be 2% larger than the stem for ease of placing it inside the
cavity and removing it before and after injecting the feedstock. Some tolerances were set in
order to account for shrinkage during sintering and match the final thickness for the porous
part to that of the stem (approximately 30%). The inlets for the feedstock were located at the
upper part of the injection area and on both sides of the mould in order to ensure equal filling
for the two sides. The inlets are equally fed with feedstock through a gate or a hole made in
a plate that sits over the two halves of the mould. A feedstock with 60 %vol KCI was prepared
using the procedure outlined in section 3.1.2 and injection moulded at a temperature of 150

°C to produce green parts as illustrated in Figure 90 (a).

The moulded parts were then water debound before drying and sintering at 1320 °C for 2h.
One sintered part is shown in Figure 90 (b). It was found that the shrinkage of the porous
layer on the longitudinal direction resulted in a gap between the porous layer and the edge of
the stem, as demonstrated in Figure 90 (d). The gap was about 2.94+0.18 mm in width. This
IS expected as the shrinkage in the longitudinal direction has not been accounted for due to
design and shape restrictions. The thickness of the stem in the area of the deposited porous
layer was about 10.25+£0.10 mm, while the thickness of the bottom dense neighbouring region
to the machined groove region was about 10.48+0.12 mm. In addition, recrystallization and
significant grain growth occurred in the stem body surrounding the porous layer, which could
result in deterioration of the mechanical strength of the forged stem. The sintered part was
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sectioned into five segments as shown in Figure 91 and analysed via SEM in order to verify
the bonding between the stem surface and the deposited porous layer. SEM images of the

analysed cross-sections are shown in Figure 92.

protay < ous

(d)
Figure 89. (a) femoral stem, (b) half-mould showing the cavity of the femoral stem, (c) the
mould with the two halves assembled, (d) the mould after complete assembly of its parts
showing the gate for injecting the feedstock in.

SEM images of the analysed sections indicated the presence of areas of intimate bonding
between the edge of the stem and the deposited porous layer. Nevertheless, some separation
was noted, particularly for the bottom part of section 1, where it was much more noticeable
compared to the other sections. This might be due to the inability of the edges of the porous
structure to stay bonded with the surface of the stem while significantly shrinking during
sintering, unlike the middle part, where less movement is expected. In addition, it was
generally noted that the porous structure was smeared, the shape of the pores was deformed
and some micropores were sealed or closed. This could be ascribed to the action of sectioning
with the SiC cutting disk.
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Figure 90. (a) femoral stem before and after injecting the porous layer, (b)-(d) top, side and
cross-sectional view of femoral stem with a deposited porous layer after sintering.

EDS analysis was carried out on the as-sectioned part (Figure 93) and the results indicated
that the structure is highly contaminated with Si and C from the cutting disk. Similar results
were reported in the literature [6]. It is worth noting that avoiding the closure of the pores,
smearing of the structure and increased contamination associated with machining are the
main rationales behind developing a near net shape manufacturing technique for foams such
as MIM-SH.

Although partial bonding of the porous layer onto the modified femoral stem was
successfully achieved here, it would not be effective for the final application of the processed
part, where complete bonding is required in order to avoid any layer separation and no gap
should be present between the deposited layer and the femoral stem. Thus, to be of any use

for such applications, the part would need to be processed completely using MIM-SH,
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including the forged stem; this is impractical given the fact that the part size is relatively large
compared to the size of parts typically produced by MIM-technology. Therefore, MIM-SH
process would not be the optimum technique to deposit the porous layer onto the femoral
stem and would be more suitable for processing of other biomedical implants, particularly
smaller ones such as dental implants. Other foaming techniques such as press and sinter

(space holder technique) might be more applicable in this case as less shrinkage is typically

encountered.

Figure 91. Femoral stem with a deposited porous layer made by a Ti feedstock with
60%vol KCI after sectioning
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Figure 92. (a)-(c) Secondary electron microscopy images of section 5, (d)-(f) Secondary
electron microscopy images of section 3, (g)-(i) Secondary electron microscopy images of
section 1.
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Figure 93. (a) Secondary electron microscopy image showing the EDS spots analysed, (b)
EDS spectrum for spot 1.

Table 16. Results of the EDS analysis for the investigated spot scans.

Element\Spotno. | Spotl | Spot2 | Spot3 | Spot4 | Spot5
Ti (wt. %) 70.1 78.3 84.8 73.8 92.0
Al (wt. %) 4.9 4.1 3.2 0.7 0.1
V (wt. %) 3.4 3.4 3.2 - -

Si (wt. %) 5.0 2.8 0.2 0.1 0.1
C (wt. %) 8.0 11.4 8.6 25.4 3.9
O (wt. %) 8.5 - - - 3.9
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7 Improving the bioactivity of Ti foams via hydroxyapatite addition

7.1 Fabrication of Ti-HA composite foam

One potential barrier towards using Ti and Ti based foams for biomedical applications is that
they are biologically inactive materials and form only a mechanical bond with the bone. This
might not be enough to limit implant loosening during motion, depending on the implant.
One approach to solve this and increase implant fixation is to incorporate into these foams a
biologically active material such as Hydroxyapatite (HA), as this has a chemical composition
similar to that of the mineral component of natural bone [270, 271]. This will help bonding
the implant chemically and mechanically to the surrounding tissue, resulting in better

fixation.

Adding HA can be achieved by several techniques such as coating these foams with a HA
layer via plasma spraying [272-274]. However, these coatings can be delaminated due to the
high residual stresses forming HA debris, which can subsequently cause abrasive wear [275,
276]. Another technique is to mix the Ti powder with HA during processing and sinter them
together, thus producing bio-composites. Several studies have investigated the addition of
HA to dense Ti with processing via press and sinter [277-281] as well as spark plasma
sintering [282] and the subject has been recently reviewed [283]. However, a limited number
of studies have been carried out combining HA with porous Ti. Hence, this chapter was
dedicated to investigate the use of metal injection moulding in combination with space holder
to produce Ti-HA biocomposite foams using two different HA powders with different
particle sizes and followed by in vitro biological tests in order to assess cell viability. One of
the HA powders used was micro-sized and the other one was nano-sized. The morphology

of the powders used and the particle size distribution are shown in Figure 94 and Figure 95.
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(d)
Figure 94. The morphology of: (a) nano-sized HA powder at low magnification, (b) micro-
sized HA powder at low magnification (penny shaped), (c) micro-sized HA powder at low
magnification (rock like shape), (d) micro-sized HA powder at high magnification, (€) nano-
sized HA powder at high magnification, (f) Ti powder at low magnification.

It can be seen from Figure 94 that the nano-hydroxyapatite is agglomerated into micron-
sized agglomerates, each of which consists of thousands of nanoparticles joined together. For
the micron sized hydroxyapatite, two particle shapes were noted in the powder, namely rock-
like shape with irregular geometry and penny-shaped particles. The latter seems to have more
porosity than the former, as can be noticed from the SEM image in Figure 94. High
magnification images of the rock like shape particles (Figure 94.(d)) suggest that each
particle consists of micron-sized grains well sintered together. XRD analysis of both HA
powders were carried out and the results are shown in Figure 95. (b). It can be noted that the
HA peaks for the micro powder have higher peak intensities and are much narrower than that
of the nano powder, reflecting the nanoscale nature of the latter, as well as its lower
crystallinity compared to the micro sized powder [284-287]. In terms of the particle size
distribution Figure 95.(a), the Ti powder and the micro HA powder are comparable, but the
micro HA powder has a broader particle size distribution. In comparison, the nano HA
powder has a smaller and narrower particle size distribution. However, the result is only an

indication of the size of the agglomerates and not the particles themselves as it was difficult
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for the particle size analyser to break these agglomerates during measurements, due to the

high surface area and affinity of these powders to aggregate.
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Figure 95. (a) particle size distribution for Ti and HA powders, (b) XRD profiles for the HA
powders used

However, these agglomerates were broken during mixing with the Ti powder, where the HA
nanoparticles are seen to adhere to the outside surface of the Ti particles forming a weakly-
bonded coat over these Ti particles as shown in Figure 96. In addition, some Ti particles
were joined together underneath the HA coat to form one larger particle.

Figure 96. SEM images of Ti powder with nano HA powder after mixing

XRD spectra of the Ti-HA powders after mixing are shown in Figure 97. The XRD spectrum
of Ti powder was added for comparison. The same observation as before mixing with the

peaks for the nano powder being broader, and having less intensity and being less apparent.
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The fact that the HA peaks were detected in both powder mixtures refers to the homogeneity

of the powder mixtures and the effectiveness of the mixing procedure.
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Figure 97. XRD spectrums of Ti and Ti-HA powders after mixing

The effect of adding 7% micro-HA powder to the Ti in terms of viscosity is shown in Figure
98. The results indicate that the addition of micro HA powder to the feedstock would result
in a slight increase in viscosity, despite the fact that the density of the HA is lower than that
of Ti. This can be attributed to the irregular shape of the HA particles. The Ti particles with
approximately spherical shape can flow easily past each other upon shearing, unlike the rock-
like and penny-shaped HA particles which would require higher shear rate in order to flow
and hence its addition will result in an increase in the viscosity of the prepared feedstock.
Similar findings were reported for feedstock made by irregular powders compared to
spherical ones [234]. One would expect the addition of nano-HA powder would result in a
further increase in the viscosity of the feedstock due to having smaller particle size, higher
surface area and higher tendency to agglomerate during shearing than the micro-HA.
However, this might not be the case as there are several studies in the literature which report

that the addition of small amounts of nano-scale powders to micron-scale ones can have a
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positive effect in reducing the viscosity of the feedstocks [288, 289]. Such findings are
attributed to the roller bearing effect, where the nano particles act as a solid lubricant during
shearing of the micro-particles and can occupy the spaces among the micro-particles resulting

in a better packing density powder and reduced viscosity.
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Figure 98. Viscosity rheograms of two feedstocks, namely one without HA addition and
one with 7% micro-HA addition at: (a) 120 °C, (b) 130 °C, (c) 140 °C, (d) 150 °C.

It was also generally found that the viscosity of both feedstocks decreased with increasing
shear rate, which is an indication of pseudoplastic behaviour or shear thinning, desirable
behaviour in the MIM industry. The sensitivity of the viscosity of the feedstocks to shear
rate, which is also known as the flow behaviour index (n), with and without 7% HA is

presented in Table 17.
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Table 17. Flow behaviour index for feedstocks with and without HA addition

Variable Temperature Feedstock without Feedstock with 7%
(°C) HA micro-HA
Flow behaviour index 120 0.687 0.671
(n) 130 0.675 0.666
140 0.613 0.652
150 0.573 0.611

The lower the value of (n), the faster the viscosity is reduced with shear rate and the more
suitable the feedstock for processing of complex parts as it will inject and fill the moulds
more readily [290, 291]. Feedstock without HA had a higher shear sensitivity at the injection
temperature (150 °C) than that with 7% micro-HA, and thus is considered to be better in
terms of suitability for injection of complex parts. However, in terms of the effect of
temperature on the viscosity, the feedstock with 7% micro-HA is more preferable, as its
activation energy was about 55.54 kJ mol™, lower than that for feedstock without HA, which
was about 64.27 kJ mol™?. The activation energy values were estimated from an Arrhenius
plot of Lnnagainst Ln (1/T) as shown in Figure 99 and multiplying the values of the slope
by the gas constant. It should be noted that the lower the activation energy for the feedstock,
the less the sensitivity of the viscosity to temperature variations and the lower the probability
of sudden viscosity drop during injection. This effect is useful in avoiding undue stress

concentrations that might occur leading to cracking and distortion in the moulded parts [290].

A group of four samples after debinding is shown in Figure 100. It is evident that the samples
are still perfectly intact with several macropores in their structure, which reflects the size of
the KCI powder or space holder used. In comparison with pure Ti foams after debinding,
porous Ti-HA composite samples have lighter colour.
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Figure 99. The change in the viscosity of the feedstock with temperature in the temperature
range of 120-150 °C at a shear rate of 4016 s™.

(a) (b)

Figure 100. (a) Ti-Ha composite samples after water debinding, (b) Sintered sample made
of Ti with 7% nano-HA

Figure 100 (b) shows sintered Ti-HA composite foams made of feedstock with 7%vol. nano-
HA powder. The composite foams produced have interconnected macropores that are
apparent to the naked eye and which are of potential benefit for nutrient exchange and bone
ingrowth in biomedical applications. The volume percentages of porosities in the Ti-HA
composite foams made with 7% nano and micro-HA were found to be equal to 63.5£1.1 and
64.1£1.3 % respectively and indicate that the use of nano-HA powder would result in

insignificantly different porosity to that of micro-HA powder. In a similar process higher
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density was reported in the literature for a mixture of micro and nano powders compared to
only micro-powder and attributed to faster densification due to higher surface area and
driving force for sintering [292]. However, this is not seen here suggesting behaviour is

dominated by the coarser powders.

The results of the compression tests for both composite foams are shown in Figure 101. The
strength of the Ti-micro HA composite foams is more than three times higher than that made
with the nano HA. In the case of the latter, Ti particles did not have the chance to be bonded
properly due to the presence of the HA coating covering their surface, which comprised of
individual nano HA particles that sinter at a much faster rate than the Ti particles. Hence, the
mechanical strength of the structure is dependent on the weak bonding between the products
of the sintering of the nano HA particles, which results in a shell-like ceramic structure
surrounding the Ti particles, which can be easily broken. SEM images of the sintered Ti-
nano HA composite foams after compression supports this view as shown in Figure 102,
where it was found that there were few bonds between the Ti particles. It is also important to
point out that the surfaces of the broken bonds were smooth without any micro-dimples,
referring to the brittleness of the structure.
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Figure 101. Compression testing results of Ti-Ha composite foams with 7% micro and nano
HA.
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Figure 102. SEM images of sintered samples made of Ti with 7% nano-HA

Compared to Ti with nano HA composite foams, Ti with micro HA was much better sintered
and many bonds between the Ti particles were noted, as can be seen from the SEM images
in Figure 103. The presence of HA in larger particles, which do not cover the Ti particles,
has given the chance for the Ti particles to bond properly during sintering, resulting in
increased mechanical strength. Nevertheless, some small deposits can be still noticed on the
surface of some of the Ti particles. Furthermore, it was also noted from the SEM images that
wherever there is HA in the structure, the Ti particles nearby fail dramatically in a very brittle
manner with smooth edges, indicating that there might be a connection between brittleness
and HA presence. This observation is in good agreement with what has been reported in the
literature in the case of dense Ti with HA, where adding more HA reduces global ductility
and increases brittleness [277]. However, in the current study the behaviour was more
localised with samples displaying some yield before failure. It is also worth noting that the
shape of stress strain curves for the samples has a close resemblance to a ceramic material
rather than a metallic foam; once the load reaches the yield strength, the material fails
dramatically without having the ability to withstand any plastic deformation, unlike typical
pure Ti foams which display a long plateau region after yielding.
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For further explanation of the reason for such brittleness in the Ti particles, Energy-
Dispersive X-ray Spectroscopy (EDS) was performed on the surface of Ti particles in both
composite foams. For Ti-nano HA composite foams, no calcium was detected in the sintered
samples and the dominant elements found by EDS were phosphorous and titanium (shown
in Figure 104). Similar observations have been reported in the literature, attributed to the
entrapment of the calcium in the Ti lattice, without the occurrence of any peak shifting [293,
294]. Other studies have reported the disappearance of calcium compounds and ascribed it

to the occurrence of complete decomposition [295, 296].

Figure 103. SEM images of porous Ti with 7% micro-HA after compression test.

In comparison with Ti-nano HA composite foams, Ca and P were detected in the Ti-micro
HA composite foams (Figure 105) and can be taken as evidence for the significant influence
of the HA particle size on the chemical composition and final properties of the composite
foams produced. Further characterization of the Ca and P contents in both composite foams
were carried out using XRF and are enumerated in Table 18. The samples made with micro-
HA were mainly composed of Ti with double the amount of Ca than P. Considering the
atomic weight of Ca is 40 and P 31 amu, then the Ca/P ratio is approximately equal to 1.5
and corresponds to Tri-Calcium-Phosphate (TCP), which means that the micro-HA is
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decomposing to some extent under the sintering conditions (1320°C for 2h). While for nano
HA, the Ca/P ratio is approximately equal to 0.4, which is considerably lower than that of
the micro HA, referring to the greater extent of decomposition in the nano HA. One approach
to inhibit HA decomposition and improve mechanical strength is through reinforcing the
composite with yttria, which has been shown recently to be effective in similar materials
[297, 298].
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Figure 104. EDS elemental analysis result of a Ti particle in a porous Ti foam with 7%
nano-HA.
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Figure 105. EDS analysis result of a Ti particle in a porous Ti foam with 7% macro-HA

It is also important to point out that the Ca percentage in the Ti-nano HA composite foams is
much lower than that for the Ti-micro HA composite foams, and while the EDX analysis
results did not show the presence of any Ca in the former, yet XRF results revealed its
presence in small amounts. The finding gives an emphasis to the importance of the particle
size of the HA in dictating the speed of the decomposition during sintering and consequently

the resultant chemical composition of the foams produced. However, regardless of the
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particle size of the HA powder used, the composite foams suffered brittle failure in the
presence of HA. Such failure is not typically encountered in pure Ti foams, and therefore,
one might argue that using less HA can result in better mechanical properties and reduced
brittleness. Thus, a third experiment was carried out using Ti with 2%vol. micro-HA. The
mixing of the powders and sample preparation procedures were the same as in previous
experiments. The sintering process was carried out under two different temperatures, namely,
1250 and 1320°C for 2 h. The former sintering temperature was chosen based on a study in
the literature, which states that the optimum sintering temperature for HA without
decomposition is 1250°C [299].

Table 18. XRF analysis results of Ti-HA porous composite

Ti/HA Micro Error Ti/HA Nano Error
(%) (%)
Element Concentration (%) Concentration (%)
Ti 86.71 0.20 90.24 0.10
Ca 8.77 050 3.24 0.05
P 4.52 020 6.27 0.07

The mechanical test was carried out at the same strain rate and the result is compared with a
foam made using 52% KCI without HA and shown in Figure 106. It can be seen from Figure
106 that the offset yield strength (g, ,) of the Ti-HA composite foams made with 2% micro-
HA and sintered at 1320°C for 2h is significantly higher than that for those made with 7%
micro-HA, which are previously presented in Figure 101. Furthermore, it is even higher
than that for foams made without HA, where the yield strength for Ti-HA composite foams
sintered at 1320°C for 2h was equal to 50.93 MPa, whereas for the Ti foams without HA it is
about 31.6 MPa. Thus, it seems that adding smaller amounts of HA enhances strength of the
Ti foams. Nevertheless, the samples made with HA still have generally less ability to absorb
energy than the ones made without HA and the structure collapses after yielding without any
plateau region similar to a ceramic material. The volume percentages of porosity for samples
made with 2% micro-HA and those without HA were found to be approximately similar and
equal to 62+1.2%, while the average pore size was equal to 348 um with a roundness of about
0.73. It should be noted that reducing the amount of HA powder added to the mixture from

7 to 2% resulted in a reduction in the final porosity of the samples by approximately 2%.
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This finding coincides with the results in the literature, where adding more HA can reportedly
cause a small increment in the amount of porosity in the samples [282]. The percentage of
porosity in the Ti-HA composite foams produced here is significantly higher than the
maximum porosity so far achieved in the literature. For instance, Li et al have produced NiTi-
HA composite foams with a maximum porosity of about 37% by adding 10% HA; and the
foams produced had an ultimate compressive strength of about 57 MPa, which soared to
about 222 MPa on reducing the amount of HA to about 3%, while the porosity in the sample
decreased to about 29% [282].
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Figure 106. Compression test results of Ti-HA composite foam with 2% micro-HA.

The yield strength for the Ti-HA composite foams sintered at 1320°C for 2h was found to be
also higher than that for those sintered at 1250°C for 2h, as the latter had a lower yield strength
of 43.4 MPa. Such a finding can be attributed to a better inter-particle bonding and
densification with increased sintering temperature. Despite the fact that sintering HA at
higher temperatures might result in the formation of more TCP, which can be detrimental for
the mechanical properties according to some studies, the amount of HA added is not
significant (2%) and thus, the resultant TCP would not have a significant impact. Georgiou
and Knowles sintered HA-glass composite samples at 1350°C for 1h and found that only 5%

TCP was present in samples with no harmful effect on the strength [300]. In addition, some
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studies in the literature report that dense TCP has a higher compressive strength and fracture
toughness than HA [301].

Figure 107. SEM images of Ti foam with 2% micro-HA after compression testing.

SEM images of Ti-HA composite foams after mechanical tests are shown in Figure 107. Ti
particles which are not in close proximity with HA particles showed some signs of
mechanical deformation with some striations, which are typically observed in Ti foams. Yet
others which are neighbouring to HA particles are still seen to fracture catastrophically with
very smooth failure surfaces. Further analysis for the reason behind such brittle behaviour
was performed by evaluating the phases formed in the Ti-HA composite foams through XRD
with the results illustrated in Figure 108. The crystal phases detected in the sample with the
2% micro-HA were Ti, CaTiOgz, Ti2O, TCP and TisP which are similar to the crystal phases
found in Ti-HA dense composites as reported in the literature [277, 293]. The decomposition
of the HA and the formation of these crystal phases could be the reason for weakening the
structure and the cause of brittle failure in the foams, where the ceramic phases among these
bond weakly to the Ti particles. Balbinotti et al [277] reported that phases containing Ca are
partially removed during polishing of the Ti-HA composites, indicating the weakness of such

phases to support load. It should be noted that calcium titanate is a biocompatible material
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with the ability to promote apatite formation and improve the HA electrical conductivity and
polarizability to match that of the natural bone (HA itself has a poor electrical conductivity)
[302, 303]. The presence of CaTiOz can thus have a positive impact on the bioactivity of the
composite foams prepared. However, increased amount of calcium titanate promoted by an
increase in the amount of HA added to the mixture and its reaction with Ti can have a
detrimental influence on the mechanical properties and might be a contributing factor to the
reduction of mechanical properties with the increase of HA [304]. In addition, Ti2O has been
shown to promote and induce the nucleation and formation of apatite in Ti-HA dense

composites after 2h immersion in simulated body fluid [278].

Several important events and reactions take place during sintering of Ti-HA composite
foams. One is related to the thermal decomposition of the second part of the binder (PMMA)
and occurs in the temperature range 200-450°C. This is followed or accompanied by the
dehydroxylation of the HA or gradual loss of the hydroxyl group upon heating in the
temperature range 295-1200°C, resulting in hydroxyl ion-deficient or oxy-hydroxyapatite
(Cao(P0O4)6(OH)5_2,04[ 1 where [ ] is non-charged vacancy, x < 1) and water vapour
[305-307]. Studies in the literature reported that the dehydroxylation of the HA starts to occur
at a temperature of 600°C and continues until as high as 1000 °C [308], whereas others have
stated that the dehydroxylation takes place at a temperature as low as 700°C [309]. The water
vapour reacts with the Ti to form titanium oxide which is a very important reaction as it might
be another contributing factor in increasing the brittleness of the Ti particles in the Ti-HA
composite foams. The more the HA added to the mixture the more the abundant the oxygen,
which results from the loss of the hydroxyl group upon heating, and the higher the chance of
exposure of Ti to significant levels of oxygen in the porous structure, thus forming Ti oxide.
The oxide is then dissolved in the Ti during sintering forming a solid solution and a newly
formed oxide layer is then made upon exposure of Ti to lower temperatures during cooling
[310]. There has been evidence in the literature associating increased strength and brittle
failure in Ti foams with increased oxygen content [310] which might explain the higher
strength and the brittle failure for the Ti-HA composite foams sintered at 1320°C for 2 h
compared to those without HA. In the case of remaining HA, it decomposes and transforms
into a mixture of HA and B-TCP during sintering from 700-1100°C; the latter can then be

transformed into a-TCP at about 1200°C [311]. Next, TCP reacts with some of the titanium
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resulting in CaTiOs and phosphorous, which in turn reacts with Ti to form TisP. These
reactions have been reported in the literature on Ti-HA dense composites [293]. It is worth
noting that the lattice mismatch between the various formed phases (hcp in the case of Ti and
HA and orthorhombic structure for CaTiOz) can also play a role in inducing large quantities
of defects upon cooling, which consequently could affect the ability of Ti-HA composite

foams to absorb energy through plastic deformation [312].
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Figure 108. XRD spectrum of Ti foam with 2% micro-HA sintered at 1320 °C for 2h
7.2 Biological Test Results

Cell culture trials were carried out as explained in section 3.5, at the University of Sheffield
by Ms Z. Wally. Overall, MLOA5 cells were found to be viable (i.e. increased in
concentration) on both scaffolds during the 28 days of cell culture. Cells followed a similar
pattern of viability on both scaffolds with time (Figure 109 (A)). The viability increased
significantly from day 4 to day 7 with similar values found on scaffolds with and without
HA, indicating that the porous titanium scaffolds with 2% micro-HA do not improve (and

also do not hinder) bone cells attachment and ingrowth into the scaffolds.

Both porous titanium scaffolds supported calcium and collagen production after 28 days of

cell culture. The highest calcium deposition was on 2% HA scaffolds seeded with cells
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(Figure 109 (B)), while scaffolds without HA supported the best collagen formation (Figure
109 (C)). Nevertheless, differences between the scaffolds were not statistically significant. It
IS reported that the presence of HA with Ti can promote better bone formation, increased
alkaline phosphatase activity and collagen production [313, 314]. However, it is believed that
the small amount of HA added here (2%vol) was not sufficient to cause significant

differences.
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Figure 109. Mean + SD for (A) cell viability of MLO-A5s on Ti foam and Ti-HA composite

foams over 28 days (B) calcium staining and (C) collagen staining on day 28 of cell culture,
(n=6).
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8 Improving the bioactivity of Ti foams through surface modification

8.1 PEO treatment of porous Ti and resulting coatings

The possibility of developing biologically active ceramic coating on porous Ti samples was
investigated by treating three groups of samples with different amounts of porosity in an
electrolyte of anhydrous disodium phosphate (Na,HPOs). The treatment was performed in
DC mode by sweeping the potential up to a maximum value of 500 V at scan rates of 2.12
and 4.22 V s. The first group of samples had an average porosity of about 7 vol% with a
mean pore size of 17 um (Figure 110. a), whereas the second group had a porosity of about
20 vol% with a mean pore size of 57 um (Figure 110. b). The third group of samples had a
total porosity of 62 % and a mean pore size of 348 pm. For ease of distinguishing among
different groups, these samples will be referred to as a relatively dense, microporous and

macroporous samples respectively.

Figure 110. Optical micrographs of the polished samples using colloidal silica mixed with
30% hydrogen peroxide to reveal the microstructure for: (a) Sample sintered using
commercial Ti feedstock; (b) Sample sintered using relatively coarse Ti powder reproduced
from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.

The cyclic voltammograms for the porous Ti samples treated at scan rates of 4.22 V s in the
region 0-500 V are shown in Figure 111. All voltammograms showed a similar general trend.
In the forward scan, an increase in the charging current occurred in response to the potential
applied (region a-c) and continued until the current peaked at region (c), before dropping

significantly in the post peak region (c-d) until the maximum voltage of 500 V was reached.
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The reverse scan is characterised by a period of local instabilities and disturbances
accompanied by a slight increase in current, where the curves behave erratically due to the
evolution of gaseous products, with abundant bubbles partially shielding the anode from the
electrolyte and consequently depleting the shielded regions of the electroactive species (d-e).
The instability period proceeds until the current peaks again at region (e), before decaying
dramatically back to its initial value, thereafter a capacitive discharging of the double layer
at the anode-electrolyte interface occurs. Aside from the aforementioned general trend, the
cyclic voltammograms for the samples with different porosity have some unique and
distinguishing characteristics from each other. It can be noted that for relatively dense
samples, the initial current increase in the forward scan is very slow and the first peak (a) is
barely noticeable. However, once the voltage applied reaches a value of 250 V (b), the current
starts increasing dramatically, reaching a peak value of 1573 mA cm (c) before dropping
rapidly to 1067 mA cm and then increasing slightly and subsequently decreasing in the
region (d) to a minimum value of 651 mA cm at the highest voltage of 500 V. In the reverse
scan, as the applied voltage decreases, the current increases almost linearly up to the
maximum current value of 1054 mA cm corresponding to 493 V and then it decreases and
increases intermittently during a period of local instabilities before peaking to 1533 mA cm”
Z at region (e). Next, the current drops dramatically and discharging of the interfacial double
layer occurs. Compared to the relatively dense samples, the current in the microporous
samples rises significantly quicker with the potential applied in the initial stage of the forward
scan (a) reaching a maximum current value of 267 mA cm (more than nine times the value
reached for the relatively dense sample, where the current density reached a maximum value
of only 28 mA cm™ at region (a)). Furthermore, the voltage at which the current peaked in
region (a) has been dramatically shifted from 16 V for the relatively dense samples to about
66 V for the microporous samples. The current then drops slightly before monotonically
increasing again at the inflection point (b) corresponding to 160 V. Unlike the relatively
dense samples, where one prominent peak is detected, several conjoined wide peaks appear
in region (c) for the microporous samples and the voltage at which the current peaked has
been lowered from 396 V for the relatively dense sample to about 328 V for the microporous
sample. In addition, the current density in the microporous sample dropped to a minimum

value of 571 mA cm in region (d), which is lower than that for the relatively dense samples.
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It was also noted in the reverse scan that the maximum peak current reached in the
microporous samples was significantly higher and corresponds to a lower voltage compared
to the relatively dense sample, where the current density peaked in region (e) at 1955 mA
cm? at 274 V in the case of the microporous sample, while for the relatively dense sample
the current density peaked at 1533 mA cm2 at 284 V.
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Figure 111. Cyclic voltammograms for different porous Ti samples in 14 g L disodium
phosphate electrolyte at scan rates of 4.22 V s and 2.12 V s reproduced from Shbeh, M.,
et al. Appl Surf Sci. 2018; 439 801-814.

Macroporous samples showed a similar, significant increase in the charging current with
voltage in the initial stage of the forward scan region (a) compared to that observed for the
microporous samples, but the incremental growth in current with the applied voltage persists
up to a higher value of current (446 mA cm) and approximately double the value reached
in the microporous samples and the voltage at which the current peaked at region (a) shifted
further from 66 V for microporous to 75 V for the macroporous sample. The slopes of the
linear regions between (a) and (b) were found to be 0.2, 3.3 and 7.1 mA V! cm for the
relatively dense, microporous and macroporous samples respectively. It was also noticed in
the macroporous samples that the current density peaked in region (c) at a value of 3739 mA

cm2, which is more than double the value reached in region (c) for both microporous and

172



relatively dense samples, but at a lower corresponding voltage (302 V). The current density
for the macroporous sample in the reverse scan peaked at region (e) with a value of 2137 mA
cm? at voltage of 250 V before the double layer discharging occurs and the current
diminished.

In addition, the highest electrolyte temperature of 32 °C was recorded during experiments
with the macroporous samples, in contrast to only about 20 °C and 27 °C for the relatively
dense and microporous samples respectively. This might be due to a combination of a higher
Joule heating by a higher current passing through the electrolyte and the increased resistivity
of the electrolyte solution inside the porous channels of the metal electrode.

Compared to cyclic polarisation curves at the fast scan rate (4.22 V s), those at the slow rate
(2.12 V s1) showed a similar general trend and a more erratic behaviour in the post peak
region (c). In addition, it was noted that the change in the scan rate did not significantly
impact the cyclic polarisation curve for the relatively dense samples, where the peak height
at region (a) was still barely noticeable and approximately similar to that at fast scan rate
(about 21 mA cm corresponding to 16 V), while the slope of the linear region (a-b) was
about 0.1 mA/V.cm?. In terms of the peak in region (c), the height slightly decreased from
1573 to 1555 mA cm and the corresponding voltage was lowered from 396 to 385 V.
However, for the microporous samples, there were some distinguishing characteristics
among the voltammograms with different scan rates. The potential at which the current peaks
in region (a) decreased from 66 to 46 V with slowing the scan rate, while the peak height
declined by as much as 47%, reaching a value of 142 mA cm. In addition, the slope of linear
region between (a) and (b) reduced from 3.3 to 2.9 mA/V.cm?. Furthermore, the peak height
in region (c) reduced from 1810 to 1440 mA cm™,

It was generally noted that during anodic polarisation, a large amount of gas bubbles evolved
around the specimen, shielding it from the electrolyte until the voltage reaches about 250 V,
where electrical discharges normally start occurring. These discharges are initially formed
intermittently via least resistive regions of the shielded surface and hit the weakest points of
the previously formed oxide. As the discharge occurs, a mixture of vapour and gases heats
up rapidly without having enough time to expand and thus it is pressurised and explodes on
the Ti surface, with strong acoustic emission, enabling further reaction of electrolyte anions

with Ti substrate.
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Figure 112. SEM micrographs of: (a) and (b) relatively dense samples, (c) and (d)
microporous samples, (e) and (f) macroporous sample at low and high magnification
reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.
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The heat released by these discharges causes local melting of the affected region of the
previously formed oxide, with the melt being then expelled, leaving behind a microporous
channel with a crater-like opening. As the oxide weakens significantly, the electrical
discharges form concurrently, covering a large area of the sample surface by progressive
breakage of the existing oxide film and continuous bombardment of the surface with
secondary electrons and electrolyte anions, forming new rapidly solidified oxide layers with
low electrical conductivity and the process is repeated again. It should be noted that the
acoustic emission was much stronger for the porous samples, especially for the macroporous
ones, with a significantly higher optical emission intensity. In addition, the population
density of sparks at the low scan rate was generally observed to be less, but the intensity and
size were significantly larger than those at the high scan rate were. The observation is in a
good agreement with the findings of others [203]. During the reverse scan, the frequency of
these sparks was reduced once the voltage dropped below 200 V.

The resultant surface morphology for the samples processed at the scan rates of 4.22 and 2.12
V stis shown in Figure 112. Relatively dense samples polarised at the scan rate of 4.22 V
s'tare covered with a very fine cellular-like oxide network with some micropores, but much
fewer craters were observed compared to the microporous samples. Following the scan
performed at the lower speed 2.12 V st the features of the oxide network on the sample
surface become coarser, due to a longer residence time at higher voltages where more intense
discharges were generated.

The microporous samples were covered with a rough surface oxide layer displaying some
microporous craters that result from electrical discharges developed in the high-voltage
region. The average diameter for the craters was found to be about 4.2+0.4 and 5.5£0.5 um
for the samples polarised at scan rates of 4.22 and 2.12 V s respectively. In addition, the
micropores that result from the incomplete sintering of the Ti powder were partially encrusted
with oxide layer as shown in Figure 112 leading to a smaller pore size.
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Figure 113. Secondary electron microscopy images of different regions of the globular
sediment reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.

The macroporous samples polarised at the scan rate of 4.22 V st did not show any of the
features which are typically encountered during oxidation treatment of Ti and showed instead
some layers deposited on the surface of Ti particles composed of small individual particles
joined together and in some cases agglomerated as shown in Figure 112. Some of these
individual deposited particles appear light in colour (Figure 112.f), which seems similar to
that reported for sodium titanium phosphate [315]. The average size of individual nodular
deposits was analysed on six Ti particles using image J software and found to be in the region
of 3 um. It is important to point out that the macroporous samples treated at the scan rate of
2.12 V st were disintegrated into globular sediments in the electrolyte and only parts of the

samples still remained attached to the Ti bar. In order to further analyse the reason behind
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this failure, the globular sediment was characterised using SEM and the images taken are
demonstrated in Figure 113. Several large cracks with smooth edges were noticed throughout
the globular sediment indicating the occurrence of brittle failure in the surface layer. In
addition, three different regions were observed in the area adjacent to the crack, as shown in
Figure 113.b. The first region is characterised by a dense structure comprising facets of TiO>
crystals with different morphologies deposited onto the surface of the sample, beneath which
resides a second layer with high porosity and average pore size of 2 um. The third layer lies
underneath the second and possesses a smooth and dense morphology featuring small cracks.
A series of spot EDS analyses was carried out in those three surface regions, with the mean
average concentrations of the main elements provided in Table 19.

The EDS results in Table 19 indicate that the cracked region 3 is significantly richer in
phosphorus compared to other regions in the coating. In comparison, the porous region 2 has
over-stoichiometric O content in respect to TiO2, where for every Ti atom there is
approximately 2.1+ 0.2 oxygen atoms.

Cross-sectional SEM images and corresponding EDS maps showing the distribution of
chemical elements in the surface layer of samples polarised at the scan rate of 4.22 V st are

provided in Figure 114-Figure 118.

Table 19. Results of EDS analysis for different regions in the coating area adjacent to the

crack
Region
Element at.%
1 2 3
0] 67.9+0.1 73.5+0.2 65.2+3.8
Ti 31.8+0.2 26.4+0.1 305+1.2
P 0.1+0.1 0.1+0.1 4.1+27
Na 0.2+ 0.1 0+0.1 0.2+ 0.2
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Figure 114. Cross-sectional SEM image combined with EDS element mapping of the surface
region of the relatively dense sample subjected to cyclic anodic polarisation at a scan rate of
4.22 V s, The colours in the composite image match those used for the individual element
maps reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.

The relatively dense samples showed rough, non-uniform morphology of the oxide layer with
good adhesion to the Ti substrate. The lack of open pores in the relatively dense samples led
to oxide formation on the surface of the sample only. The average thickness of oxide layers
developed in the relatively dense samples at scan rates of 4.22 and 2.12 V s was 13+3 and
16£6 pm.

From the cross-sectional image of the microporous sample, it can be observed that it is
covered with a thick non-uniform surface oxide layer that extends to the inner structure of
the sample through the micropores which are connected to the surface, forming a network of
interconnected surface and subsurface oxides.

Compared to the relatively dense samples, the coatings developed in the microporous
samples were thicker and seemed rougher and more interconnected. It is important to point
out that the relatively dense samples did also have some pores (Figure 110 (a)), but the pores
were likely to be closed and isolated with no access to the surface, as shown later. The oxide
layers developed on the microporous samples had average thickness of about 47+6 and 55

+5 pum for the scan rates of 4.22 and 2.12 V s respectively.
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Figure 115. Cross-sectional SEM image combined with EDS element mapping of the surface
region of the microporous sample subjected to cyclic anodic polarisation at a scan rate of
4.22 V s*. The colours in the composite image match those used for the individual element
maps. Red for Ti, green for P, cyan for O and purple for Na reproduced from Shbeh, M., et
al. Appl Surf Sci. 2018; 439 801-814.
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Figure 116. Cross-sectional SEM image combined with EDS element mapping of the surface
region of the macroporous sample subjected to cyclic anodic polarisation at a scan rate of
4.22 V s reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.

Similarly to the microporous substrates, the oxide layers formed on the macroporous samples
extended into the inner substrate structure through interconnected porous networks, although

these coatings were slightly thinner (41+14 pum for the scan rate of 4.22 V s), showing no
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signs of cracks and appearing to be better adhered to the metal substrate. In addition, the
oxide layer thickness was noticed to decrease to about 10+4 um at a depth of 4.3 mm from

the sample surface.

Resin-filled macroporé
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Figure 117. Cross-sectional SEM image combined with EDS element mapping at a depth of
1.62 mm from the surface of the macroporous sample subjected to cyclic anodic polarisation
at a scan rate of 4.22 V s reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-
814.

Results of the XRF analysis of oxide chemical composition are shown in Figure 119.
Elements, such as Al and Si, detected in very small amounts are not shown, as they might be
due to contamination during sample and electrolyte preparation.

The general trend seen from Figure 119 is that the atomic percentage of Ti decreases with
decreasing scan rate, while the converse is true for oxygen. It seems that it is harder for the
Ti ions to diffuse through the thicker coating layers formed at the slow scanning rate and
migrate to the surface to form new oxide layers, leading to a deficiency or depletion of Ti in
the upper layers of the coating. It should be noticed that XRF is not an effective technique in
estimating the content of light elements and hence the results can be taken as a rough
approximation for the atomic percentages in the coatings. However, such results can help
understanding the change in atomic concentrations of the elements with the change in the

scanning rate.
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Figure 118. Cross-sectional SEM image combined with EDS element mapping at a depth of
3.11 mm from the surface of the macroporous sample subjected to cyclic anodic polarisation
at a scan rate of 4.22 V s reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-
814.

The EDS results for a relatively dense sample scanned at 4.22 V s shown in Figure 120
suggest that the oxide is composed of approximately equal amounts of P and Ti and did not
penetrate into the pores in the structure. As in the case of microporous samples, the pores
present here did not have access to the electrolyte via the surface, leading to the formation of
a surface coating without having subsurface layers.

The results of the EDS analysis for the coating cross-section on the microporous sample
scanned at 4.22 V s are shown in Figure 121. It can be seen that the atomic percentage of
Ti increases when moving away from the surface towards the bulk of the sample with the
lowest value being at the coating area, while the contents of O, P and Na decrease towards
internal structure of the sample, with the highest concentrations being in the surface region.
Unlike microporous samples, coatings developed on the macroporous substrates did not show
any significant differences in the chemical composition with depth as illustrated by the EDS
results presented in Figure 122.
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Figure 119. Surface XRF analysis of oxide films produced on the studied Ti samples, where
F and S stand for fast and slow scan rates (4.22 and 2.12 V s1). For the macroporous sample

with the slow scan rate (2.12 V s?), the globular sediment was used in its XRF
characterisation reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.
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Figure 120. (a) Secondary electron microscopy image of the coating developed in the
relatively dense sample subjected to cyclic anodic polarisation at a scan rate of 4.22 V s,
(b) and (c) EDS element mapping and quantification results reproduced from Shbeh, M., et
al. Appl Surf Sci. 2018; 439 801-814.
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Figure 121. (a) Cross-sectional SEM image the studied surface region in the microporous
sample subjected to the cyclic anodic polarisation at a rate of 4.22 V s; (b) Depth profiles
of the main elements based on the data of EDS point analysis reproduced from Shbeh, M., et
al. Appl Surf Sci. 2018; 439 801-814.

Figure 123 presents the results of XRD phase composition analysis for the samples scanned
at 4.22 V s, The coatings developed in all samples were composed of a mixture of rutile
(PDF #04-004-4337) and anatase (PDF #01-073-1764) as well as sodium titanium phosphate
NaTiz (POa)s (PDF #04-002-2744) and titanium phosphate Ti P207 (PDF #04-012-4504). The
peak intensities for the microporous and relatively dense samples were higher and much
narrower compared to the macroporous samples. Such observation is normally encountered
in nanostructured materials, reflecting the lower crystallinity of the coating phases for
macroporous samples compared to the microporous and relatively dense samples. It might
also be due to scattering by the rougher surface of the macroporous samples provided by
coarser porosity. It is also worth noting that the intensity of the peak at 20 = 24.6°
corresponding to the sodium titanium phosphate phase increases when moving from the
relatively dense to the macroporous samples in respect to the peak of titanium phosphate at
20 = 23°. This can be taken as evidence for a strong relationship between the accessibility of
the pores to the electrolyte, the porosity in the sample and the amount of sodium incorporated

in the developed oxide layers. Furthermore, XRD analysis of the internal surface of the
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microporous sample was also carried out (Figure 124) and only anatase with some rutile

were detected, which is in a good agreement with the EDS results.
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Figure 122. (a) Cross-sectional SEM image the studied surface region in the macroporous
sample subjected to the cyclic anodic polarisation at a rate of 4.22 V s; (b) Depth profiles
of the main elements based on the data of EDS point analysis reproduced from Shbeh, M., et
al. Appl Surf Sci. 2018; 439 801-814.

8.2 Discussion

The anodic behaviour of Ti substrates with different porosity in an aqueous solution of
disodium hydrogen phosphate has been evaluated at two different scan rates, namely 4.22 V
stand 2.12 V s*. Three main topics will be discussed in this section; the first is concerned
with the phenomena and electrochemical reactions that take place during the high-voltage
anodic polarisation of the samples, the second is the effect of the scan rate on the thickness
of the developed oxide films and the third is the rationale behind disintegration of the

macroporous samples at the slow scan rate.
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Figure 123. Results of XRD analysis for the studied Ti substrates subjected to cyclic anodic
polarisation at the scan rate of 4.22 V s™. Rutile (PDF #04-004-4337), anatase (PDF #01-
073-1764), sodium titanium phosphate (PDF #04-002-2744) and titanium phosphate (PDF
#04-012-4504) reproduced from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.
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Figure 124. XRD analysis of the internal surface of the microporous sample reproduced
from Shbeh, M., et al. Appl Surf Sci. 2018; 439 801-814.
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8.2.1 Phenomena and anodic reactions

In the initial stage of polarisation, the current rises with the increase in voltage and a series
of processes take place. One is related to the formation of the double layer capacitance
between the Ti anode and the electrolyte through the charging current (a-b). The slopes of
the linear regions between (a) and (b) were found to be 0.2, 3.3 and 7.1 mAV cm? for the
relatively dense, microporous and macroporous samples respectively. Judging by the values
of the slopes of the linear regions, porous Ti samples exhibit higher charging current of the
double layer capacitance than relatively dense ones during the primary stage of anodic
polarisation due to having a larger surface area. Shi [316] studied the double layer
capacitance in nano porous activated carbon and reported that the total capacitance is the sum
of the capacitance of both the external surface and the nano pores. He also found that the
contribution of the nanopores is smaller than that of the outer surface and some reports
attributed his finding to difficulty in adsorbing the electrolyte ions into the pores due their
small size [316, 317]. However, in our case the pores are open and significantly larger with
extensive access to the internal structure, thus offering the possibility for the ions to be
adsorbed easily into the internal structure and hence the contribution of pores to the double
layer capacitance should be significant and not negligible. However, for relatively dense
samples the contribution of pores should be lower:

Crotar = Cp X Sp + (s X S5 (16)
where C;and S; are the capacitance and surface area of the outer surface, C, and S, are the
capacitance and surface area of the pores respectively. The fact that macroporous samples
had a charging current double that reached in the microporous samples at the scan rate of
4.22 V st indicates the importance of the pore size and accessibility in dictating the amount
of the double layer capacitance, and also shows the greater ability of the macroporous
samples to store electrical energy, where the higher the surface area the higher the double
layer capacitance and the more the current passed for charging the surface. However, accurate
estimations of the capacitance could not be performed due to the contribution of the Faradaic
current and insufficient number of scan rates. More reliable techniques, such as in-situ
impedance spectroscopy [318], should be used for this purpose.

The Ti atoms are initially oxidised into quadruple charged cations according to reaction 1:

Ti - Ti*t + 4e” Q)
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Generally, two adsorbates compete between each other for adsorption sites onto the outer
surface and the inner surface of the Ti substrates, namely the hydroxide and the
hydrophosphate anions which form after partial dissociation of the prepared electrolyte
(Na2HPO4) (reaction 2). Based on the pH of the electrolyte the predominant species is
HPO,%, as this species is stable in the pH range of 7 to 12, within which the pH of the
electrolyte falls [319]. In the hydroxide occupied adsorption sites, the hydroxide anions react
with the Ti cations forming Ti hydroxide, Ti(OH)s according to reaction 3, which are
dehydrated during subsequent polarisation to form anatase TiO, according to reaction 4
[320]. While in the phosphate occupied adsorption sites, the hydrophosphate anions react

with Ti to form titanium phosphate according to reaction 5,

Na,HPO, — 2Na* + HP0O,*~ (2)
Ti** +40H™ — 4e~ + Ti(OH), (3)
Ti(OH), — TiO, + 2H,0 (4)
Ti** + 2HPO,*~ - TiP,0, + H,0 (5)

Anodic polarisation is accompanied by the evolution of gaseous oxygen according to
reaction 6.
40H™ - 0, T +2H,0 + 4e~ (6)

The growth of the oxide layers upon the porous substrates proceeds until the oxide layer
formed is thick enough to slow down the swift increment in current as well as the oxygen
and vapour which could be evolved due to localised boiling of the electrolyte at the
anode/electrolyte interface, partially shield the anode resulting in increased electrical
resistivity of the system and further decrease in the current growth with potential.
Generally, it has been found that the peak potential in region (c) decreased with increasing
sample porosity from 396 V to 302 V, while the peak current density (peak height) increased
from 1573 to 3739 mA cm with increased porosity. This is consistent with what has been
reported in the literature, in particular that the current peak height is directly proportional to
the surface coverage of the sample by the adsorbates and consequently the surface area as
well as the potential scan rate [321].
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In the case of porous samples, the presence of pores will provide additional reaction sites or
contact areas among the electrode, electrolyte and the evolved gas products and thus
increased species migration occurs not only on the outer surface of the sample, but also inside
the pores under the effect of the higher current, leading to higher total amounts of Joule heat
generated. This explains the increased temperature of the electrolyte in the case of porous
samples compared to the relatively dense ones. Eventually, electrical discharges are formed
in the gaseous regions and significant heat released in the vicinity of the discharges as a
result, with a temperature reportedly reaching up to 3000 K [322]. The heat causes localised
thermally-induced phase changes in the newly developed oxide according to reaction 7,
where anatase transforms irreversibly into rutile at about 600 °C [323]. Due to the short-lived
nature of these electrical discharges, fast localised quenching of the molten material takes
place via the electrolyte surrounding the discharging areas. This subsequent quenching can
result in significant thermal residual stresses which might lead to the generation of cracks in
the surface layer. The formation of sodium titanium phosphate might also be connected with
the heat generated by electrical discharges. It is reported that sodium titanium phosphate can
be synthesised by heating sodium metaphosphate with titanium hydroxide at a temperature
of 1100 °C [324], although the reaction is very slow. Generally, one would expect sodium
cations to move towards the cathode after dissociating from the Na,HPO4. However, this
might indicate the presence of some un-dissociated disodium phosphate in the electrolyte that
participates in subsequent reactions during the anodic polarisation. For example, Trout and
Glenn [325] studied the dissociation of disodium phosphate at a pH value of 6 and found that
only 91.6% is dissociated. Another study reported a degree of dissociation of about 95.4%
[326]. It is also worth noting that the degree of dissociation is strongly reliant on the pH value
of the solution, where the higher the pH value of solution the higher the chance of complete
dissociation [327] and the less the amount of un-dissociated disodium phosphate. Hence,
having regions with low pH value and lower concentration of electrolyte, such as pores in
the sample, will result in less degree of dissociation and more un-dissociated disodium
phosphate in the porous samples than in relatively dense samples. This might explain the
increased amount of sodium phosphate involved in the reaction with increased porosity,
being higher for macroporous samples than for microporous and relatively dense samples

according to the XRD results. It should be noted that there are numerous reports in the
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literature about the incorporation of sodium in small percentages in the developed oxide
coating during the oxidation treatment [328, 329]. However, these references have not
reported the reactions which take place, nor the phases formed. One possible route for the
formation of the sodium titanium phosphate in our case is the reaction of TiP,0, with TiO,
to form (TiO),P,0, according to reaction 8, which reportedly occurs at about 1000 °C
[330]. The titanyl pyrophosphate subsequently reacts with the un-dissociated Na,HPO,
yielding Na Ti, (PO,)5 according to reaction 9 [331]. The reaction is reported to take place
at a temperature between 900-1000 °C, which leaves no doubt that the formation of sodium
titanium phosphate is strongly reliant on the heat generated during the electrical discharges

and might indicate that Na,HPO, is not fully dissociated during the oxidation treatment.

>600 °C
TiO, (anatase) —— Ti0, (rutile) @)
1000 °C
900-1000 °C
(Ti0),P,0, + Na,HPO, —— Na Ti,(P0O,); + H,0 9)

It is also worth mentioning that in the reverse scan of the cyclic polarisation curve for the
relatively dense sample only one main prominent narrow peak was detected in region (e)
beyond which the current diminished dramatically, unlike those for the microporous and
macroporous samples, where multiple distinctive peaks were noted with much higher peak
currents at lower voltage values. This indicates the occurrence of complex multi-electron
transfer processes in the reverse scan of the porous samples before discharging the surface
and gradual desorption of the electroactive species. In the case of porous samples, pores act
as pressure release sites and the trapped gaseous products penetrate into the internal structure
of the sample through the pores, pushing with them the electrolyte species. The gases escape
and the anion species penetrate the sample to much higher depth through the 3D network of
interconnected porous channels, particularly in the case of macroporous samples, where
larger open macropores are present. In addition to the electric field, the differences in
concentration of the electrolyte species between the external surface and the regions inside
the pores provide a driving force for the electrolyte species to penetrate through the porosity.

Thus, a deposited layer with approximately consistent chemical composition with depth was
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formed on the surface and subsurface region of the porous Ti substrate. This is consistent
with the results of EDS analysis of the macroporous sample (Figure 122) showing
insignificant variations in concentrations of the main elements in the deposited layer with
depth. The fact that the layer thickness was reduced by a quarter when moving from the
surface towards the centre of the sample, even though the inner regions had a good access to
the electrolyte, could be ascribed to the distribution of primary electric field within the
macroporous structure of the metal substrate. Unlike dense electrodes, where the electric field
over the surface is distributed relatively uniformly (according to the inter-electrode distance),
the field at the porous electrodes is mainly concentrated on the outer surface, while its

intensity is reduced significantly inside the porous channels due to the shielding effect [332].

The narrow porous channels and relatively low total porosity (20%) of the microporous
samples reduced the active adsorption sites, limited species migration and resulted in the
formation of a layer with elemental composition varying with depth, as backed up by
corresponding EDS results in Figure 121. These observations emphasise the importance of
the accessibility of the inner structure to the electrolyte, reliant on the openness and the size
of the pores to allow electrolyte penetration throughout the whole structure, where
macroporous samples had a pore size six times larger and porosity more than three times
higher than that for the microporous samples. The relatively dense samples differ
significantly in not having open pores, making the process relatively straight forward without
any complex reactions taking place in the inner structure of the samples, and hence the oxide
layer with equal amounts of P and Ti is formed only on the outer sample surfaces.

It should be noted that we have previously analysed in section 6.5 a 4 mm section of a foam
with a porosity of about 61.5% (approximately similar to that for the macroporous samples
in this study), made by the same technique, using micro-computed tomography and found
that 99.7% of pores are open pores and the surface area of the solid making up the foam was
22 times higher than that of a solid shape of the same volume. This gives a rough estimate of

the difference between the surface area of the relatively dense and macroporous samples.

8.2.2 Coating thickness and scan rate

In terms of the thickness of the coatings developed, the microporous samples had the thickest
coating (more than three times thicker than that for the relatively dense samples). This fact
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indicates the importance of the rate of the electrical discharge flowing through the samples,
or the value of current density and its significant influence on the final coating thickness. The
value was significantly higher for microporous samples than relatively dense ones at the scan
rate of 4.22 V s and this is in a good agreement with PEO studies in the literature, where it
has been reported that increased current density leads to the development of thicker PEO
coatings [333]. However, it was also reported by the same study that higher current density
leads to a lower number of pores in the coatings developed, which was not noted here. In
addition, a higher current was passed through macroporous samples than microporous
samples, yet the coating thickness was in fact slightly lower. This might be due to increased
non-uniformity in the distribution of current throughout the sample with increased porosity
and pore size due to the edge or shielding effect. The coating developed in the microporous
samples seemed less adhered to the substrate than the others, though it is believed that this
separation occurred during the micro-preparation stage due to the use of diamond-based
composite fine grinding and polishing disks.

The formation of a network of interconnected surface and subsurface oxide layers in the
porous materials is quite promising in the fact that these materials do not only offer a solution
for the stress shielding problem by accounting for the differences between the elastic moduli
of the Ti and the surrounding bone, but might also promote chemical integration both
internally and externally throughout their structure. It should be noted that the presence of
phosphate as well as anatase in the coatings has been shown to improve the bioactivity of the
implant by improving cell attachment and inducing apatite formation and deposition [334,
335].

Interestingly, slowing the scan rate during polarisation from 4.22 to 2.12 V s* did not have
a dramatic impact on the electrochemical activity of the relatively dense samples, unlike
microporous samples, where significant changes took place, including notable reductions in
the peak potential, peak current in region (a) and the slope of linear region between (a) and
(b) and this might refer to the fact that porous samples are more sensitive to scan rate than
relatively dense ones. The slope of the linear region is a function of surface area and scan
rate only. Hence, one can have a rough idea whether increased or reduced electrochemical
activity and adsorption of the electrolyte ions is taking place in the microporous samples with
slowing the scan rate through estimating the ratio of adsorption peak intensities in region (a)
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and comparing it with the ratio of the slopes of linear region between (a) and (b) for the
different scan rates. By doing so, one finds that the ratio of the slopes (2.9/3.3 = 0.88) is
bigger than the ratio of the peak intensities (142/267 = 0.53), which indicates that slowing
the scan rate would result in reduced adsorption of electroactive species in the porous
structure and reduced electrochemical activity. However, it was found generally the coatings
developed in porous samples are significantly thicker than those in relatively dense ones,
regardless of the speed of the scan rate.

8.2.3 Disintegration of macroporous samples at slow scan rate

Although the reason behind the disintegration of the macroporous samples into globular
sediments treated at slower scan rate (2.12 V s?) is not clear, the following two hypotheses
can be considered. One is mechanical failure by breaking up the bonding areas between the
Ti particles within the pores due to the high pressure created by the bursting bubbles, where
the current has to pass the convoluted surface of the bonding regions between the Ti particles,
where the electric field is concentrated causing local vaporisation of the electrolyte within
the pores and the creation of vapour phase. The gaseous products generated put a significant
pressure on the bonding regions leading to their disintegration. It should be noted that this
local instantaneous pressure is experienced by not only macroporous but also microporous
samples. However, this does not have as dramatic impact on the latter substrates because of
their lower porosity. In addition, the average yield strength of the microporous samples was
previously determined under compression loading (section 4.1.4) and found to be 191 MPa,
while for the macroporous samples it is about 31.6 MPa, which is 83% lower than that of the
microporous samples. Thus, the extent of damage would be expected to be significantly
higher for the macroporous samples. It is also worth pointing out that the local pressure inside
the discharge channels can reach up to 100 MPa [206, 336], which would be sufficient to
cause damage to the macroporous samples.

The second (and perhaps more plausible) hypothesis consists in weakening of the bonding
areas due to preferential adsorption of phosphate anions and their reaction with Ti to form
brittle products with high ionic conductivity. The adsorption of phosphate is widely reported
to take place by ligand exchange with the surface hydroxyl groups [337]. Titanium is initially

oxidised forming hydrated oxides, whereas the NapHPOs dissociates leaving the
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hydrophosphate group and two sodium cations [338]. The mechanism of phosphate
adsorption on to these hydroxides in the bonding areas relies mainly on the concentration of
the phosphate anions in the surrounding area. When the concentration is low, they act by
replacing the water molecules on the surface of the Ti hydroxide, resulting in a reduction of
the positive surface charge [339]. An increase in phosphate concentration would result in a
larger proportion of hydroxyl groups being replaced and eventually the bonds that bridge the
hydroxyl groups (OH-Ti-OH) would start breaking, forming new active sites for phosphate
adsorption. Thus, the electrical resistance of bonding regions is reduced and accelerated
anodic dissolution of Ti takes place to form titanium phosphate causing cracks (as shown in
Figure 112.f) by aggressively attacking the oxide layers. This would weaken the bonds
between the poorly bonded Ti particles in the macroporous structure and result in part
disintegration.

The phosphate adsorption efficiency of metal hydroxides is reportedly dependent on the
specific surface area and porosity of the samples as well as on temperature and the pH of the
environment [340]. Thus, one would expect that the macroporous samples would have the
highest tendency to adsorb the phosphate strongly, which is promoted by the larger pores,
greater amount of porosity and the higher temperature of the electrolyte during polarisation.
This could be supported by the fact that the macroporous samples had the largest adsorption
peaks in region (a).

The results of the SEM and EDS analyses of the globular sediment in the areas adjacent
to the fracture showed the presence of three regions with different morphologies and
chemical compositions. Region 3 is rich in phosphorous with high lateral micro-cracks
density. In comparison, the porous region 2 has over-stoichiometric O content in respect to
TiO2 with a Ti/O ratio of (1/ (2.1 £0.2)) and this can be mainly attributed to the presence of
OH species on the surface. Borghols et al [341] made similar observation, but their Ti/O
ratio was relatively higher than the value reported here (1/(3.5£0.5)), and they ascribed this
to the adsorption of H.O/OH species on to the surface. Another study reported a similar Ti/O
ratio of (1/2.11) [342]. Our EDS results suggested the occurrence of selective adsorption of
different anions in different regions through competing for active adsorption sites. Hence,
cracks initiate in the brittle areas comprising Ti phosphate and propagate easily through the

porous region 2 comprising Ti oxides with pre-formed stress concentration sites before
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reaching the upper denser region 1. This indicates that preferential adsorption of phosphate
and its interaction with Ti inside the pores plays a significant role in the occurrence of failure
and thus, the findings can be taken as a supporting evidence for the second hypothesis
previously proposed. However, this does not necessarily mean that the gaseous phase
generated by electrolysis does not have a role in the failure of the samples, as it can act as a
contributing factor in putting a significant load on these brittle areas, particularly at the
sintering necks between the Ti particles (which are around 30.5 pm in diameter) and further
weaken them, leading to sample disintegration. This can be confirmed by the fracture surface
shown in Figure 113.b where some rough areas can be seen in region 3, indicating the
material underwent plastic deformation and showed some mechanical resistance to the

pressure applied by the bursting bubbles.
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9 Conclusions

The main aim of the present work was to examine the use of Metal Injection Moulding in
combination with a Space Holder (MIM+SH) for producing near net shape, open-celled
Ti foams, with different volume percentages of porosity and pore shapes, with the
potential for biomedical applications.

The first step towards achieving that was the development of a homogenised feedstock
(without space holder) that can be easily injection moulded into the desired shapes. This
was then compared in terms of performance (rheological, melting and sintering
behaviours, as well as dimensional shrinkages) against a benchmark commercial
feedstock in order to assess its suitability for the production of Ti foams. The commercial
feedstock which was chosen for comparison purposes was PolyMIM® Grade 2. The
feedstock developed had a 58 vol % solid content comprised of relatively coarse Ti
powder with a mean particle size of 75 pum.

It was found that samples made with the developed feedstock shrank 35% less than
samples processed by the commercial feedstock and had a relative density 14% lower
than that of the samples processed using commercial feedstock. The average pore
diameter for samples processed by the developed feedstock was approximately three-
times larger than that of the commercial feedstock, and the pores were less round with a
sphericity of about 0.49. Based on the results, it was concluded that the use of coarse Ti
powder could be beneficial in increasing the competitiveness of MIM among other
processes for the production of biomedical parts, as it saves cost, reduces shrinkage and
also results in more of the intentionally-induced micropores that are desired for cell
attachment and bone ingrowth.

After confirming the suitability of the developed feedstock for MIM, it was decided to
move into the next step of introducing a space holder material into the feedstock and the
developing Ti foams. Potassium chloride was used as a space holder and added into the
mixture in different particle sizes and shapes. However, one significant barrier towards
producing Ti foams was the long debinding and dissolution time required to remove the
space holder and the soluble part of the binder (PEG), which can take up to 72 h. Thus,
different water debinding and space holder dissolution techniques was explored in order

to quicken the process and shorten the amount of time required for the debinding stage.
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Ultrasonic water dissolution at the peak melting temperature of PEG was found to be the
fastest technique of water debinding and dissolution where the space holder and PEG
were completely removed from a specimen of 10 mm in diameter and 6 mm in height
within four hours. Hot plate stirring was second fastest method with a total removal time
of 8 hours. It was also found that the dissolution temperature can play an important role
in increasing the removal rate of PEG and space holder. The activation energy for the
dissolution process was found to be 21.4 kJ/mol, consistent with the dissolution of PEG.
Then, a selection diagram for the different debinding processes was created, showing the
trade-off between dissolution temperature and time and the optimum conditions for an
equal weighting of low time and temperature was estimated to be ultrasonic conditions at
50°C. Hence, these conditions were used for debinding samples in all further experiments.

After addressing the debinding problem and validating that the materials processed were
suitable for the production of titanium foams, the relationship between the space holder
percentage and the amount of final porosity and strength was investigated by varying the
amount of space holder in the feedstock from 17-60 vol%. It was found that the
relationship between the space holder amount added to the mixture and the final amount
of porosity in the foams is not linear and follows a more complex one-phase exponential
decay function in increasing form, where the percentage of porosity in the samples
increased very rapidly at first, and then the increase slowed down to become asymptotic
to an upper limit. Such behaviour was ascribed to increased volume shrinkage in the
samples with increasing amount of space holder. This claim was supported by the amount
of shrinkage in the sintered samples with the amount of space holder added, where it was
found that the amount of volume shrinkage in the samples increases exponentially with
increasing the amount of space holder added. The relationship between the relative
density and the yield strength of the foams produced was observed to give an adequate fit
to both linear and power law regressions, and therefore it was difficult to draw a firm
conclusion concerning the trend of relative yield strength with relative density outside the

density range tested.

The effect of the shape and size of the space holder on the final amount of porosity and
strength of the foams produced was also investigated by preparing four different
feedstocks using fine and coarse spherical and cubic KCI powders. The results were found
to suggest that the shape of the space holder does not have a remarkable impact on the

percentage of final porosity in foams produced, unlike what has been reported in the
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literature for other systems. However, Ti foams made by spherical space holder had a
higher yield stress than those made with the cubic space holder. Such difference was
ascribed to the shape of pores present in the samples, where cracks can initiate more easily
in the samples with irregular and angular pores compared to regular spherical pores, as

such angular pore shapes act as stress concentration sites with pre-formed crack tips.

Making foams with a hierarchically organised structure and gradient porosity was also
attempted by sequential injection moulding of feedstocks with different compositions
(with and without space holder) at different intervals. The results showed that it is possible
to produce double and triple layered porous titanium with macro and micro porous layers,
nonetheless layer separation occurred during the debinding stage, arising from the

differences in dimensional shrinkage and resulting in failure of samples at an early stage.

Several trials were also carried out in order to investigate the suitability of the MIM-SH
in processing of complex biomedical parts such as surgical staples and a modified femoral
stem with a deposited porous layer. In the case of the staples, they retained their shape to
some degree after sintering, while partial bonding of the porous layer onto the modified
femoral step was achieved. The findings suggest that shrinkage could be an issue, which

can be overcome by modifying the design of the part to account for it.

Since they were produced with the potential for biomedical applications, Ti foams should
not be only porous to remedy the stress shielding problem, but also bioactive in order to
promote better bone ingrowth, mechanical fixation and induce chemical integration.

Thus, two approaches were investigated in order to address the bioinertness of Ti.

The first technique used involved adding a bioactive material (hydroxyapatite) into the
powder mixture in very small volume percentages. The result suggested that the addition
of HA to Ti can induce brittleness in the structure and reduces the load bearing ability of
the titanium foams significantly by resulting in weak ceramic phases. The extent of this
brittleness depends on the amount of HA added to the structure and thus, special care
must be taken by balancing between the amount of HA added and the strength obtained
in order to achieve a good strength in the structure as well as potentially better
biocompatibility. It was also found that adding 2% of coarse HA powder into the powder
mixture can yield Ti foams with a yield strength higher than that without HA.
Nevertheless, the foams made with HA had reduced ductility and so less ability to absorb

energy than those made without HA; the structure collapses after yielding without any
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plateau region similar to a ceramic material. The effect of adding 2% HA on the biological
activity of the Ti foams was also investigated in vitro and the results showed that the
addition of HA did not significantly improve bone cell attachment and ingrowth into the

porous foams.

The second technique investigated to potentially remedy the bioinertness of Ti was to
treat the samples in an aqueous solution of disodium hydrogen phosphate using cyclic
voltammetry at two different scan rates. Three group of samples with different
percentages of porosity and pore sizes were treated, namely relatively dense (7%
porosity), microporous (20% porosity) and macroporous (62% porosity). The shapes of
the cyclic voltammograms for the relatively dense samples were less erratic and sensitive
to the change in the scan rate with more distinctive peaks particularly for the scan rate of
4.22 V s, unlike that for porous samples were they had a hump-shaped start and less
distinctive peaks, indicating occurrence of complex multi-electron transfer processes. The
results also showed that relatively dense samples or samples scanned at 4.22 V s with
very low porosity (7%) and closed pores exhibited less charging current. This was due to
them having less surface area promoted by the lack of open pores and the limited
availability of active adsorption sites, which resulted in reduced capacitance and
electroactivity compared to more highly porous materials. This situation has led to the
development of relatively thin surface oxide layers with a thickness which increased
slightly with decreasing scan rate. In comparison, samples with higher porosity and open
pores required much higher charging current, due to increased capacitance, and developed
much thicker surface layers that can reach more than three times the thickness developed
in relatively dense samples. The layers penetrate through the pore surfaces in the samples,
forming a network of surface and subsurface coatings. The uniformity of the layer
chemical composition with depth in the porous samples was found to be greatly dependent
on the porosity and pore size, which dictate how well the structure is accessible to the
electrolyte and the number of active sites for the specific adsorption of different
electrolyte anions. The samples with the highest porosity (61.5%) and coarsest pores
(average pore size 348 um) had consistent chemical composition with depth, unlike
samples with smaller pores (57 um) and lower porosity (20%), where concentration
difference in phosphate with depth was observed. In addition, it was also noted that the
oxide thickness developed in porous samples is reduced with depth due to preferential
concentration of the electrical field on the external surface of the sample. The oxides
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formed were mainly composed of anatase, rutile and Ti phosphate. The results
demonstrate significant potential of surface engineered porous samples for biomedical
applications in not only addressing the stress shielding problem, but also improving the
chemical integration as they have accessible large internal surface area covered with
rough and porous oxide layers, which would theoretically be beneficial for improved cell

attachment.
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10 Future Work

Increasing the solid content of the feedstock via further optimization of the processing
parameters can be conducted in order to produce foams with a higher volume percentage
of porosity (i.e. lower relative density) by adding a higher percentage of space holder
and/or lower shrinkage after sintering by increasing the percentage of the Ti powder. This
would be useful in increasing the potential use of such foams as a substitute material for
bones with high porosity percentage (>70% vol) such as trabecular bone, and reducing

the problems associated with the shape change on sintering.

In addition, although double and triple layered porous titanium foams were successfully
produced through MIM-SH process, this type of process could be developed further.
Some layer separation occurred at the interface during debinding in this work and this led
to sample failure at low levels of shear stress during shear testing at the interface. This
problem could be overcome through the use of a low pressure injection moulding system
with a multi barrel system or two component injection moulding, where two injection
units (vertical and horizontal) can inject feedstocks with different compositions

simultaneously.

While the impact of adding HA to the Ti was evaluated and found to have a detrimental
effect on the amount of energy absorbed by the foams, yet using a finer Ti powder and
sintering at a lower temperature can be investigated to prevent or lessen the extent of
decomposition of the HA and the formation of the weak ceramic phases. In addition,
further characterization of the coatings developed through PEO such as surface roughness
and hardness can be carried out. Furthermore, assessing the bioactivity of the PEO coating

developed is recommended for future work.
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