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1 Introduction

Introduction

Since themid-20" century, Nibased superalloys have been the dominant material of
choice in the high temperature region of gas turbine engiies working environment
demands high temperature, stress, pressure and environmental resistance from the alloys
used.The Nibased superalloy structures advanced from polycrystattngirectionally
solidified single crystals. The alloys also underwent sewveeraritical alloying
development stagesuch as the additions of Re and Ruthe latest generation
superalloysto achieve higher temperature capabiliti#hese materials have thus far
served their purpose well with increasing temperature capabilities to meet industry
needs, now howeveiurther advance®f their high temperature capabilitiese not
possible,as Turline Entry Temperatures (TET) arexpected to increaseell beyond

the melting temperature of Ni future gas turbineCur r ent TETs are a
Ni-based superalloy melting temperatures
TETscooling channe within the turbine blades and thermal barrier coatings (TBC) are
needed to maintain the surface temperaturé&g-2C.

Due to environmental and operational requirements the TET will increase towards
at least ~1900 °C and Miased superalloys will be inagigate for operation at these
temperaturesNew, higher temperaturalloys must be developed to meet the future
requirements of gas turbine enginegh temperature alloys that have gained interest
are those based on the silicides of refractory metaldWh,Ta and Whowever, their
silicideshave poor toughness in their monolithic fo(Bewlay et al. 1997)Table 1.1

lists and compares the properties of the refractory mgai & Gnadenberger 2006)

Table 1.1 Properties of refractory metals(Grill & Gnadenberger 2006)

Niobium Tantalum Molybdenum Tungsten

Melting point (°C) 2470 2996 2610 3410
Boiling point (°C) 3300 6100 4800 6700
Crystal structure Cubic body centred Cubic body centred Cubic body centred Cubic body centred
Density (g/em?) 8.57 16.6 102 19.3
Young’s modulus (GPa) 110 186 290 358
Coefficient of thermal expansion (1/K) 7.1x107¢ 59x107¢ 541078 4.5 % 107°¢
Thermal conductivity (W/mK) 52 54 142 166
Electrical resistance (ohm m) 148 x 107% 13.5x 107% 52x 1078 55x 107"
Workability at room temperature Good Good Middle* Bad*
Ductile/brittle transition temperature (°C) —150 —260 —20 300
Softening temperature (°C) Ca. 1000 Ca. 1400 Ca. 1300 Ca. 1600
Corrosion resistance High Very high Low Low




1 Introduction

The inherent brittleness of the silicides in themalloyedform can be overcome
by alloying to give a combination of the refractory metal silicide along with a
tougheningsolid solution phaseThis dual phase microstructure can increase the
toughness of the alloy and improve its mechanical propéBmslay et al. 1997)Both
Nb and Mo silicidebasedalloys have been deemed as promising. WheSi; has the
second highest melting tegrarature (2520 °Cpf the 53 refractory metal silicides.
Nb/NbsSi; based alloys havdensites lower than thosef Ni-based superalloys (<9
glent) (Lewandowski & Rigney 1996and Mo silicide based alloys (<10 g/8nanda
lower ductile to brittle transition temperature (DBTihan the latterThese attributes
are among the reasotigtNb silicide alloysand are currenglreceiving much attention
as potential replacements for thé ased superalloys in high pressure gas turbines

These new alloys, which are also known asiNbitu composites owing to th@e
situ formation of the silicide phase during solidification or Pkbcessing, must offer a
balance of room and elevated temperature properties with oxidation resistance at low (<
800 °C), intermediate (800 < T < 110WC) and high (1100°C < T < 1400°C)
temperatures. Oxidation resistance with high temperature (> 1G@pGtrength and
creep behaviour are key requirements. Oxidation behaviour is critical given the pest
oxidation of Nb intermetallics and the susceptibility of Nb to contamination by
interstitials. The new all oys nstaaceand av e
will be protected by TBC type (i.e., bond coat(s) + thermally grown oxide(s) + ceramic
top coat(s)) coatings in service, like the Ni based superalloys.

The word composite implies that these new materials can be either of the metal
matrix type (lgher than 50% volume fraction of the solid solution phaseg)Niy
intermetallic matrix type (higher than 50% volume fraction of intermetallic compounds
like NbsSi, NbSi;, NbCr, and others depending on alloy chemistry). At room
temperature their toughress controlled by the Nb(chemistry, spatial distribution,
size, vol%) and their strength by the intermetallics (type, chemistry, vol%) and the Nb
(chemistrysolid solution strengthening, vol%). At all temperatures their oxidation
behaviour is contrééd by the Nb (chemistry, spatial distribution, size, vol%) and the
intermetallics (type, chemistry, spatial distribution, vol%) and their mechanical
properties by the N (chemistrysolid solution strengthening, vol%) and the

intermetallics (type, cheistry, vol%).
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The new alloys belong to NBi-Ti-X-Y systems where X is sd electronic
configuration (i.e., transition metal TM, for example Cr, and/or transigdractory
metal (RM), for example Mo) and Y is sp electronic configuration metal (for example
Al, or metalloid). Alloying additions that are expected to benefit oxidation behaviour
are Al, Cr, Si and Ti. With the exception of Si, the other elements have solid solubility
in Nbssthat increases as its Ti content increases. The solid solubilities afdACr in
the Nb silicides are low, particularly for the latter, but that of Ti is high. The Al and Cr
are considered desirable owing to the properties of alumina and chromia but the
concentrations of these two elements are limited by their effects @i RBd liquidus
temperature, respectively. Titanium is desirable becausigntficantly improvesthe
oxidation of (Nb,Ti}s and Si, as the element responsible for the formation of silicide
intermetallics, iI's expect eddeveloping tbernew s i |
alloys has been the NBI-Ti-Al-Cr system (Zelenitsas & Tsakiropoulos 2006b;
Subramanian 1997)

Other alloying additions that have been shown to benefit oxidation behaviour are
B, Ge, Hf and Sn. Hafniuns soluble in the N and its solubility increases with the Ti
content of the | atter. Hafnium is expect
effecto by scavenging oxygen aiGdammenosc on't
& Tsakiropoulos 2010b; Grammenos &sakiropoulos 2010a; Grammenos &
Tsakiropoulos 2011)

Titanium is the alloying addition that benefits the toughness of thg axio
NbsSiz. The Al, Cr and Si have an adverse effect on the toughness of thenvNich
critically depends on the Al + Cr dnTi contents of Si free Np(Davidson & Chan
1999) Thus, research on alloys &iet Nb Si-Ti-Al-Cr system has sought to optimise the
(Nb,Al,Cr,Si,Ti)ks chemistry(Bewlay et al. 1997; Mathieu et al. 2012; Bewlay et al.
1996; Grammenos & Tsakiropoulos 2010a; Zelenitsas & Tsakiropoulos 2005; Geng,
Tsakiropoulos, et al. 2006dyormation of Si free NQi n A s i ASpRMeaboysNsb
controlled by the type(s) of refractory ta{s) in the alloy, but the oxidation behaviour
of the alloys is poor. The RMs form continuous solid solutions with the Nb and offer
significant solid solution strengthening on their own or in synég&ha, H. Hirai, et al.
2003; Kim et al. 2002) The RM solid salbility in the NRSi; is small. Elevated

temperature strength and creep behaviour benefit from the effects of RM(s) on the



1 Introduction

properties of the N3 However, the additions of Al, Cr, Hf and Ti tend to have an
adverse effect on elevated temperature strengttceeep behaviour.

The research described in this thesis is part of a wider R&D effort that aims to
develop Nb silicide based alloys (N situ composites) with a balance of properties at
room and elevated temperatures. The same was therefore the thiis research. The
objective of this research was to understand how Sn and Hf affect the properties of Nb
18Si silicide based alloys in the presence of RM(s) and/or TMs. The tactics to achieve

the objective of the research were the following:

® To investgate the effect of alloying with Hbn the properties on the
i b ads iacl | ospiondNbI8P-ATI-5AI-5Cr.

(i) To investigate the effect of the synergy of Hf and Sn with RM(s) by
controlling the type of sp and sd electronic configuration elements and
the comentration of the latter in the alloy. In this research the sp and sd
elements of the studied alloys respectively were the Al, Si and Sn and Cr,
Hf, Mo, Nb, Ti and W.

Phase equilibria data was the key for the design and selection of the alloys for this
research. Phase equilibria was available only for some subsystems of-BieTNBI -
Cr-Hf-Mo-Sn-Ti-W either via commercial database(s) or internal (i.e., research group)
work. The available phase equiiid relevant to this research doeefly reviewed in
section2.1 The processing of Nb silicide based alloys poses numerous challenges
owing to the different melting points of the alloying elements (f282 C for Sn to
660 <C for Al, to 1414°C for Si, t01668°C for Ti, to2477°C for Nb, to3422°C for
W) and the sluggish solid state kinetics. Solidification processing is the preferred route
as early research demonstrated that it is possible to cast DS alloys (and thus the
potential to cast single crystal (SXlloys with/out internal cooling). PM route
processing has also been considered to produce near net shape components. The
processing of Nb silicide bagealloys in briefly reviewed in sectiah2 The properties
of developmental alloys are briefly reviewed in secti&i3 (oxidation) and2.5

(mechanical properties).
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Literature review

The following section discusses the gehéopic surrounding this body of work and

covers the major areas of interest.

2.1 Phase equilibria

Alloy design and development requires a good understanding of phase equilibria so that
phase selection and stability can be understood and exploited towaadsingpthe

desired properties.

2.1.1 The NBTI-Si system

The addition of Ti to Nksilicide based alloys is vital to the improvement of the room
temperature fracture toughness and oxidation resistance of theFajaye 2.1 shows

(a) the binary pase diagam of the NESi system, (b) the binary phase diagram of the
Ti-Si system and {ahe 3D ternary phase diagn of the NbSI-Ti system. In the binary
Nb-Si system there is a eutectic at ~ 18 at% Si. This is the concentration of Si in higher
order alloyswith optimum creep performance. Solidification of alloys with 18 at% Si
can result in Nb-NbsSiz; or metastable NigNbsSi; eutectics depending on alloy
chemistry. The N§Bi can transform eutectiodally to NI Us8ijoand the stability of

the latent microstrcture can be controlled via alloying.

(a) (b) 2408 L L : L
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‘ 2520°C, \ 2208 - Soc . L
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y \ =) 1
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(©)

Figure 2.1 (a) the NbSi binary phase diagrartzhao et al. 2004)(b) the TiSi binary
phase diagran{Liang 1999)and (c) the N#Ti-Si 3D ternary phase diagraifzhao et
al. 2004)

Figure 2.1 (¥ shows the NHI'i-Si system with 4nain intermetallic phases; A,
NbsSiz, TisSi and TiSis. Table 2.1 shows the crystafhsttures for the main phases in
the NBTi-Si system. The Nsi and TiSi are isomorphous, as both have tR&2
structureand the T§Si is stable to room temperatusseFigure2.1(b). Therefore as the
Ticontenti ncr e as e s s+ NbdSieutdctic ¥ shitéd from 1880 °C in the4Sb
binary tolower temperatureandthe NRSi is stabilisedoelow 1700 °C.

The s8aNH32) and TiSiz (hP16) are not isomorphousthe Ti, which
promotes the formation of the regonal phase 3%i; tends to stabilis¢he tetragonal
b N4g%i; (owing to the stabilisation of NBi to lower temperature, the transformation
b Ng9i; + NbsS i Y 43iNib also shifted to lower temperatures thus the stability of
b NgSis is extended to temparaur es bel ow 1940 AGS:Taemd t h
stabilisation of NBS i a ns8i;, amd\iiee formation ofisSis meanthat the amount of
Ti used in the alloy must be chosen carefollying to the adverse effect bfgh Tion
the melting temperature ofi¢ alloy and the formation of sBiz at high Ti contents in
the 53 silicide. The T4Si; has lower melting temperature than s8R and thus is
undesirable owing to its adverse effect on the creep properties of theTdeogmount

of Ti is limited to belov 25 at% so that thealloy melting temperature is kept above
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1700 °C and the formation of sBiz is supresse(Bewlay etal. 2004) As well as being
stabilised by Titheo NsBis is also stabilisd by impurities, especially C.

Table 2.1Crystal structures of phases in the HiTi-Si, Nb-Ti-Si, Nb-Hf-Si and Nb-
Ti-Hf-Si systemgqYang, B.P. Bewlay, et al. 2007)

Phase symbol Thermodynamic model Pearson symbol Phase description

Hf-Ti-Si

(Nb) (Hf,Ti,Si),(Va)y cl2 Ternary solid solution with the bce_A2 structure

Hf,Si (Hf,Ti),Si 12 Ternary solid solution based on the Hf;Si

(Hf,Ti)sSi3 (Hf,Ti)sSi5 hP16 Ternary solid solution based on the Hf5Si; and TisSis

Ti;Si (Hf,Ti);Si tP32 Ternary solid solution based on the Nb;Si and Ti;Si

Nb-Ti-Si

(Nb) (Nb,Ti,Si);(Va); cl2 Ternary solid solution with the bee_A2 structure

TisSi3 (Nb,Ti)sSi5 hP16 Ternary solid solution based on the TisSis

(Nb,Ti);Si (Nb,Ti);Si P32 Ternary solid solution based on the Nb;Si and Ti;Si

aNbsSis (Nb,Ti) 5Sisy 132 Ternary solid solution based on the low temperature form of NbsSi;(D8/)
BNbsSi; (Nb,Ti) 5Si3 32 Ternary solid solution based on the high temperature form of NbsSi;(D8m)
Nb-Hf-Si

(Nb) (Nb,Hf,Si),(Va); cl2 Ternary solid solution with the bee_A2 structure

Hf>Si (Nb,Hf),Si 12 Ternary solid solution based on the Hf>Si

HfsSiy (Nb,Hf)sSi5 hP16 Ternary solid solution based on the Hf5Si;

Nb;Si (Nb,Hf);Si tP32 Ternary solid solution based on the Nb;Si

aNbsSis (Nb,Hf) 5Sis 1132 Ternary solid solution based on the low temperature form of NbsSi;(D8/)
BNbsSi; (Nb,Hf) 5Sis 132 Ternary solid solution based on the high temperature form of NbsSi;(D8m)
Nb-Ti-Hf-Si

(Nb) (Nb,Hf,Ti,Si),(Va); cl2 Quaternary solid solution with the bcc_A2 structure

HfSi (Nb,Hf,Ti),Si 12 Quaternary solid solution based on the Hf5Si

(Hf.Ti)sSis (Nb,Hf, Ti)sSis hP16 Quaternary solid solution based on the HfsSi; and TisSis

(NDb,Ti);Si (Nb,Hf,Ti);Si tP32 Quaternary solid solution based on the NbsSi and Ti;Si

aNbsSis (Nb,HfTi) sSi3 132 Quaternary solid solution based on the low temperature form of NbsSi;(D8/)
BNbsSi; (Nb,Hf,Ti) 5Si3 132 Quaternary solid solution based on the high temperature form of NbsSi3(D8 m)

Note: The T element in bold font is the major element in that sublattice

2.1.2 The NBbCr-Si system

The Cr is added tolb-silicide based alloys to improve thexidation resistancelhe
beneficial effect of Cr is via its presence in the;Nind the formation of the ¢Mb
oxidation resistant C14 Laves pha3ée Cr content does not usuadiyceed 5 at% to
maintain a | ow DBTT, an addition of 2
(Chan 2002a)The Cr additionat 5 at% is close to the minimum Concentratiorat
which the Laves phase can be stabilised, thmstributing to oxidation resistance,
without a strong adverse effect on the fractureghmess.Goldschmidt and Brand
published the 1000 °C isothermal section of theSW¥r system in 196{Goldschmidt

& Brand 1961) Since then, phase equilibria in this system has beeisited, either

experimentally, using cast aheéat treated alloydBewlay et al. 2009; Geng, Shao, et al.

at
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2006)and diffusion multiple¢Bewlay et al. 2009)or via the CALPHAD metho@Shao
2004; David et al. 2006; Zhaet al. 2003) The calculated 1000 °C and 1150 °C
isothermal sections by Zhao et @hao et al. 2003)gave adifferent three phase
equilibria region to that of the NbNbsSis-Cr,Nb region in the calculated isaimal
sections by Bewlay et &Bewlay et al. 2009)Shao(Shao 2004)and David et alDavid

et al. 2006) Geng et al(Geng, Shao, et al. 200@pnfirmed the latter three phase
equilibria that were first suggested by Goldschmidt and B(@uldschmidt & Brand
1961) Figure 2.2 shows the calculated isothermal section of theCiN&i phase
diagram by Bewlay et §Bewlay et al. 2009)

Si

T=1100°C

Figure 2.2 Isothermal section of the NB-Cr ternary phase diagram at 1100 °C
(Bewlay et al. 2009)

The bulk alloy compsition of an alloy with 18 at% Si and 5 at% Cr is shown in
Figure2.2. The alloy lies in the three phase fielddSk, Nbssand CgNb Laves phase.
Bewlay et al(Bewlay et al. 200pshowed that for alloys in this region there is the
possibility of forming the N§Cr,Si)s phase during saification, for example in the
Nb-16SH8Cr alloy. According to Bewlay et athe formation of Nk(Cr,Si)s could be
via the following solidificatin paths: L+NBESis Y  ( H#Nbg(Cr,Si)k, L Y
(Nbs9+Nbo(Cr,Si, a n dNbg(Cr,SMs+(Nbs)+CroNb (Bewlay et al. 2009)There is
no chemical analysis available for this phabke latter eutectic transformatiasmshown

in the microstructwein Figure2.3 (b).
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; Nbg(Cr.Si)s+(Nb)
i

Figure 2.3 BSE images of the asst microstructure of the Nh6Si 8Cr alloy at (a)
low magnification and (b) high magnificati¢gBewlay et al. 2009)

The microstructureshownin Figure 2.3 consists of largscale (~50em) (Nb)ks
dendrites, and an intglendritic twoephase (N4 NbsSiz eutectic, and a terminal
ternaryeutectic of N(Cr,Six+ (Nb)s+ CrNb (Bewlay et al. 2009)The Nky(Cr,Si) +
Nbss + CrNb eutectic was observed ithe ascast structure of the directionally
solidified (DS) Nb18Si15Cr alloy (located in the three phasesNbNbsSi; T CroNb
regionin Figure 2.2) but not in an alloy of the same composition that was studied by
Geng et al(Geng, Sha, et al. 2006) This discrepancy could be attributed to the
sensitivity of the aforementioned phases on growth conditions, as the eutectic was
formed by the last of the liquid to solidify and it is highly likely that the DS structures
studied by Bewlay teal were grown slowlycompared with the arc melted alloys of

Geng et al
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2.1.3 The CrHf-Si system

Hafnium is an important alloying addition ilNb-silicide based alloys because it
provides solid solution strengthening (SSS) in theisNimd scavenges oxygen
solution to form HfQ. Hafnium, like Ti, can substitute for Nb in the lattice ofsSh.
Figure 2.4 shows an isothermal section at 1200 °C of thEf&i system and the
binary Hf-Si phase diagram.

Si
(a) Calculation
T=1200°C

® Phase composition

Cr Cr,Hf(C15) bee(Hf)

Mole fraction Hf

2800 1 1 1 1
(b) & 68Bru - Incip, melting @ This work, Hf,Si+Ht,Si,
2600 ° 68Bru - Collapsed B This work, Hf;Si+HESi
= 68Bru-DTA
2400 Hi, Siy & 71Shu - Thermal |
pyi - ® 71Shu - 1-phase
(63 2900 - @ 71Shu - 2-phase [
&
5 2000+ =
g
2 1800 F A -
§
= 1600 -
1400 -
5] = | @G
- =l o LT Y -
1200 £ al F|T @
o I
1000 T T T
0 20 40 60 80 100
Hf Atomic Percent Si Si

Figure 2.4 (a)isothermal section of the #8r-Si ternary phase diagram at 1200 °
(Yang et al. 2009and (b) the HiSi binary phase diagrarfZhao etal. 2000)

10



2.1 Literature review

The isothermal sectiom Figure 2.4 shows that the (Cr,Hfpi; is stable at 1200 °C,
even though in the binary phase diagram théSkiphase transforms to b8i + Hf;Si;
at ~ 1920 °C.This means that Cr stabilises thes$l phase to dwer temperatures
Table 2.2 gives the crystal structure data for the-EifSi system.The (Cr, Hf}Siz has
the same crystal structure assSiy and thus Cr and Hf in synergy would aid the
stabilisation 0 £Si;. This emush bex takgro imta laccooniN Wwhen
developing alloys as the hexagonal phase is less resistant to creep than the tetragonal
phase.

According to Yang et alYang et al. 2009Lr and Hfform the (Cr,Hf,Si}Si; that
has the same structure asBar which i s |1 s o®olhyskthe sysergwi t h
of CrandHwo ul d al so desSid abilise the bND

Table 2.2 Crystal structure data for phases in the HfCr-Si ternary system(Yang

et al. 2009)
Phase Space Thermodynamic Phase description
symbol group models
L N/A (Cr,HESI) Liquid phase
bee(Cr)and  Im3m (Cr,HESI) Bce solid solution in the Cr-rich corner
bed HF)

Cr,Hf (C15) Fd3m (CrHN(CrHI) Low temperature polymorph of laves
phase Cr,Hf_C15 with Si dissolved in it
CroHf(C14) P63;/mmc (CrHESi){Cr Hf) High temperature polymorph of laves
phase Cr,Hf with Si dissolved in it
Cr3Si Pm3n (CrHISI)4(CrSi) Cr3Si phase with Hf dissolved in it
CrsSiy LT /mcm  (CrHfS1)5(S1)5 low temperature polymorph of
CrsSi; phase with Hf dissolved in it

HF;Si /mcm  (Cr,HI)LSi HESi phase with Cr dissolved in it

Hf3Sh P4/mbm (CrHI):Sh HESi; phase with Cr dissolved in it

(Cr,HNsSi; PG,y (Cr,HNsSiy (Cr,Hf)sSi3 phase with Cr and Hf
mcm dissolved in the metal sublattice

HfsSiy P4,2,2 (Cr,HIN)sS14 H£Si4 phase with Cr dissolved in it

CrHfSi CrHfSi Ternary CrHfSi phase

hep(Hf) P64/ (Cr,HESI) Hcp solid solution in the Hf-rich corner
mmc

CrSi P2,3 CrSi Binary CrSi phase

CrSip P6,22 (CrSi)(Cr,Si) Binary CrSi; phase

HfSi Pnma HfSi Binary HIfSi phase

HfSkz Cmcm HfSi2 Binary HfSiz phase

(S1) Fd3m (Si) Unary Si phase

11
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2.1.4 TheHf-Ti-Si System

Hf and Ti are both added to the alloy to improve the oxidation and pest resistance and
the taughness of the alloy. These two alloys however have a synergistic effect on the
NbsSisi n which they stakizdbver t he ;I digumed o a ll
2.4 (b) shows the binary phase diagram for tHeSHsystem. The HBi; phase has the

hP16 hexagonal crystal structure however, unlike th®i Bind NbSi systems, HSi; is

not stable at room temperature as mentioneskntion2.1.3 The TiSi binary system

(Figure 2.1b) does present a stable hexagonal hP1g&shphase at room temperature,

as it is isomorphous with the3silicide formed with Hf, the Ti stabilises thes8f; to

room temperature.
() (b)

@ T=1000°C 1 Si
@ T=1350°C

W Phasecomposition
@ Alloy composition
2
06\ HSi, S s
1
£ o8 § 2
Py 6§° 0.6
@ o
S HfSi, (HETOSI & o (HE,Ti)Si
< (HF,Ti)gSi, @ HisSi; 2
0.4 \ e 3 (Hf, Ti)sSi,
(Hi.TisSis (Hf, Ti):Si
Hf(Ti),Si +1)5Sl3
0.2 Ti;Si
0 0 7 ™
0 «(Hf,Ti,Si)0.2 0.4 0.6 0.8 B(H,Ti,Si) 1 Ou(Hf,Ti,Si) 0.2 0.4 0.6 0.8 p(H,Ti,si) !
Hf Mole fraction of Ti Ti Hf Mole fraction of Ti Ti
Si
(©) © T=1600°C 1
&
S
S o8
&
£ (HE.Ti)S
e (HF,Ti)sSi
\ (HA, Ti)sSi;

f
0 o(Hf,Ti,siy 02 04 06 0854 Ti,si) !

Hf Mole fraction of Ti Ti

Figure 2.5 isothermal sections of the ternary-Hif-Si system ata) 1000, (b) 1350 and
(c) 1600°C (Yang, B P Bewlay, et al. 2007)
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Figure2.5 shows the ternary THf-Si system af000, 1350 and600 T, it shows
that the (Hf, Ti}Si; phase is stablat these temperaturess the temperate is reduced
from 1600 to 1000 °Cthe Hf solubility in (Hf,TixSiz reduces and destabilises th&
silicide phaseginsteadstabilising theHf;Si; phase

2.1.5 The NbSi-Hf System

Hafnium is added to Nbilicide based alloys to improve theaxidation at Igh
temperature, Hfeduces the oxidation rate at ~1200 °C, but has little to no effect at
lower temperatures ~800 °(Geng, Tsakiropoulos, et al. 2006&)f is also added to
increase the fracture toughness of the alloy as itinereas t he al | oyds abi
plastically. Hf forms HfSiz but does not form HS&i (Figure 2.4 b), therefore it wuld
be expected tdestabilise the N§Si, which is beneficial athe NbsSi has inferiorcreep
properties compared to NBi;. The HESis3 is not isomorphous with tetragonal 8
but is with TESis, as both phases have a hP16 crystal stru¢@irao et al. 2004; Zhao
et al. 2000xhis means that Hf stabilises the;Si silicide and vice versaAn increas
in Hf and Ti content inthe-8 silicidec oul d al so st abisSkjwhiegh t he
is undesiredDue to the udesirablephase stabilisation, the amount of Hf and Ti must
be limited to reduce the formation of these unwanted phases. The ratioHWb)(flas
been used to determine the stability of the hexagonal or the desired tetragonaltphase.
has been suggested that thgtimum ratio for tetragonal phase stabilisatisnin the
range 1.8.2. As the ratio decreases towards 0.8, the chance oflistab the
hexagonal phase increagBgwlay et al. 2004)

Figure 2.6 shows tle ternary NeHf-Si phase diagram antid isothermal section
at 1500°C and the phases in the ternary system are shdwble?.1.

13
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) %2480°C

Hf(Nb},Si,
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Figure 2.6 (a) the ternary phase diagraof the NbBHf-Si system (bisothermalsection
of the Nb-Hf-Si system at 1500 °@Bewlay, Zhao, et al. 1999)

Alloying with Hf does not cause significant drop inthe melting temperatureghe
latter decreasei$ from 1880 °C towards 1800 °C with increasing Hf, it does however
increase the eutectoid transformation temperature from 1700 °C to 177éClb
stabilises the HBi; to lower temperaires (~1500 °C).

2.1.6 The Nb24Ti-18St5Cr-5Al alloy

The Nb-24Ti-18S+5Cr-5Al (at%) alloy is considered to béhe base alloyfor the
development of Nisilicide based alloys and thus important flois project.Zelenitsas
and Tsakiropoulo§Zelenitsas & Tsakiropoulos 200pgrformed a detailed study of this

alloy to examine the effects of Cr and Al e microstructure and oxidation resistz.

14
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The alloy was studied in both the as cast and heat treated condition using SEM/EDS and
EPMA. The microstructure of the as cast alloy consisted of two main phases, namely
the (Nb,Ti)ssa nd b 9 as well as a small volume fraction of the C14 Laves
phase, which formed at the interface between the (NbaAih d b IW bs, cdni be

seen inFigure 2.7 (Zelenitsas & Tsakiropoulos 2005)Both the (Nb,Ti)s and the

b ( N bsSizTconjainedareas that werech in Ti, which can be seen iRigure 2.7 as
regions exhiling darker contrastHowever, after 100 h heat treatment at 1500 °C the
(Nb,Ti)sswas homogenised and no longer contained Ti rich avdaish however were

still present in the (Nb, Tipis.

Figure 2.7 SEM image of asast microstructure of the NBAT18Si5Cr-5Al alloy
showing Laves phase precipitates at 1000X magnificati@d®lenitsas &
Tsakiropoulos 2005) The bright areas are (Nb,Ti)and the grey areas ar
(Nb,TisSk.

The alloy was heat treated twice, once at 13000t 100 h and again at 1500 °C
for another 100 h to promote homogenisation of the microstrudtigare 2.7 shows
the microstructure and the precipitation of Laves phase and TiN at grain boundaries
after the first heat treatment.

15
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Figure 2.8 SEM images of the heat treated microstructure (1500 °C at 100 h) of the Nb
24Tr18Si5Cr-5Al alloy showing formation olbss precipitatesin NbsSk and Laves
phase and TiN at the NINbsSk interface (a) 300X and (b) 2000XZelenitsas &
Tsakiropoulos 2005)

I n t he l atter It I $Si; pahtially grdansforméedh iata t h
U (N bsSisTand)(Nb, Ti}s and small C14 Laves phase precipitates formed between the
(Nb,Ti)sSiz and (Nb,Ti}sregions.There was also precipitation of small (NbgfQrains
within some of the (Nb, Tépis grains.It is believed that the presence of Cr in the alloy
caused the formation of the Laves ¢bhase
Y U ( b8k + (Nb,Ti)s Figure2.9 shows the microstructure of the alloy after the

second heat treatment, showing that further homogenisation had occurred.

Titanium
7 nitrides

Figure 2.9 SEM image 2000X of the NI Ti18Si5Cr-5Al alloy after 200 h atl500
°C. The circled regions are grains which have Laves phase precipitates on their
boundaries (see also figure 2.7 [@glenitsas & $akiropoulos 2005)

After the second heat treatmdhb00 °C)further refinement to the microstructure

and homogenisation had taken placé.h e transf or magSik ton of

16
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U ( N bsSisTang (Nb,Ti}s had progressed furthefhere was however still ste

b ( N bsSizsTpreyent so the homogenisation process was not fully complékesl.
confirmed the sluggish transformation kinetics in this alloy and would indicate that
alloying Nb-18Si with Cr and Al did not have a strong effect on the diffusade of T.
There were also some areas of high Ti concentration in (NBiJWhere the Cr and Al
content was also higtPrecipitates of C14 Laves phase had also formed around the
(Nb,Ti)sSi3 particles at the boundary with (Nb,&ijZelenitsas & Tsakiropoulos 2005)

It has been suggested that the progression fthfe transformation

b ( NbsSis¥ U) N bsSisFi(Nb, Ti)ss was accompanied by a reduction of Al and Cr in

t he b (SN bt ,hdsiajso been suggested that the Ti, Al and Cr rich areas of
(Nb,Ti)sSi; corresponddt o s u p e r s Bk phasa and the T, Mdind Cr poor
areas correspoedt o t hSiz pHade During heat treatment the (Nb,Jdfame to
equilibrium and precipitates of the Laves phase &aton the outside of (Nb,Tdpi; as
the Aland Cwerer ej ect ed via t he tSi;n sUf( dyBigiEie i)o n
(Nb,Ti)ss was formed as a product of thisansformation and precipitatetound and
inside the (Nb, TgSi; grains.

2.1.7 The NbBMo-Si System

Mo is an important alloying addition due to its solid solution stiesging,
improvement ofthe oxidation (at low concentrations), creep and strength of thg Nb
and refinement of thenicrostructurg(Ma et al. 200Q)Mo is fully miscible with Nb at
all temperature§Okamob 2000) Figure 2.10 shows the MeSi binary phase diagram
(Chen et al. 2009and 800 °C isothermal section of ti¢b-Mo-Si system(Savitskii
1965)

17
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Figure 2.10 (a) Binary MoSi phase diagram from 12&¥00 °C (Gokhale &
Abbaschian 1990and (b)800 °C isothermal section of tidb-Mo-Si system(Kozlov
2010)
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Further work has been done to give finer detail of theMdbrich region of the
ternary diagram as reported by Geng €Gang et al. 201QMa et al have investigated
this Nb-Mo rich region using experimental techniques, quenching alloys of different
compositions at 1973 °C to freeze the microstruc(ila et al. 200Q) The partial
Ternary system derived from this work can be seehRigure 2.1. The experimental
results from this paper show no evidence of a (Nb(Mo)phase in thé&b rich section

of the diagram. This would suggest tihd has a large effect on the destabilisation of
the NRySi siicide phase.

o F——————2\MosSi,

\ ﬁ-(NB-M°)5.513+ (MO(Nb))JS\
X . '_!_.' % . f.;' “ l;;,":- ‘ MO]Si

X1 B-(Nb,Mo)sSis+ (Mo(Nb)),Si+Nbs

[ NS

! ._u-(Nb(Mo)}55i3+ﬁ-(Nb,Mo)5si3+Nﬁ,;\

/o - NN\ AL (Mo(Nb)),Si+Nb,,\
ook B B (NDMO)Sg#ND, e S
10 20 30 40 50 60 70 80 90

Figure 2.11 Partial isothermal sectiof the NbMo-Si system at 1973 °C (solid circles
are alloy compositions, empty circles are EPMA res\iitg et al. 2000)

Table 2.3 shows the crystal structure data for the-Mb-Si ternarysystem.It
shows that Mo substitutes for Nb in §8is, as M@Siz;i S | somor p hlzus wi
(Savitskii 1965; Bewlay et al. 2003) T h gSis phiisk is therefore stabilised in the
presence of Mo, except at low Mo concentrations (below ~ 3 at%). Mo forBik a
silicide, theMo3Si as does Nhoweverthe M@Si is not isomorphous withhe NSi
thus Mo should be expected destabilisethe latter The binary phase diagram shows
that, although themelting temperature of Mo is higher than that of Nb, thelting
temperatureof MosSis is lower than that of NiSis. It is therefore expectedhdt the
substitution of Nb by Mo willlower the melting temperature of tidbsSis silicide

phase andncrease the melting temperature of {IhNd,Mo)ss phase, overall increasing
the temperature of tHebsSi; eutectic.
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Table 2.3 Crystal structure data for the Nb-Mo-Si phase diagram

Phase Formula Prototype | Pearson symbol
Si
(5 Si C cF8
Si
(Nb,Mo) N W >
o} c
(Nb,MO) 4 0.52
MosSi
s MosSi Cr3Si cP8
MoSk 1t ) )
) MoShk MoSk, 16
MoSh
Nb5Si3 r .
. ) NbsSis CrsBs tI32
UNbsSk
NbsSi; ht,MosSi;
(Nbs ° ) Nb,eM0,.Sk | WsSh 1132
(Mo,Nb)sSi;
(NbSh,MoSk ht) ] )
NDS, Nbg ;M0g gSh CrSp hP9

2.1.8 The NbW-Si System

The addition of W is used tanprovecreep,high temperaturstrength and oxidatioat
low concentrationThe main drawback ddilloying with W is the effect on the alloy
liquidus temperature and subsequetitly problemawith solidification processingnd

homogenisationFigure2.12 shows the binarW-Si phase diagram from 106500 °C.
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Figure 2.12 TheW-Si binary phase diagram from 103300 °C(Naidu Negender et al.
1990)

The W forms a WSi3 si | i ci de t hat i s isBcilcioe p hou
(which has the prototype 38is). As was the case with Mathe WSi; has a lower
melting pointthanthe NRkSi;, but the W.sNbsSi; eutectic temperature tlagher due to
the highmeltingtemperature of WThe W does not form a-2 silicideand thuswill not
be expected toontribute to stabilising the N8i phaseFigure 2.13 shows the25 °C
isothermal section of the NW-Si ternary systemThe solubility of W in U N4$iz is 5
at% abovethic oncentr at i on sSi;and (WN)Si; ipstailiseeto ~UN b
at% W. The solubility of Nb in \A5i; is up to 50 at% Experimental work has been
done on the NlW rich section of the phase diagrawith Nb-16SixW alloys (x= 5, 10,
15) (Ma et al. 2004) The microstructuieof the alloys at 1700 °C consisted of two
phase, namelyNbssandNbsSis.
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Figure 2.13 Isothermal ternary NWW-Si phase diagram at 25 °@uss 2007)

ternary hnase diagram (a) and the W rich section of the 1700 °C isothermal section of

Figure2.14 displays the liquidus projection for the W rich section of theS\kV

the NBSI-W ternary phase diagramth.hhe | i qui dus projecti on

stable over a large W concentration range, with the Hatadge shifting towards the
Si rich region with increasing Wr'he isothermal sectioshows a stable solid solution

through all concentrationsf W,t he st abil ity of the

and the Si concentration increase, as indicated by the liquidus projection.

b
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Figure 2.14 Liquidus projection (a) and Isothermal ternary section at 170@b) of the
W rich section of the NBFW systenfMa et al. 2004)

2.1.9 The NBbSi-Sn System

The importance of the addition of Sn to Nb silicide based alloys becappsent
during oxidation studies antermediate and high temperatsirdt low levels ~1.5 at%
(Bewlay et al. 2003)Sn has shown tamprove oxidation resistance and eliminate
pesting ando reduce theoverall oxygen ingress into the bulk of the aljoyhich is
thought to be fronthe formation of NkSn (Geng, Tsakiropoulos & G. Shao 2007,
Geng & Tsakiropoulos 2007The binary SiSnand NkSn phase diagmas, are shown

in Figure2.15 (a and b) In the NbSn system there ar@ intermetallicphases, N¢sn,
NbeSns and NbSa. In respect to this work the NBnis important.In earlier studieshe
stability of this phaselown to room temperature wassputed(Okamoto 199Q)more
recent workhas showrthe NiySn to be stable to room temperat(i®ffolon et al.

2002) as shown irthe phase diagram Figure2.15. The NBSn phase is isomorphous
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with NbsAl, the latterphase isconsidered to béetrimentalfor the Nbsilicide based
alloys.
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Figure 2.15 SiSn (a) and Ni5n (b) binary pase diagramgOlesinski & Abbaschiar
1990)(Okamoto 2003)

The 1600 °C isothermal section of the tern&ty-Si-Sn system,shown inFigure 2.16,
shows that the N§$n can be in equilibrium with both tidbss and NBSis. Sn has solid
solubility in the Nbss and NRBSi; and Si in NBSn. Furthermore Sn supresses the
formation of NRSi (Vellios & Tsakiropoulos 2007gnd its effect on the latter is strong
and not affected when it is in synergy with Ti anq\&llios & Tsakiropoulos 2007b)

Si 1600°C (1873kK)

(Nb)

5 10 15 20 25 30 35 40 45
Nb Nb,Snht at.% Sn Sn

Figure 2.16 Nb-Si-Sn phase diagram at 1600 P@aterstrat & Muller 1977)
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2.2 Melting and processing techniques

The followingsectionswill briefly review processingechniques, some of which will be
usedin this study and otherthat have been applied by different groups in previous

studies.

2.2.1 Vacuum Ac melting

Arc melting has been used in laboratory based studies and pilot studies to produce
alloys from 10 g to 1 KgArc melting uses a neaonsumable tougsten electrode to
produce an arc in an argon atmosphere to melt the elemental cihbegeharge is
melted in a water cooled copper crucible and forms a skull between the melt and the
crucible. The electrode movement ari$ distance from the surface diie charge
control themelt toimprovehomogeneityn the melt

There are several advantages and disadvantages with regards to using vacuum arc
melting. Large enoughlsamples can be producéor mechanical testing anfiirther
processing(Bewlay, Jackson, et al. 199%uch asheat treatment and extrusion.
Disadvantages include éhpossible formation of defectsiacro/micro cracking due to
the large thermal gradient between the electrode and the cooled cr{Rsviday,
Jackson, et al. 199%9nd macrosegregatiolhe water cooled cruciblecauses e
formation of randomly orientated microstructures with dendrites growing, perpendicular
to the crucible walls at a different ratempared witlthe dendrites growing from the
top andin the centre of thesolidifying melt resulting in amicrostructure wh non
uniform grain sizeand orientation.The fast cooling rate also hindes®lid state
transformations during cooling and thireat treatmestare needed to bring the
microstructure to equilibrium and complete the transformation of phéSesg,
Tsakiropoulos, et al. 2006a; Vellios & Tsakiropoulos 20071b) high melting
temperatureelementssuch asvlo andW arepresent in the alloy charge, their melting

may be difficultusing this technique.
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2.2.2 Powder metallurgy

Powder metallurgy (PM) processing has been used to produsditithe based alloys
using elemental Nb, Hf, AICr, Ti and Si powders or pralloyed powder particlesn

the former case, to achieve the desirable microstructoveng to the sluggish
transformation kinetics of Nbilicide based alloys)the use ofHIPing/extrusion(hot
isostatically pressed$ requred torefine the microstructure and aid memogeniation

of the alloy and minimise porosityn the latter case the pedloyed powdemustbe
produced by atomisatiospecial atomisation techniques however must be used owing
to the very high liquidus taperatures of the alloys and the reactivity of their melts. The
latter requires container less meltinglemental powders are first ceisbstatically
pressedat200MRand t hen si nt er €Rh) asabalelb00 Caafarm m  (
a bar.The bar is then atomised using an EIGA atomisbe powder particles are then
mixed and hotsostatically pressed at 1400 °C under 200 MPa for 4 hours to produce a
billet that is then preheated to 1500 °C before being extruded at ad&it. A second

step such as forging, or hot extrusion, is mandatory for the enhancement of the
mechanical properties of thaloy (Jéhanno et al. 2005An advantage of the PM
methodwith prealloyed powder particless the directionality caused by the extrusion
process, giving an increase in strength and ductility in the required direction.
Disadvantages are the formation of posesd Hf oxide inclusions during the PM

processingJéhanno et al. 2005)

2.2.3 Directional solidification and processing

Directional solidification (DS) has been exploited to produce alloybetaompared
with Ni-based superalloy®S canimprove the mechanical properties of the alloys by
aligning their grains in a single directiomwo DS processing techniques have been

used for Nbsilicide based alloys
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2.2.4 Float zone processing

Float zone proessing uses a heat source, for example, a tungsten halogen lamp, electron

beam or electromagnetic induction to heat the glBswlay, Jackson, et al. 1999)he

melt zone is formed in a relatively large ftygbe chargethat was premelted using

another techniquand is heldn position by surface tension between twelicear rods

of the same alloyThe melt is then translated along the rod, without the need for a

crucible, producing a directionally solidified all@Bewlay, Jackson, et al. 1999)
Advantages of this process are the cleanlinéshe product and the ability to

produce a wide range of materigBewlay, Jackson, et al. 1999)isadvantages are

that only induction heating is viable for the melting of-Sibbasedalloys due to the

high vapour pressure of some tf constituent elements (i.e.)Alhe specimen size is

limited due to a compromise between liquid surface tension argdohet dimensions.

In the case of induction melting, some allowances can be made for the electromagnetic

levitation zone, which can contain a larger area of nid¢le alloy keing melted must

havebeen produced witha high level of homogeneitfevaporation of volatile species

and condensation on the furnace tube can lead to attenuation of the heat input from the

optical source, and destabilization of the directiesdidification conditions(Bewlay,

Jackson, et al. 1999)

2.2.5 Czochralski Method

The alloy is first induction levitation melted in a segmentedater cooled, copper
crucible.A seed of the allgywhich is to be directionally solidifieds then lowered into
the melt and then drawn ouA schematic of this can be seenhigure 2.17. This
produces a directionally solidified bar attached to the sBadiples up to ~15 mm
diameter and more than 100 mm long have been prepared using this te¢Beiglasy,
Jackson, et all999) Nb-Si binary and higher order alloys have been produced using
this method with melting temperatures up to 2300 °C. Ingatse machined by

grinding and lathe turning to produce small airf@Bgwlay, Jackson, et al. 1999)
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Figure 2.17 A schematic diagram of the Czochralski metf®ewlay, Jackson, et al
1999)

2.2.6 Extrusion

Large ingots and PNbillets have been extruded by first machining them to a cylinder
and then placing them in molybdenum cans with a wall thickness of ~6I'meralloy
is then heatedn an induction furnace to 1400 600 °C and extruded through teol

steel dies with extrusioratios in the range of Bto 10:1 (Bewlay, Jackson, et al. 1999)

2.2.7 Rapid solidification

Rapid solidification(RS) has been used to study timcrostructural effects adlloying
under norequilibrium conditions The RS microstructurs exhibit many features such
as fine gran structure and metastable phases and transformations, similar to those
formed when the ingot is in contact with the water cooled copper cruthediterature
on the effect of high cooling rates on the microstructure ofSlicide basedalloysis
limited. In binary NbESi alloys RS has been shown to suppress thgN3Si eutectic
which is replaced by the NbNbsSi; eutectic.

Rapid solidification techniques include containerless drop tube solidification in
which small droplets are dropped dowm A filled long tube. The resultant solidified

droplets are then bisected and their microstructures are ané¥sedn et al. 2006; Li
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& Kuribayashi 2003; Han & Wei 2002; Yao et al. 2006; Li et al. 2006; Abbaschian &
Lipschutz 1997; Dai & Wei 2009)

Other rapidsolidification techniques iolude melt spinningn which a stream of
molten alloyis ejected from a nozzle or levitated melt onto a spinning wheel. This
technique provides a ribbon of materaab o u t 50 em thichkhcand 1
displays a tiered microstructure; as the distance from the cooled suraeases so

does the grain size.

2.3 Oxidation

The ability for Nbsilicide based alloys to resist oxidationlaw andhigh temperatures

is critical to their application as high temperature alloygas turbinesThe oxidation
resistance oNb-Si based alloys isnherently poor with the Nbss oxidising readily.
Alloying additions must therefore be added to improvedkielation resistance ofin

alloy but efforts musalsobe made t@chieve a balance gpfoperties. This section will

cover the advantages and disadvantages of different additions that have been made
through various studie¥he most widely studied additions fonproving the oxidtion

of Nb-silicide based alloyare Al, Cr,Ge, Hf, SnandTi.

2.3.1 Oxidation resistance of N&ilicide based alloys

The main issue with regards to the poor oxidation resistance-sflisiidle based alloys

is the high solid solubility of oxygen in Nb (~9%} and the tendency fdhe Nbgs to
readily form low and high order oxides such as NbO, Nad NBOs (Hennessy &

Morral 1992; Lyutyi et al. 1996 XRD studiesof the oxide scale, formed dtb silicide
basedalloys, have show that he main Nb based oxide presestNb,Os (Geng &
Tsakiropoulos 2007; Geng, Tsakiropoulos & G. Shao 2007; Geng, Tsakiropoulos, et al.
2006a) The speed of formation of MOs is too snall to be detected by kinetic studies
above 500 °Qn air and it is therefore thoughtdhthe lower oxides play a negligible

role in the oxidation of Nb at high temperatsi(&eng 2006)
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Additions must be made in an attempt to retard the formation of Nb based oxides,
and to decrease the diffion of Q into the alloy.Many of the oxides formed allow the
diffusion of G through the oxidecaleinto the substrateAlloying additionsdefine the
phase equilibria and thus the volume fractodrihe NbsSi; and NRsthus allowing the
alloy developeto achievea balance between meatical properties and oxidation. For
examplean optimumbalance between oxidation resistance and creep propéesties
achieved with Si content between 11® % (Bewlay et al. 2003; Zelenitsas &
Tsakiropoulos 2006b)The C14NbCr, Laves phasean be stablavith the appropriate
Cr concentration and synergy with other elementkis is said to give improved
oxidation resistance, however it can be detrimerdafracture toughness due to the
brittle nature of the Laves phase and the decreasade fraction oNbgs

Several elements are known to have a marked effect on the diffusion rate of O
within the Nhg these are Ti, Zr, V, Hf, Cr, Mo and Sihese elem@s either interact
more strongly with @than Nb or have a smaller atomic radius which traps oxygen and
limits diffusivity (Geng 2006)Unfortunately, although having a reducing effect on the
diffusion of okygen, the additions Zr and V have a negative effect on the oxidation
resistance of the alloySmall concentrations ~ 2 at% of Mo increase dxélation
resistance at 800 °C drnavea small effectit 1200 °C when compared with a Mo free
alloy (Geng, Tsakiropoulos, et al. 2006&ther studiefiaveshown that the use of Mo
at very high concentrations >10 at% had mixed effects. Alldigplayed catastrophic
oxidation due to the evaporation of MO Mo &  1>0ongaet db 009)whereas
other alloysshowedi mpr oved oxi dati on resistance wi
at%) (Chattopadhyay et al. 2008; Liu et al. 200Bhis impliesthatthe synergy of Mo
with other elements is very important as they dvave negative (W), or positive (B)

effectson oxidation resistance

2.3.2 Oxidation mechanism
The greatest issue with the oxidation of Nb is the phenomenon knopastsxidation

or 6 p e s {Grabkg & Meier 1995; Katsman et al. 1996yvhich occursin the
temperature range 700 1000 °C(Chattopadhyay et al. 2008 esting is caused by the
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accelerated oxidation of Nb, particularly in greistingmicro cracks originally caused
by the stresses induceddring the high cooling rates found in clean meltvith a water
cooled copper crucibleThis rapid oxidation causes a volume increase which, in turn,
causes shear stresses in thesNiatrix around the silicide grains resulting in internal
tensile stres within the silicide itself. Thesdensile stresses cause trguasular
cracking perpendicular to the applied stress (parallel to the oxygen ingress), ultimately
Opul veri singo6 (Mdtheuetal.i2@l2)sed sampl e

The oxidation of Nisilicides happens through the formationaohonrcohesive
mixed oxide scaleWith the addition of Hf, Al and/or Sn the risk of pest oxidation at
intermediate temperature800 °C can be avoidd@ewlay et al. 2003)The oxidation
occurs in3 zones; first the base metal, second a diffusion zone that is still coherent with
the base metal, lastly an oxide scale which is generally very brittle and has a tendency
towards spallationFigure2.18 shows an image of the three zones after oxidatt&90
°C. The additions of Al, Cr and Hf stopped catastrophic pest oxidation occurring but

therewas severe cracking the diffusion zone.

Nb,,

Figure 2.18 BSE image of the asast alloy Nb18Si24Ti5AI-5Cr-5Hf-2Mo after
oxidation at 800 °C for 100 (Geng, Tsakiropoulos, et al. 2006a)

In the diffusion zong¢he Nkyspreferentially oxidisd to form Nb,Os, mixed oxides
and SiO, and TiQ. During the oxidation of the alloy at 800 °C them&s no
measurablexygen dissolved in the NBi; phase(Geng, Tsakiropoulos, et al. 2006a)
The oxidation occued primarily via diffusion along the grain boundaries but also
through diffusion into the Ngrains, oxidising the Nb(Sheasby & Smeltzer 1981)
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is thought to bebeneficial to formHfO,, NbCr, or NbsSnalong the grain boundari¢s

reducethe rate obxygendiffusion andstop pest oxidation occurring.

2.4 Effect of alloying additions on oxidation

Different alloying additions have been made to-$Mizide based alloys in order to
systematically study theindividual and combined effectiveness at improving oxidation
resistanceThe alloys that will be studied in this project will be a product of extensive
research that has been undertaken to optimise the composition to decrease the rate of
oxidation.Alloying additions have also been made to specifically target and esthev
problem of pest oxidation whicis caused byreferentialoxidationat microstructural
featuresThe preferential oxidation creates high internal stresses and causes the alloy to
self-pulverise(Bewlay et al.2003) The high residual compressive stresses are brought
on by both a difference ianisotropic propertiesetween the NiDs and NSi;, and an
increase in volumeAs the alloy cools the residual stresses cause roiacking of the
NbsSi; parallel to tle surface of the alloy, resulting in spallatidfitra 2006)

The base composin for the development of Nkilicide based alloys Nb-18Sk
24Ti-5A1-5Cr (Zelenitsas & Tsakiropoulos 2005)o this base alloy, adaibns of Mo,
Ta, Hf, Ge and Sr{Geng, Tsakiropoulos, et al. 2006a; Geng & Tsakiropoulos 2007;
Geng, Tsakiropdos & G. Shao 2007; Zifu & Tsakiropoulos 2010; Ventura & Varma
2009) have been made in an attempt to improve the oxidation resistance of the base
alloy. All additions were madaimingto avoid the formabn of undesiregphases and
reduce any large detrental impact on mechanical properti€sgure 2.19 shows the
effect of Al, Cr and Ta additions to NP TI-18Si. The compositions of the KZ alloys
can be found iTable2.4.
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Table 2.4 Nominal compositions of the KZ series alloys (at%jZelenitsas &

Tsakiropoulos 2006a)

Alloy Nominal composition (at%)

KZ3  Nbi 24Tii 18Si

KZ4  Nbi 24Tii 18Si 5Cr

KZ7  Nbi 24Tii 18Si 5Al

KZ5  Nbi 24Tii 18Si 5Cri 5Al

KZ6  Nbi 24Tii 6Ta 18Si 5Cri 5Al

KZ2  Nbi 24Tii 18Si 8Cri 4Al

KZ8  Nbi 24Tii 6Ta 18Si 8Cri 4Al

It can be seen frorkigure 2.19 that the alloy KZ5 exhibitedhe second lowest
weight gain per unit area of all the alloys in theneat treated conditioat 800 °C
(Zelenitsas & Tsakiropoulos 2006a)

TGA AT 800° C FOR THE HEAT-TREATED ALLOYS TGA AT 800" C FOR THE HEAT-TREATED ALLOYS
EFFECT OF Cr AND Al ADDITIONS EFFECT OF Cr AND Ta ADDITIONS
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Figure 2.19 Thermogravimetric analysis results of theat treatedKZ series of alloys
at 800 °C(Zelenitsas & Tsakiropoulos 2006dhe compositions of the allogse given
in Table2.4

Figure 2.20 shows the effect that Tiddition of 24 at% has ro the oxidation
resistance oNb-18Si5Cr-5Al-xMo alloys at 800 and 1200 °C.
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Figure 2.20 Thermogravimetric analysis data of NBSt5Cr-5Al-xMo alloys with
varying Mo, Ti anl Hf additions at 800 (a) and 1200 °C (b) for 100(@Geng,
Tsakiropoulos, et al. 2006a)

Figure 2.20 shows thatat both intermediate (a) and hidgh) temperaturs, the
addition of Tisignificantly increasehe oxidation resistancé. can also be seen that at
high tempertures the addition of Hf g& a slight decease in weight change compared
with the non Hf containing alloyslt also shows that even a smél at%9 decrease in
Mo contentcan drastically improve the oxidation resistance, displaying the detrimental
effect Mo has on the oxidation rs&nce at high concentrations.

Three of the alloys studiedin this project contaed Sn to improve the pest
oxidation resistance and the internmagdi strengthFigure 2.21 shows the improvement
that Sn hadn the oxidation resistance tfe alloyJG6 (Nb24Ti-18Si5AI-5Cr-5Hf-
5Sn)compared with the alloyo JG4 (Nb24Ti-18S5AI-5Cr-5Hf) at 800 (a) and 1200
°C (b). The data shows that an addition of 5 at% Sn significantly incleheeoxidation
resistance of the JG4-aast and heat treated alloy at 800 AL.1200 °C the Sn still
hada positive effect on the oxidation resistance of the alloy which wassrsgificant
as at intermediate temperatu(€eng, Tsakiropoulos & G. Shao 2007)
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Figure 2.21 Thermogravimetric analysis data of JG4 (RBT18Si5AI-5Cr-5Hf-2Mo)
and JG6 (NE24Ti18Si5AI-5Cr-5Hf-2Mo-5Sn) ascast and heat treateafter oxidation
at 800 and 1200 °C for 100(fseng, Tsakiropoulos & G. Shao 2007)

The Sn content was set as 5 at%(@eng, Tsakiropoulos & G. Shao 2007)
howeverSn has been reported to have a beneficial effect on the intermediateaoxidati
resistance with additions as low as 1.5 @Béwlay et al. 2003)

Additions of Hfwere reportedo have an effect on the oxidation resistaotchlb-
20Cr20Sk(5, 10) Hf alloys where higher Hf containing alloys shedian improvement
in oxidation resistancayith a larger effecachievedat higher temperaturgs1400 °Q
(Vazquez & Varma 2011)The addition of Ge haalso beershown b be beneficial at
high temperatures with regards to the adhesion of the oxide scale, with Ge diffusing to

the region between the oxide scale and the subgieieon n.d.)

2.5 Mechanical properties

The mechanical properties bib silicide based alloyslepend on the properties thfe
solid solution and the intermetallic phas@dloying can havea strongeffect on the
properties of thaolid solution and the intermetallic phasggreasing odecreasing the
creep resistancegjeld strengthand fracture toughness of each phasdéey challenge
with alloy developmenis that to increase the oxidation resistance, many alloying
additions must be made that do not necessarily benefit the mechanical prophrties.
section will discusshe effects of alloying on fracture toughness, intermediate and high

temperature strength and creep
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2.5.1 Fracture toughness

Fracture toughness is a critical property for high temperature turbine bkxitse
blades must be able to sustain impact duringrajon without catastrophic failure
occurring. The minimum fracture toughness goal for Miticide basedlloys has been

set as 20 MRad (Bewlay et al. 1997)o ensure that components will survive
manufacturingand assembly of the engia@d resist foreign bodgamage(Bewlay et

al. 1997) This target has been reached in developmental alloys, however, alloying
additions must be made to improve oxidation resistance which ntleatribe fracture
toughness wilchangewith the NkdNbsSi; volume fractionratio, alloy microstucture

and solid solution effects.

2.5.2 Effects of microstructure and alloying additions on fracture toughness

By altering the NB/NbsSi; volume fractionratio the fracture toughness can be
controlled, by increasing the volume fraction of theJNbe fracture toughness can be
increasedwhile an increase ithe vol% of NbsSi; will causea decrease in fracture
toughnessFigure 2.22 shows the effect of processing on the fractorgghnesof the
base binary alloy B-18Si. It can be seen that at this composition, an alloy
manufactired using hot pressing (HBEhievel a fracture toughness of ~12.5 Mita
(Kimura et al. 2005)

HP ST+HT
SPS as-fabricated
Cast |HT

] [ [ 1

1 [ |
0 2 4 6 8 10 12 14
Fracture toughness, Kqy / MPay m

Figure 2.22 A compaison of different processingethods (HP= hot pressed, SPS=
spark plasma sintered) on the fracture toughness of8®i(Kimura et al. 2005)
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Figure2.23 shows the difference in microstructureveeén the SPS (spark plasma
sintering) and HP (hotrpssed) a$abricated and solution treated (ST)heat treated
(HT) alloys. It can be seen that the HP alloy after ST+HT has largeootinuous Nk
grains and large NBi; and NBSi grains along with lamellar NPNbsSis. The SPS
ST+HT hal a different microstructure consisting mairdy lamellar Nks /NbsSi; and
few largeNbss grains(Kimura et al. 2005)The contrast in microstructures shows how
important large graingereon the ability of the alloy to resist crack propagation as can
be seen inFigure 2.24. Other HPalloys, e.g. the alloyNb-16S+18Ti) have shown
marked improvements when alloyed with Ti, reaching a fracture tosghaieove 16
MPa/i& (Wang et al. 2010)

PRt
NbsSi3

e

Figure 2.23 Back scattered electron images of-MSi after HP (a) a$abricated (b)
ST+HT and after SPS (c) dabricated and (d) ST+HTKimura et al. 2005)
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Figure 2.24 Back scattered electron image showing crack propagation through HP,
ST+HT Nb18Si(Kimura et al 2005)

Controlling the fracture toughness by altering thesdMibsSi; volume fraction
ratio, can be deleterious to both the creep and the oxidation resistance of the alloy as the
Nbss volume fraction increase$t was thought that the addition of allng elements
could be used to increase the fracture toughness of the silicide phase, thus increasing the
fracture toughness of the alloy as a whdtenas been shown that the Niphase is
largely responsible for the fracture resistance of sNicide bagd alloys(Liu et al.

2010) The total fracture toughness of the alloy depends on the volume fraction and
fracture toughness of the Nband the plastic constraint of the silicide on theggbase
(Chan & Davidson 2001)

Figure 2.25 shows the effect of vol% of silicide on fracture toughness.
increase in the vol% causes in general a decrease in the fracture toughness with the
exception to those alys that contain Ti, which maintain reasonable fracture toughness.
The data inFigure 2.25 is for alloys that were either pressed powdenetallurgy (PM)
materials, directionally solidified (DS) materials, or-aest (AC) and &truded (EX)
materials that hadbeen heat treated (HT) at 1500 °C for 10QCihan & Davidson
2001) It can be seen that even at high vol% silicide the alloys that contain Ti had better
fracture toughness compared with the PM, AC, &X HT binary NESi alloys at the

same vol% silicide.
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Figure 2.25 Fracture toughness of Ndlicide based alloys without and with Ti
additions as a function of vol% silicidéShan &Davidson 2001)

Figure2.26 shows the effect of the addition of Ti on the fracture toughnet®eof
unralloyed and alloyedbsSis. As the Ti content increases towards 30 at% the fracture
toughness of the tetragal D8 NbsSi; based silicide increases, however for more than
30 at% Ti the tetragonal NBi; transforms into the undesired hexagonaj B8ucture.

Ko values up to 18.7 MRB& have been obtained in annealed DS terndoysINb-
17.5Si10Ti, compared with 14.5 MPa/& obtained in DS binarNb-17.5Si alloys
(Sekido et al. 2006)
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Figure 2.26 Plot of fracture toughness against Ti content of, @28d D& NbsSk,
silicides with other D@silicides(Chan 200%.
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The addition of Hf has also been shotenhave a positive effect on the fracture
toughness of\b silicide basedalloys. Like Ti, Hf also gives beneficial oxidation
resistance and has no effect on the DBTT of the &{lhan 2002a)Figure 2.27shows
the effect of increasing Hf on the fracture toughness of a bil36Si alloy.

Hf content, at.%

Figure 2.27 Effect of increasing Hf content on the fracture toughri€em et al. 2008)

As can be seen iRigure2.27 there was an initial jump in fracture toughness with
the first 1at% additionof Hf and then a steady increase in fracture toughness with
increasing Hf catent.The increased Hf content changed the fracture manner of the Nb
from brittle cleavage to plastic behavidiiian et al. 2008) Hf also refined the eutectic
structure of the alloy until at 7 at% Hf the p&i/Nbss eutectic had almost disappeared
and only primary Nk particles were left with Ni&i.

Although it has been proven that Ti has a significant effect on improving the
fracture toughness, many other alloyimaglditions used to improvéhe oxidation
resistance also affect the fracture toughnéishias been established that Al has a
negative effect on the fracture resistance due to it preventing dislocation nucleation at
the crack tip.This limits the formatiorof a plastic zone at the crack tip thus reducing
the alloy$ ability to crack arrest, therefore promoting cleavage cracidayidson &
Chan 1999)Cr also inhibits the nucleation of dislocations at the crack tip but to a lesser
extent than Al, decreasing the ductility of these allg{imn et al. 2002)
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2.5.3 Fracture mechanisms

The Nbsilicide based alloy®r Nb in situ compositekave either brittle phases in a
ductile matrix or a ductile phase in a brittle matiix.both cases it is the ductile Nb
phase that gives the composite its fracture resistaroe.different mechanisms that
define the crack type can be determined by whetherrteksenter a ductile or a brittle
phase.When a crack tip hits a brittle phagewill tend to travel through the grain,
breaking atomic bonds along a crystal plane, causing cleavage fradtarerack may
divert around the brittle/ductile phase instead, moving alorey gtain boundary,
causing integranular cracking.f the crack encounters a ductile phase, crack tip
blunting through dislocation pHep, crack deflection and the formation of ligaments
can occur, these give resistance to crack propagé@iban & Davidson 2001; Chan &
Davidson 2003; Bloyer eal. 1998) Figure 2.28 shows typical crack propagation
through several different Nb silicide based alloys.

a

[ Crack bridging

g (M)
‘ i

Crack deflection

%

1 200m

Figure 2.28 Images showing crack paths in the alloys (a)INI$+6Ti, (b) Nb16Si6Ti,
(c) Nb-18Si6Ti and (d) Nb18Si(Li & Peng 2007)
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The alloys inFigure 2.28 either had Ti additionga-c) or were binary alloys (d)
and were produced using hot pressing and had the following fracture toughness values;
(a) 13, (b) 10. 4, (L{&Peng&Q0B The &lldy3with8law8r Si( MP a &
content exhibited more ductile features, for example they showed, crack
bridging/ligament formation and crack deflection.

Figure 2.29 shows a crack propagating through an as casfi®81Hf alloy,
where the lighgreyphase isthe Nbssand the dark phasetise NbsSi.

Figure 2.29 Back scattered electron images of crack propagation througtassNBb
16St1Hf (Tian et al. 2008)

It can be seen that as the crack enters the light greypNase there are signs of
both crack deflection and crack bridginthe addition of Hf leads to microstructural
refinement promoting the formation of primary Nparticles, and reducing the fine
eutectic phaseThe presence of primary Nand silicide phases and a reduction in
vol% of lamellar NR/NbsSi or NhdNbsSi; have been shown to be beneficial to the
fracture toughess of the alloyTian et al. 2008; Kimura et &2005) The images shown
in Figure 2.30 are ofthe NB16SH1Hf alloy, which hada fracture toughness of ~7.25
MP a a(hian et al. 2008) The fracture toughness of this alloy could be greatly
increased with the addition of Ti to increase theghnes of the NgSi; phase(Chan
2003)

The shape of the grainstine alloymicrostructuras important as it cadetermine
what path the crack will take through the alldystudy has shown that the crack will

choose to travel around spherical ductile particles rather than through Thesn.
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bypasses the fundamental toughening of the alloy, as the ductile panelasable to
cause crack bridging or other toughening mechanisigsire 2.30 shows Rcurve data

for spherical particles and acicular particleésder monotonic loading the spherical
particles failed to give any anease in fracture toughness, but the acicular particles had

a large effect on the fracture toughné3sniduk 1995)
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Figure 2.30 R-curve data for Nksilicide based alloys containing either spherical or
acicular ductile particles of different sizd3imiduk 1995)

Figure 2.30 also shows how an increase in the duqgtteseparticle size has a
positive effect on the fracture toughne$herefore to achieve balance between creep,
high temperature stngth and fracture toughness the ductility of theshibust be
controlled via alloying additionsThese Nk particles can themselves be optimised by
increasing their size as to increase the area of interaction with cracks, and ensuring they
have an acicar geometry opposed to sphericdk is also effective to increase the
volume fraction of the Nia phase so long as the creep, high temperature strength and

oxidation resistance are not diminished.

2.6 Intermediate and high temperature strength

A problem with regards to Nb silicide based alloys meeting the requirements for high
temperature strength and low temperature fracture toughness is the conflicting demand

on their microstructure and alloyingjo achieve a high strength, the volume fraction of
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NbsSi; must be increased, this in turn has a detrimental effect on the fracture resistance
of the alloy.The increase ithe vol% of NbsSi; does however increase the creep and
oxidation resistance of the alloy, therefore the optimisation of mechanical and
envirormental properties relies on finding a balance with fracture toughness.

The high temperature yield strength depends on grain size and solid solution
strengthening.The grain size of the alloys can be controlled with heat treatments,
alloying additions which have microstructural refining propertieand solidification
rate. Figure 2.31 showsthe proof stresses of the NI8Si binary alloy at various
temperatures after solution treatment (ST), heat treatment (HTprésding (HP) and

ascast(Kimura et al. 2005)
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Figure 2.31 0.2% compressive flow stress of binary-NdSi in ashot-pressed, (ST +
HT) heattreated and cast conditions+HKimura et al. 2005)

Figure 2.31 shows that the low temperature strength can be improved by
processing (HP, ST, H®9nd thatthe as cast alloy had better high temperature strength.
The microstructures of (a) adP and (b) HP+ST+HT are shown kigure2.29 (a) and
(b) (Kimura et al. 2005)The highest room temperature strength was achieved with the
microstructure which shows a seountinuous N phase, largeNbsSi; and NBSI
particles and a transformed fine NbsSi; lamellar structur¢Kimura et al. 2005)The

lowest room temperature strength was obtained with the microstructure shbignrna
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2.29 (a) which has NiSi; particles in a N matrix. Growth speed affects the grain size
and morphology, increasing the growth rate whilst maintaining continuous silicide
growth brings the optimum vyield strendfhian et al. 2009)

Solid solution hardening alsab a large effect on the high temperature strength.
Figure 2.32 shows a plot ofproof stressagainsttemperaturefor several three phase
(NbszAl, Nbss NbsSi3) Nb- silicide based alloys under compression with corntjoos
Nb-5SF9AI, Nb-7Si-9Al, Nb-8Si9AI-10Ti, Nb-10Si9AI-10Ti, Nb-6Si11AI-15Ti, Nb-
8SH11AI-15Ti. These alloys had Nbvolume fractions 50, 40, 62,63 65 and 58,

respectively.
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Figure 2.321 Proof stress against temperature for a range etast Nbsilicide based
alloys(Murayama & Hanada 2002)

The NB10SHOAI-10Ti alloy had the highest proof stress at 250 K due to the
solid solution hardening effect dhe Nbssand the reduced vol% dfie Nbss All the Ti
containing alloys maintained a high proof stress atdiver temperatureg\bove 1100

K the alloys with highest Ti content (15Ti) suffered a reduction in proof stress
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(Murayama & Hanada 2002Yhe NB10SHOAI-10Ti retained a high proof stress at
~1600 K. Figure 2.33 shows plots of fracture toughness and proof stress against

temperature for alloys w different vol% of Ns(Murayama & Hanada 2002)
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Figure 2.33 Plots of proof stress and fracture toughness against Ti mol% apno/&l%o
(Murayama & Hanada 2002)

It can be seen that a good balance between proof stress and fracture towgkness
achieved with 10Ti (mol%) with Nbvol% 62, with a fracture toughness of ~12.5
MPaadam and a 0. 2% pr ®hisfshowstthatalthgughatfe additioB & MP
Ti has a positive effect on the fracture toughness, it has a deleterious effecthayhthe
temperaturestrength.

The additiorof refractory metals can be used to impart solid solution hardening in
the ductile Nbs phase to improve the high temperature strerfgtjure 2.34 shows the
effect of increasing the Mo and W content on high tenatjpee strength.

46



2.6 Literature review

(a) (b)
400 300
g 1500°C L 1500°C
= Nb-168i-xMo Nb-168 i-xW
or 300 (x=5,10,15) 600 | (x=5,10,15)
4 o Nb-168i
g
= 200 Nb-yMo
= o -¥ 400
e -
2 (y=0,10,20, 30)
w
'z Nb-yW
4 100} 200 k (y=0,10,20,30)
g
(=]
o
0 . " "
0 10 20 30 40 0 1 1
0 10 20 30 40

Maolybdenum concentration (mol%s) .
¥ - Tungsten concentration (mol%s)

Figure 2.34 Effect of increasing (a) mol% Mo and, (b) mol% W on compressive yield
stress at 1500 °C for Nb6Si based ternary alloy®a et al. 2004))

Both Mo and W had a positive fe€t on increasing the high temperature
compressive yield stress of the binary-NbSi, and W had a stronger effect on the yield
stress, showing an increased compressive yield stress with additions above 5 mol%,
while Mo showed a comparative increase ia tfeld stress at 10 mol%igure 2.35
shows the microstructures of the I6SF5W and Nb16Si15W alloys.It can be seen
that with increasing W content there wascoarsening of the eutectic regi@va et al.

2004)

Figure 2.35 Back scatter electron images of (a)-l6Si5W and (b) NHL6S+10W (Ma
et al. 2004)

The Nb16Si10Mo alloy also had a very fine eutectic microstructure similar to
that of the NA6S5W alloy, ascan be seen iRigure2.36 (Ma et al. 2004)
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Figure 2.36 Back scatter electron image of NI6St10Mo(Ma et al. 2004)

Higher order alloys with NMd8S+10Ti-(10, 20)Ma(0, 5, 10, 15)W have also

been studied and show improved results to thosegure2.34 Mo andW both increase
the yield strengtlof all alloys above a 0.2% proof stress of 700 MPa at 1500 °C even in
the presence dfi (Sha, H. Hirai, et al. 2003)

Hf has bea added to alloys containing Mdhe alloys were testedhder tensile

conditions.Figure2.37 shows the proof and ultimate tensile stresses (UTS) «I838
5Mo-5Hf (mol%) (Kim et al. 2004) in which the Si content was higher by 2 mol%
compared with the Nb6S5Mo alloy(Ma et al. 2004yvith the addition of 5 mol% Hf.
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Figure 2.37 Tensile strengths of N&8Si5Maoi 5Hf, compared with aast Nibase
superalloy, MarM246 + Hf and directionally solidified NI24.7Ti 8.2Hfi 2.0Cii
1.9Al1 16.0Si (DSMASC) as cited ifKim et al. 2004)
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Figure2.37 shows that the 0.2% proof stress increased from 200 MPa to 400 MPa
at 1500 °CFigure 2.37 also shows data for a Mased superalloy and the IMASC
alloy. Comparisorwith the data for NH.8S5Mo-5Hf shows superior high temperature
UTS at 1300 °C compared with both the-MASC andthe Ni based superalloy.

2.7 Creep resistance

Creep resistance is an important property for gas turbine blades as they spend a large
portion of their lifetime under high temperatures and centrifugal lotds. therefore
important to make sure there is a minimum amount of creep during the @rodsetas

the engine has tight dimensional tolerances and any change in part dimension can cause
caastrophic failureDue to the high operating temperature the creep mechanism of the
alloy is thought to rely on diffusional cre¢pshby & Jones 2005})his type of creep is
dominated by NabarrdHerring, and Coble creg€adek 1988)NabarreHerring creep

relies on the diffusion of vacanciesom the bulk of the material to the edge
perpendicular to the applied stress, thus causing elongation of the Qodie. creep

occurs through diffusion of vacancies along the grain boundaries to the edge

perpendicular to the applied streBath creep mehanisms relyn diffusion which is

largely dfected by the grain size within the alloy. NabaHerring creep has a-

relationship and Coble creep has-aelationship, where d is the diameter of the grain

(Cadek 1988)To reduce diffusion creep a large grain size is beneficial due to its effect
on reducing th creep rate, a higmelting temperature compared withe operating
temperature as the rate of diffusion is increased by T, and precipitates at grain
boundaries to impede grain boundary slidiAghby & Jones 2005)

Figure2.38 shows the goal for creep resistance ford\izide based alloys which
is less than P4 creep in 125 h at2D0 °C and stresses above 170aviPThis goal
assumes alloy density of g/cnt. This goal has been achieved by-blbicides up to
stresses of 200 MR&ewlay et al. 2003)
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Figure 2.38 Creep rate against applied stress and the creep goal fesiliide based
alloys(Bewlay et al. 2003)

The creep mechanism in Miicide based alloy¢or Nb in situ compositesk
dependent on the matrix phasehese materials can be formed with eithers3ip
particles in arNbssmatrix or Nk particles in an NéSis matrix. Typically, binary NBSi
composites have large Niparticles distributed within an N8i; matrix. With increased
alloying however the microstructure changes and tends towards brittle intermetallic
phasessuch as NgSi; and Laves forming within an Nbmatrix (Chan 2002h)The
alloys to bestudiedin this project will likely consist of an NBi; phasewith/without
Laves phase distributed within a §matrix, as this has been the case in pres/iwark
with a high number of allogg additions(Geng, Tsakiropoulos, et al. 2006b; Zelenitsas
& Tsakiropoulos 2006b; Zelenitsas & Tsakiropoulos 200éng@; Tsakiropoulos, et al.
2006a; Zelenitsas & Tsakiropoulos 2006a; Geng & Tsakiropoulos 2007)

Figure 2.39 shows data for secondary creep rates reported by different groups
referenced i{Chan 2002h)The data is compared withsolid solution alloy, pure Nb,
NbsSiz and Nb1.25Si, with NgSi; having the lowest secondary creep rate and Nb and
Nb-1.25Si having the highesit can be seen that increasedsNimlume fraction gives
an increase in creep eafl his wasshown to be true in other creep studigswlay et al.
2001) The wide variation in creep response is thought to be related to alloy

composition, microsticture, or botl{Chan 2002h)
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Figure 2.39 Plot of secondary creep rates at increasing stress for differerdilidide
based alloys(Chan 2002h)

Chan(Chan 2002b¥uggested that the ability of Niilicide basedilloysto resist
creep can be tailored by changing the volume fraction of the silicide, where an increase
in vol% silicide promotes a decrease in creep rate. He also suggested that the type of
slicide present in the matrix affects the resistance to creep, with the silicide being either
creeping or rigidNbsSizis a creeping silicidelThe effect of a rigid silicide in a creeping
matrix causes thalloy to take the creep exponent of the matGkreeping silicides in a
creeping matrix however take on the creep exponent of the silicide and are therefore
desirablg/Chan 2002h)

Additions such as W and Mo give solid solution hardening to thg Niase,
decrease the creep rate and increhselength of the secondary creep regiffigure
2.40 shows a plot of minimum creep rate for directionally solidified-18%i with
varying contentof Ti, Mo and W (mol%). With increased W and decreased Ti content
the secondary creep rate was €80 at 300 MPa and 1670 K decrease in W content
was followed by an increase in creep rate. An increase in Mo content also had a positive
effect on creep rate, however it was not as effective as W. This is due to Meingt

as strong a solid solution hardener agSha, H. Hirai, et al. 2003)
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Figure 2.40 creeprate against Stresat 1670 K for Nb18Si based alloys with varying
Ti, Mo and W content$Sha, H. Hirai, et al. 2003)

The creep rate can therefore be controlled in three main ways; controlling the
microstructure, altering the silicide volume fraction and solid solution hardening of the

Nbssphase.
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Experimental

3.1 Introduction

Research has shown that alloying with Hf and Sn benefits oxidation resistance with
(Geng, Tsakiropoulos & G. Shao 20031 without (Zacharis 2013) RM (refractory

metal) addition. A balance of properties was reported for the MASC alloy2®Ih-
16SH8Hf-2AI-2Cr-xSn (+ sp elements), however, references adhloy seem to ignore

the additions of Sn and other sp elements, for exampl@B&slay et al. 2003)which

would suggest that the synergy of Hf and Sn with Al, Cr and Ti and other sp elements is
beneficial. Data about the microstructure of MASC has been scarce, for example it is
not clear whether the N8i is stable in its microstructure or whakai® the structure(s)

of the NRSi; (tetragonal and/or hexagonaiven the high Hf concentratipn
Furthermore, to the authordos knowl edge t
in synergy with Al, Cr, Si and Ti simultaneously but in the absence of other sp elements
has been studied. The study of the latter via alloy JN1 (see below) became one of the
focal points of the early stages of the research described in this thesisuPregearch

on Nb silicide based alloys without Sn has shomat:

i.  Alloying with refractory metals (with/out Hf) (a) affects phase selection (i.e., the
stability of NIxSi and NgSi; and of the eutectics formed by these intermetallics
with the NR9 (Grammenos & Tsakiropoulos 2010b; Grammenos &
Tsakiropoulos 2011)b) affectsthe chemistry of the Nb(solid solubility of Si,
concentration of RM)(Grammenos & Tsakiropoulos 2010b; Grammenos &
Tsakiropoulos 2011and (c) improves significantly the creep of the alloys
compaed with MASC type alloys, (i.ealloys with the same elemis as in
MASC but with different Al, Hf and Si contents and no Sn and sp elements)
(Tsakiropoulos & Grammenos 2008)

ii.  The oxidation behaviour of such alloys is inferior compared with MASC
(Tsakiropoulos & Vellios 2009)

lii.  The sdid solubility of Si in the Nl depends on the type of RM (= Mo, Ta, W)

(Zelenitsas & Tsakiropoulos 2006a; Grammenos & Tsakiropoulos 2010b)
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Furthermore, research on Nb silicide based alloys with Sn addition would suggest
that the stability of the N§$nis important regarding the beneficial effects of @n
oxidation and that NSn formation depends on the concentration of Sn in the alloy.
However, there has been no previotiedg about the stability of NSnwhen Sn is in
synergy with RM(s).

In the research described in this thesis, in addition to tbg 3N1, three alloys
were designed to study the effects of the synergy of Hf and Sn on the microstructure of
Nb silicide based alloys with refractory metal(s). This chapter describes the selection of
the alloys and the experimental techniques used fareesarch. It should be noted that
parallel to this work other projects in the research group studied the effects of the
synergy of Hf with Sn and Ge and RMs (= Mo, Ta, W) on processability, phase stability
and properties of alloys with 10 < Ti < 20 at%@dl8 < Si < 22 at%.

3.2 Alloy selection

In the research described in this thesis four alloys were studied. The nominal
compositionf these alloys are given ifable3.1. The alloy JN1 was selected in order

to undestand how the addition of Hf to the base compositior2Mbi-18Si5AI-5Cr
affects phase selection and stability (see abdusd.composition of the base alloy was
chosen by reviewing the effects of alloying additions on the properties of Nb alloys
with/without Si. The Si was set at 18% to give optimum creep properties and ~60 vol%
NbsSiz in binary NB18Si with good oxidation resistance.

The Al concentration was chosen as 5 at% as Al has a positive effect on the
oxidation of the alloy, by destabilising thendesired N§Si and stabilising the C14
NbCr, Laves phasgZelenitsas & Tsakiropoulos 2005Yhe Al composition was
| i mi t ed tdreduc® the detrirééntal effect on the DBTT as 5 at% addition can
change the DBTT fGhan200232r o atoid thelf@rmatioh 6f the
NbsAl phase.

The addition of Cr at 5 at% was made to allow the formation of the C14 Laves
phase which is said to have a beneficial effect on oxidation resistanite @illoy
(Zelenitsas & Tsakiropoulos 2005; D. Yao et al. 200%)e Cr addition was limited at 5

54



3.2 Experimental

at% to reduce the effect on the DBTT and to limit the volume fraction of Laves phase
formed to achieve a balance of creep aadtfire properties.

Ti was set at 24 at% to keep the melting point above 1700 °C and avoid the
formation of TiSika nd t he h eSgarghambarieficial Bffiects on Nb silicide
alloys by decreasing their density and increasing the fracture tougbhéiss NRs
phase. It also has a beneficial effect on the oxidation resistance of the {Nb,Ti)
(Shyrokov & aRdtheNBSk@hasegdelenitsas & Tsakiropoulos 2006b)
due to the formation of Ti©and mixed TiNb oxides. The Hf content was set at 5 at%
to avoid the formation of HBiz and to avoid promoting the formation of the hexagonal
2 NsBiz phase.

There areno phase equilibria available for Nk based systems with Sn (other
than for the NESIi-Sn system, as was discussed briefly in chaptemhe alloys JN2,

JN3 and JN4 contained Sn and were designed on the basis on current knowledge about
phase equilibria in ternary systems. The concentration of Sn was changed from 2 at% in
the alloys JN2 and JN3 to 5 at% the alloy JN4 in order tetudy the stability of the

NbsSn in their microstructures. The NBn is isomorphouswith NbsAl (A15
compounds) and the latter is undesirable in the microstructure of Nb silicide based
alloys owingto its creep (inferior to NiSis) and oxidation properties (pest oxidation).
Thus,to avoid stabilisation of N§AI in the presence of Sn it was decided to exclude Al

in the alloys JN2, JN3 and JN4. This was expected to create a problem for oxidation
which had to be counterbalanidey the other alloying additions.

The addition of Cr is known to benefit oxidation. The latter effect is attriboted t
the formation of the C14 Nbgtaves phase, the effectiveness of which depends on its
vol% in the microstructure that depends on the Cr coragon in the alloy and the
other elements with which it is in synergy. However, increasing the Cr concentration
has an adverse effect on alloy liquidus and toughness. It was anticipated that the adverse
effect on the | iqui du stionswof Mb anthw. Thub, @alloys n c e d
JN2 and JN3 were designed to study the dependence of the stability of the
microstructure and alloy properties on the synergy of Cr and Sn when the Cr/Sn ratio
changes from 5 (in JN2) to 1 (in JN3) with Sn at the lowestaérttie concentration
range where it is expected to benefit oxidation. In these two alloys the concentrations of

Si, Ti, Hf, Mo and W were not changed.
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The addition of Ti is known to benefit oxidation and toughness and to reduce the
alloy density. Increasm however the Ti concentration has an adverse effect on alloy
liquidus, high temperature strength and creep. Previous res€Bsekiropoulos &
Vellios 2009)had shown that the creep behaviour of MASC type alloys (without Sn and
sp elements) falls well below the creep goal when Ti > 20 at% and acceptable oxidation
was exhibited by simple alloys with 15 < Ti < 20 at%. Thus, in the alloys JN2 and JN3
the Ti content was kept at 15 at% and the effect of Ti on the alloy liquidus was expected
to be counterbalanced by the addition of Mo and W. Mo and W benefit creep
(Tsakiropoulos & Vellios 2009but can be detrimental to oxidati@ven when Ti is
present in the alloy at ~ 25 at% and without sp element addificsekiropoulos &
Vellios 2009) The design of the foth alloy was influenced by the results for the alloys
JN2 and JN3. It was decided to remove W (owing to processing difficulties and
oxidation behaviour), to increase the Ti cortcation to 20 at% and the Mo content to 6
at% and to increase the Si to 20 at% and the Sn to 5 at%. Hafnium was added to the
alloys to scavenge oxygen in solution. Owing to the effect of the synergy of Hf with Cr
and Sn orthe stability of Nlgs(Zacharis 2013)the concentration of Hf was kept at 2
at% in the alloys JN2 to JN4.

Table 3.1 Nominal compositions of JN1, JN2, JN3 and JN4 (at%)

Alloy Nb Si Ti Cr Al Hf Mo W Sn
JN1 43 18 24 5 5 5 - - -
JN2 43 18 15 10 - 2 5 5 2
JN3 51 18 15 2 - 2 5 5 2
JN4 45 20 20 2 - 2 6 - 5

3.3 Ingot production

Button ingots of eaclalloy were produced usinglementakcharges of 1§weights The
elementakhargesvereplaced in a water cooled copper crucible andatttanelter was

pumped down to 1XIDtorr. Pure Arwas then introduced to the system (20 torr) and a
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high electrical currentvas usedo form an arcbetween a moveableonconsumable
tungsterelectrode and the crucible whichtien moved over thehargein order to melt

it. The sample waallowed to cool and wathen flipped and renelted at least 4 times
to achieve homogenisatiomhe melting of the charge was difficult when using solid W
The nature of thignelting technique k@& to the ingot having a fastooled bottom
section, in contact with thevater cooled copper hearth, whilee top and bulk of the

ingot cookdslower.

3.4 Sample preparation

In order tocharacteriseeach alloy the ingstwere sectioned andspecimens were
prepared foheat treatment, miostructural characterisation, oxidation and mechanical

testing

3.4.1 Heat treatment

Eachalloy was heat treated in a tube furnattes specimens werevrapped in Ta foil

and heat treated for 100 hours at 1500 °C under flowing argon after thiegtwere
furnae cooled. The argon is getterbg Ti sponge that was placed in an alumina
crucible at the entrance of the furnadé.should be noted that owing to the sluggish
kinetics in Nb silicide based alloys, heat treatments are usually done at 1500 °C for at
least100 h or at 1600 °C for 20 or 40 h. The latter option was not available to this
author because of the range of heat treatment facilities available in the Department. The
purposeof these heat treatments w@shomogenise the microstructures as there was
partitioning of solutes in the Nband intermetallic phases anencourage phase
transformations of the NBi if present in the cast alloyhe heat treatment temperature

is below the eutectoid transformation of4Sbin the NBSi binary, see sectich1l.1and

bNbsSi; and precipitation of other phasgelenitsas & Tsakiropoulos 2005)
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3.4.2 SamplePolishing (EDS/WDS/Nano indentation/XRD/oxidation)

Samples fo EDS, WDS and nano indentatiane prepared in the same fashion, Cross
sections of the ingot, either-aas (AC) or heattreated (HT), wer&ot mounted irsizes
of 32 mm or 25mm using conduote Bakelite(depending on the size of the specimen
holder) They are then ground using increasing grit SiC papers (120, 240, 400, 800,
1200, 4000 grit) on a circular grinding wheel using running water for cooling,
lubrication and debris remral. Once a 400 grit finish hadbeen achievedhe samples
weret hen polished to a 1 em finish wusing
woven cotton cloth.

Sample preparation for nano indentatiwas slightlydifferent owing to the need
to image the sample using &t force microscopy (AFM) without etching. For this to
be possible the sampledto be relief polished so that the soft phase will wear away
more than the hard phase, leaving a discernible height diffefegizeeen the two
phases. This waachieved by poi shi ng the sample with 6
(after following the grinding procedudescribedabove) for an extended period of time,
before finishing with the 1 em diamond s

For XRD nomore than a 1200 grit finish was required for the sanapile it
wasnodt necessary t o nOxidation sampies preparedfor TGA I n
are first cut into cubes slightly lgre r  t han t h e mmeagduthen gralinds i z e
down to approximately 3 mhto a 1200 grit finish, the side lengths arentmeeasured
using a Polyvar light microscope talculatethe surface area.

3.4.3 Powder preparatiofor X-ray diffraction

Powder XRD allows, the texture effect caused by directionality in the AC inda to
eliminated.For the ascast and heat treated sampies STOE STADI P (Cu, PSD) was
used and data was collected using Win XPOW, analysis was done using Sieve +.
To preparea sample forPowder XRD a solid samplewas crushed andhen
ground to a fine powder. Firstly a small section taken from the bulk ahtjut was

crushed using an impact mortar untimidassmall enoughd be ground by hand. Once it
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had been crushed the ingot waen ground into a fine powder using a marble pestle
and mortar untilthe latter reaches the consistency of icing sugar.isThethod
unavoidably introducedmall amounts of mechanical strain in gevder

The powder wa then mounted according to tK&D equipment specifications; in
thiscaseitvasadhered to an acetate disk using E
air gun.The acetate disk is then placed in a circular sample holder and loaded into the
equipment sample holdeFhe correct amount of powder that is applied to the disk can
only be calculated through trial and error. Firstly the specimen is prepared ana the
quick diffraction pattern wasollected at lower Kv and mg&30 Kv, 10mA) with and
without the sampléef the ratio between the two wagtween 1.2 and 1.6 the specimen
is prepared adequately and can be run for a full lengtrate®dKv and 35 mAlf the
specimen is too thin or too thick the diffraction patterns will be low as there will be
either too little material for diffraction or not enoughRays will be able to pass
through.Before running the final test a Silicon standard was used to check tha@accur
of the equipment.

For the Oxide scalerom the 1200 °C samplet)e STOE STADI P (Cu, IP) was
used to collect theiffractogram. The method ithe same as described above however
the detector collects data from 8 different ranges and these are corttboiee a final

peak file

3.4.4 Sample preparatiofor fracture toughness evaluation

For fracture toughnesdarge 600 g ingots were prepared in an arc melter so that
samples big enough for fracture toughness could be cut. Bar3X% 45 mm® were cut

from the centre of each respective ingot perpendicular to the cooling direction using
electro discharge machining (EDM) (ldeally the bars would be parallel to the cooling
direction so that the fracture would occur perpendicularly rather than, in this case,
paralel to the direction of the grain). A notch was then cut into the width of the bar to
0.5 X the mmwith & rodt tipaadiuséf30.thm. The samples were not
fatigue cracked as the specimewvare of limited numbey there was therefore no room

for trial and errorThusa Kq value wasobtainedfor the alloys as a true,kvalue could
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not be obtainedA representativesample was mounted in conductive Bakelite and
prepared aslescribedpreviously for SEM and images of the longitudinal craclksew
taken in an SEM.

3.5 Scanning Electron Microscopy (SEM)

SEM is one of the most useful analytical techniques to be used in this project as it can
give secondary electron (SEI) and backscattered electron (BSI) imaiiesadloys the
equipment used to obtain imageluring this study can be found in secti8ré.
Secondary electron imaging SEI was used to get topographical information about the
sampl e surface and worKks b as edwithinnthet h e
interaction volumeof the electron beam. Raised areas have a greater volume within the
interaction volume and as such produce a higher number of eséiteddarelectrons

thus causing a bright contrast. Recessed areas such as pores have theebfgobaite
produce a drk contrast as lesecondarglectronsareemitted.

BSE imaging gives an image of the sample surface with regards to the atomic
number of the atoms being imaged. Heavier atoms have a higher contrast as they
produce a higher density of backscattered tedes whereas lighter atoms appear
darker. This technique was used to produce an image of the sample surface which
varies in contrast depending on the atomic weight of the phases present. This atomic
weight dependant contrast allowed an image of thg afiicrostructure to be produced,
where different phases with different atomic weights appear as different shades of grey,

thus showing the microstructure.

3.6 Energy dispersive X-ray spectroscopy (EDS) andwavelength dispersive

analysis (WDS)

EDS and WDS & both usefulmicroanalysis technique®r the characterisation of
phases withiran alloy determining the composition of the alloy in a given condition
Both of these quantitative techniques use the characterisags<given off by atoms as
high energy kectrons drop into the space left by low energy electthasare excited

out of the atom by the incident electron beam.
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EDS uses the energy of the characteristica)s given off by different atoms to
determine the element from which it emanated. Tédhique gathers-Kay energies
across the entire range produced by the elements within the sample and therefore, if
elements have peaks at similar energy levels, then they cannot be resolved. Light
elements are also a cause of problems (Z<Na) as thectdréstic energy peaks given
off are too small to analyse. It is possible to analyse fdvyGstoichiometry, but due to
the large array of oxides present in the oxidised alloys it is not possible to know the
exact stoichiometry of the phases formed.

WDS works on the same principle as EDS using the characteristiay
produced during electron bombardment. Rather that determining the composition using
the energy levels, the specific wavelength of thea¥X is used to determine the
generating atom. This toone using analytical crystals which can be used to allow only
the specified wavelengths through to theay detector. The benefit of this is the high
resolution and the ability to pick up trace elememtd allowfor the analysis of oxygen.

For The EDSarge area analysis a Phillips PSEM 500 SEM was used to analyse
the specimen, with an accelerating voltage ®K®, the spot size was adjusted to alter
the deaeime of the microscope and the data was collected at a magnification of 320x.

For WDSanalysisa JEOL JXA8230 SUPERPROBE was used with a working
distance of 11.1 mm, an accelerating voltage dk2@nd a probe current of 30 nA, this
was used to gather both point analysis argy)mapgEDS).

Maps werealsotakenusing the Phillips XL30 FEG/SEM{ a working distance of
11 mm and an accelerating voltage of 20dfw a spot size of, 5he analysis was done

usinga Bruker EDX system.

3.7 Bulk and powder XRD analysis

XRD was used for the analysis of bulk alloys in the AC and HT conditions to give a
peakprofile so that different phases could be matched with the XRD data in PDF cards
of the relevant crystal structureXRD using glancing angle and normaBrégg

Brentano)scanning is based dragg &w, € ¢ QO E-fwhere n is an integery, is

the X-ray wavelength, d is the lattice spacing arts the incident angle of the-iy
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and the scattering planes. The intensity of the peaks produced is proportional to the
amountof Xxr ays di ffracted into the det exid or .
is related to the lattice d spacing of the crystals being analysed. Complications arise
when changes in the lattice paraters and texture effeatause changes to peak shape
(width and height) and position. In respect to th#oys of this study the
microsegregation in both NBi; and NRs causes peak broadening as varying
compositions increase or decrease the lattice parameters slightly creating a broadened
peak rather than it being sharp amell defined. The substitution of different elenten
in a crystal also hashe effect of shifting the characteristic peaks to higher (lattice
expansion) or | ower (lattice contraction

Texture effects i.e. directionality caused by cooling have an effect on the peak
intensites. Each characteristic peak corresponds to a certain crystal orientation and the
preferential growth direction of a crystal means some peaks have a greater intensity, as
more lattice planes are scattering at this angle than others. The addition of heavie
elements to the crystal lattice also has an effect on the peak intensity as they cause more
scattering.

To avoid the effect of texture in theharacterisation of the microstructure of the
bulk samples, powder samples wegrepared so that they can bealysed using
transmission XRD. The advantage of this technique is that the resulting peak profiles
can be processed and matched using Rietveld analysis which compensates for changes
in 2d shifts and peak broadeniuegnlkethe t o
Le Bail method, does rely on the peak height ratios being maintained which is why the

removal of texture effects is important.

3.8 Rietveld analysis

Rietveld analysis is a least squares refinement which uses the profile intensities to
extractdata from a peak profil¢Rietveld 1969)Rietveld 1967) The technique was
originally developed to extract data from neutron diff@actexperimentdhiowever it

can also be applied for use in XRD. The refinement alters the Gaussian (peak width,
asymmetry) and theorentzian (pel tails) shape of the profile parameters which have

been chosen to match the unknown peak profile. In the case of our alloys the refinement

62



3.9 Experimental

alters the peak width and 2d position,
heights the same amount) of thésNand NBSi; profile parameters. To complete the
Rietveld analysis GSAS was used along with the graphical interface EXPGUI to
analyse powder profiles. Profile parameter files (.CIF) were obtained far Noband U,
and si; fri the ICSD website. Bgltering the peak parameters for the chosen

peak files it is possible to align these files with the peaks achieved with powder XRD.

3.9 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is the use of accurate scales to méaswreight loss (or
gain) due to thexidationof an alloy under controlledonditions.Beforea samplewas
oxidised, its dimensions wefiest measured (in thisesearcta Polyvar light microscope
was used) to calculate isuirface area. The samplas placedn an alumina aicible
and heatedo 800 or 1200 °C aB °C/min in air. The sample waken heldat
temperature for 108 before cooling back to room temperatur® &C /min. The slow
cooling ratewas usedo avoid the rapid contraction of the sample and the resulting
spallation of any oxide layer formed’he equipment used in these experiments avas
Netzsch STA 449 F3 JUPITE&dthe data wasnalysed using Pyris software. After
oxidation an image of thexidised sample wasaken before further analysis was
performed.

The weight change data waormalisedit wasthen divided by the surface area to
give a value of g/ch and theweight change with respect to area was plotted against
time in seconds. From this plot tle&idationrate constantvas calculatedfor linear or
parabolic oxidationTheK, or K, value that hadhe best Rvalue wasdeemed the best

fit and determingd whether the oxidation waisiear (K_) or parabolic (I).

3.10 Nano indentation

Due to the finanicrostructure present in tradloys of this study nano imentationwas
usedto get the hardness of individual phasethe HT samples. Aysitron Triboscope
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nanomechanical test instrument attached to a vico dimension 3100 atomic force
microscope was used for the analysis. Serpentine runs, typically 8X8 werearegas

of the bulk of the alloy with the least porosiiging a4 0 0 O load bhe nature of the
serpentine runs metamata ould be collected fast and efficientlyHowever some
indentionswere on the edge of phases:, in pores whichgaveemroneous results. The
values weresorted to removesrroneous data, firstly they ese matched with the
respective phases and set into two gromasnely data folNbss and NBSis. The two
columns of data were then refined and data points which lay on the edge of phases were
removed.The modulusof the two phases was estimated using #r@omndentation data

andEquationl:

Equationl
O

Where Eis the reduced modulus (data from indenteg)isEhe elastic modulus, Bnd
giare indenter sigthe Bisves ratio sf thaaspkctive phase being
analysed, aseascribed in the seminal paper by Oliver and Pf@liver & Pharr 1992)
Thevaluesk= 1140 GPa and 3 = 0.07 wereg=used
0.38 and 0.27 for Nhand NRSi; respectively As described in the seminal paper b
Oliver and Pharr(Oliver & Pharr 1992) In alloys with more than two phases is
impossible to differentiate betwedhe NbsSi; and he Laves phase. The Laves phase
wastypically found insmall volumes at the edge of silicide gr&iThe data points in

these areas weneot considered in orddp reduce the error caused by analysing the

wrong phase.

3.11 Fracture toughness

The fracture tougnessof the alloyswas measured using a Zwick Roell modgT:2-
FRO50TH machinewith a 5KN load cell and a 3 point bend rig. Specimens were
prepared to conform with U.ASTM 2013)and BritishstandardgAnon 2010) to get

Ko values see sectior3.4.4 Specimen dimensienwerebased on previous work done

in the field, in agreement witthe afore mentioned standards, as was the decision not to
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pre crack the sample€Subramanian 1997; Kimura et al. 2005; Kim et al. 2004;
Soboyejo et al. 1999; Kim & Tanaka 2002; Sha, H. Hirai, et al. 2@#cimens with

di me n s ix3n45mdn® were cut using electro discharge machin{EDM) and

these samples were notched at the centre to half the width (3mm) also using EDM to a
notch root diameter of 0.2mm. These samples were then placed in the 3 point bend rig
with a span 0f 40 mnand load was appliedntil failure. The K data gaind from the

test was then applied géquation2 andEquation3, to getthe K, value.

Equation2

. . Y
b} O+—
ow !

QW ®

Equation3
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¢p Cdw p Ww !

Wi oo !
Where:

1 Ko= provisional fracture toughness & nf)

1 Fo= Force (kN)

1 S= Span between outer loading points (mm)

1 B= Specimen thickness (mm)

1 W= Width of specimen (mm)

1 a = crack length (mm)
After the testwas completd thesamples were mounted and polished, BSE images were
then taken totsow the crack praggation path.

3.12 Density Measurements

Density measurements werengpleted using a Mettler Toledo NewClassic Bt of
density scales. This method is based on the Archimedes principle, which states an object
immersed in water is buoyed up by a force equéhéoweight of the water it displaces.

With the density of the water known through a range of temperatures (buoyancy varies
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with water temperature) the density of the object can be fdtopgationd was usedor
thedensi ty calcul ation wher e (is thesveighthokthed e ns
sampl e (jistheadensity of the water and\Ws the weight of the sample in

water

Equation4
w J
W W

This equation does not include the errors caused by several factors, most notably:

1) The formatiorof bubbles on the surface of the sample that is being analysed
2) Air buoyancy during weighing in air

3) A change in depth of immersion of the pan hanger asisem

4) The dependency of the buoyancy of water on temperature

5) Adhesion of water to the suspension wire of the pan hanger assembly

Smooth pieces of the alloy were weighed to avoid the formation of bubbles on the
outside of the sample. A correction factor walso added automatically within the

e gui p me n tsd@twareltacounter the effect of air buoyancy.

3.13 Volume fraction measurements

Volume fractions were calculated using image j softvear@BSE imags. The contrast
of the images wafirst altered tomake the difference between the dark {8l and
light (Nbs9 phaseanore distinguished. The image svéhen made into a binary and a
thresholdwas set so that all the N§6i; was marked, the area being analysess then
selected with a box. After the aré@ aralysis hadbeen selected itould be measured
this providedthe area fraion of the phases in that ardanis method was repeated for

minimum of 5 images to calculate an averagkie
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4.1 As-cast Microstructures: Results and Discussion

As-cast Mcrostructurs: Results and Discussion

Understandig the microstructure of alloys is a crucial step in the identification of
phases present in the alloys, the alloying effects on the stabilities of these, phases
solidification pathsandfor tracking the changes caused by different alloying additions.
The following chapter will be a comparative stumfythe alloys of this researchiving

a detailed progression through the changes weae¢ influenced by varying alloying
additions, and the resulting microstructural effects that fabhw

Table 4.1 shows the volume fractions and densities of the phases present in this study.
Laves phase containing alloys show a notable decreasesinvdlilime fraction and the

densities are comparable to the amount of RM adddteteespective alloy.

Table 4.1 Volume fraction and densities of alloys

Alloy Fraction of phase (%) Density
Nbss NbsSis NbCF, (g/cnt)
JN1-AC 42 58 - 6.9
JN1-HT 42 58 - '
JN2-AC 40 55 5 76
JN2-HT 39 61 - '
JN3-AC 51 49 - 75
JN3-HT 50 50 - '
JN4-AC 44 56 - 71
JN4-HT a7 53 - '
AC:As-Cast, HT: Heat Treated

4.1 Alloy Nb-18Si24Ti-5Cr-5AI-5Hf (JN1-AC)

The alloy JN1 was developed to bridge kmowledgegap between the alloys KZ&
nominal composition Nb-18Si24Ti-5Cr-5Al (Zelenitsas & Tsakiropoulos 2005;
Zelenitsas & Tsakiropoulos 2006b; Zelenitsas & Tsakiropoulos 2086d)JG4of
nominal compasion Nb-18Si24Ti-5Cr-5Al-5Hf-2Mo (Geng, Tsakiropoulos & G Shao
2007; Geng, Tsakiropoulos, et al. 2008aanalloy (with Hf, without Moor another 5d
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of sp element additigrhad not been investigated. The bulk microstructureseflloy
KZ5 and JG4 can be seenhkigure4.l, bothalloys hal complex microstructures with
the presence of Nb NbsSi; and NbCs Laves phaseThe most notable difference
between them wathe presence of Hf it NbSiz in the Hf containing alloyyG4 The
segregation oNbgsis clearin KZ5.

200um

Figure 4.1 images from the bulk of KZ5(éJelenitsas & Tsakiropoulos 200&hd JG«
(b) (Geng, Tsakiropoulos & G Shao 200Y¢

Table 4.2 gives the large area EDS analysis results. The EDS analysis was obtained at
320X magnification from the tofulk and bottom. An average was calculated using at
least 5 analyses, taken from these areas. All analyses showed the composition to be
within 0.5 at% of the nominal composition except for Si and through balance Nb. This
would be attributed to the EDS aysik used for Si, as a difference of roughly 2 at% has
been observed by other students in this group when using both EDS and WDS analyses
for similar NbSi based alloys. There were however notable differences between the Si

concentration in the top and theottom of the button ingot locations to Si

macrosegregation with 0 TPND.
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Table 4.2 EDS large area analysis of INMAC (at%)

Area in ingot Nb Si Ti Cr Al Hf
40.7#0.2  20.9+0.6  23.5¢0.5  4.5+0.2 53x0.2 5.10.1
Top 40.440.8  20.1-21.7 22.624 4247 5056 5053
40.9+0.4  20.3t1.0 23.7¢05  4.6+0.3 5402 5.1%0.1
Bulk 40.441.4  1921.7 2324.1 4250 5257 5053
Bottom 41.4+0.5  19.6#1.0  23.5%0.6  4.4+0.3 5.7¢0.1 5.4%0.2
40.842.4  17.721 227245 4049 5559 5256
Average 41.24¢0.6  20.1#1.0  23.5%0.5 4.5¢0.3 5.5+0.2 5.2+0.2
composition 40.442.4  17.7-21.7 226245 4050 5059 5056

Figure4.2 shows the microstructures at 250X and 1200X magnification of the top, bulk
and bdtom of the alloy JN1 AC.There was a difference in the scale of the
microstructure, which was finer at the bottamd in the directionality, which was more
defined at the top, furthermore there was no eutectic in the bottom. In all three areas the
partitioning of Hf made the identification of phases extremely difficult, in particular the
Nbss

In the bottom of the button ingot the microstructure was fine and consisted of
mostly closely spaced N®i; grains, surrounded by Hf rich MBi; and NRs Some
bourdaries of NBESi; exhibited dark contrast areas that were attributed to the
segregation of Ti.

In the bulk of the alloy the bulkier N8i; seemed to beandomly oriented in the
microstructure and the interdendritic regions between the silicide grainslavges
when compared with the top. In the interdendritic regions the formation of eutectic was
observed; the constituent phases also appeared to maaceptable degree of
microsegregiéon. This was attributed tthe slower cooling rate that allowed mairme
for the partitioning of Hf to occur, leading to microsegregation. The overall architecture
of the microstructure in this part was similar to that of JG4Fspee4.1.
The top of the ingot displayed moreratitionality of the NESi; than the bulk. There
was visibly less microsegregation in thesNland the NESi; grains were smaller and
more closely spaced than the bulk. There was less eutectic in the interdendritic regions.

69



4.1 As-cast Microstructures: Results and Discussion

1.8 .
P ] 100pm JN-1AC e—— 10pm  JN-1AC

20.0kV COMPO WD 11.O0mm| 20.0kV COMPO WD 11.0mm|

20.0kV COMPO

“78 . B - S
100pm JN-1AC 10pm JN-1AC
20.0kV COMPO WD 11.0mm 20.0KV COMPO WD 11.0mm

Figure 4.2 BSE at 250 X and 1200 X magnification of the top (a, b), bulk (c, ¢
bottom (e, f) of IN1 AC

Figure4.3 shows X-ray maps of the Bulk of JINAC. This qualitative method is one of
the only methods to distinguish between thei HEh NbsSi; and NRs The red areas
have a higher concentration of thralysed element, and in the blue areas there is little

or none of the analysed element. Elemental maps were used to assist with the
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characterisation of the microstructure, owing to the complication of the contrast of the
phases due to the partitioning Bf. The technique is very useful to determine the
different areas of microsegregation of elements (Si) which is not easy to identify in a
simple BSE image e.g. when an element of high Z number, such as Hf, partitions
between all the phases present.

The Siand Nb maps clearly show the silicide grains and the Hf rich regions align
with the low Nb, high Si regions indicating the Hf rich §Si. The Hf rich NBSi;
regions were found in the interdendritic spaces between tk®iNfsains and the Nb
The Ti ard Cr rich regions corresponded with the Hf rich regions as both elements
partition to regions which are rich in Hf. Al does appear to have a higher solubility in
the Nhys as opposed to the MbBi;. The Cr map shows no convincing evidence of the
presence ofhe C14 Laves phase. With the exception of one area which was also rich in
Ti. Thus it was not possible to confirm the presence of Laves phase {AQNh the
basis of the Xay maps.

Hf-rich
NbsSis

NbsSis
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Figure 4.3 BSE image of JN1 AC bulk andray maps for Nb (a), Si (b), Ti (c),
(d), Al () and Hf (f)
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The microstructure of the alloy JNMC was characterisedsing both XRD and
Rietveld analysisFigure 4.4 shows the Xray diffractogram produced by Rietveld
analysis; the red and black markers under the graph eepreés t J%ig whiciNhms

the WsSis-type D8, structure(Geng, Shao, et al. 2006; Bewlay et al. 2004d the N
respectively. The purple line represents the goodness @fitht peaks representing
deviations between the fitted standard profile and the sample profile, with bigger peaks
representing a | arger mismatch. The majo
the data meaning the largest portion of the datdteifivith a large degree of accuracy,

the overall peak profile has a ¢hialue of 1.73.
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Figure 4.4 Rietveld analysis of JNAC The green line is the original pattern, the r
markers are the fitted pattern and the purple line is the goodness of fit. The tick
under the graph represent the J\&nd the NSk phases in lack and red respectively

For comparative reasons the powder pattern was also fitted using the Sieve+ software to
ensure similar results were achieved. This is importanbae of the other alloys were
characterised using Rietveld analysis as they were too complex and“kalces were

very large.Figure4.5 shows the same powder patternFagure4.4 however the pattern

was indexed using the Sieve+ software. It can be seen by comparison that a good match

between the two patterns was achieved, with the main phases being indexecgaad Nb
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b NsS8is; this gave good confidence for the use advei+ software to analyse the

diffractograms of the other alloys.

m  Nbss(04-001-2736)
A BND5SI3(04-004-07565)

S
10000 A

5000 A A a

Figure 4.5 JN1-AC powder Xray diffractogram analysis using Sieve+

Using the peak data obtained from the powdered sample it wasoaisible to calculate
the lattice parameter of the Niphase using Nelson Riley plot.

The value f or i abBquavans whera H, Kwahdd tare dillef r o m
indices and d is the d spacinftbe peak.

The value of d was calculated froBguatoné6wher e n i s an i nt
wavelength of the incident wave and d i :
scattering planes.

The wvalwue for fuging Equavomm 8 witearl e uf atd e d i s
function, and d is the angle between the

The calculated lattice parameter values for -®BCL can be seen iffable 4.3
These were used to create the NelRiley plot. The Nelson Riley plot can be seen in
Figure4.6

Table 4.3 The calculated lattice parameter of the BCC Nk in JN1-AC

dR) 2d theta a(®) f (d) hkl  Corrected ak)
JN1ac 2.305 39.04 19.52 3.260 2.704168 110

1.633 56.28 28.14 3.266 1.676321 200

1.333 70.62 35.31 3.264 1.170963 211 3970

1.151 84 42 3.256 0.838495 220

1.032 96.54 48.27 3.264 0.602851 310

0.947 108.94 54.47 3.279 0.421175 222

74



4.1 As-cast Microstructures: Results and Discussion

3.280 *
3.275
3.270

o \. ’

< 3265 .

3.260 &
3.255 L
3.250

0 0.5 1 15 2 2.5 3
f(6)

Figure 4.6 NelsonRiley plot for the lattice parameter of thedoNksin IN1-AC

The val uevas fexrapolafed fsom the Nelson Riley pldhe lattice
parameter of NRi n  J N1 isBQ7AfTasdlattice parameter of pure Nis 3.303
A; indicating a contraction of the lattice paneter by 0.03 A. This contraction is due
to the presence of elements with small atomic radii within thg Mbthis case Ti, Si,
Cr, Al and Hf have atomic radii of 1.47, 1.17, 1.30, 1.43and 1.5Gade & Totemeier
2003) respectively. The effect of covalent bonding also has a large effect on reducing
the lattice parametéKim et al. 2004)

Equation5
Equation6

€ _ Qi Qe
Equation7
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Phase analysis of the phases present in JN1 AC was performed using WDS in
EPMA to determine the chemical composition and the effects of alloying on solute
partitioning. The XRD had suggested the presence Qf &im d sRi;Nhbthe alloy.
Table4.4 shows the phase analysis data that confirmed the presencesahiNINBSIs,
and the partitioning of Hf in both phases. TheNthase was thus formed as Hf rich
Nbssand normal Nk, This was supported lifie X-ray maps irFigure4.3 whereit was

naticed thatthe Hf rich regions were closer to the §Si grains than the normal Nb
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The Hf rich and poor regions ihable 4.4 were determined by grouping all relatively
high and low regions together, with a -@it point of 4.7 at% between the two. The
average Hf composition of the normal llwas 3.6 and the Hf rich was 5.6 at%
displaying a significant compositional differencehe partitioning of Hf has a direct
effect on the partitioning of the other elements, areas that were rich in Hf were also rich
in Ti and Cr, however the concentration of Al was not affected by Hf and remained
consistent throughout the Nb

The composibn of the NSi; was also affected by the partitioning of Hf with
two distinct silicides forming, the Hf rich one having an average concentration of 9.3
at% and the normal NBi; 4.6 at%. As with the N the Hf also affected the
partitioning of elementsotably Ti in the silicide, the concentration of which increased
with Hf.

In INI-AC some eutectic areas were large enough to be analysed. The analyses
showed that the average Si content was 13.3 at% and the Si+Al was 18.9 at%, the latter
being very closdo the eutectic components of 18.75 at% in the-Siidinary. The

eutectic was formed from the last to solidify melt.

Table 4.4 EPMA phase analysis of INJAC (at %)

Phase Nb Si Ti Cr Al Hf

Nbee 53.7¢3.2 1.7+x0.4 26.5+19 8.0+1.1 6.2+0.2 3.6%0.7
48.7-57.0 1.325 24.7-29.5 6.7-9.3 6.2-6.8 3.04.5

NDbss 45.9+4 2.0+0.7 30.7¢1.7 9.4+1.0 6.5+0.2 5.5+0.7

Hf rich 40.651.8 1.335 28.1:334 75111 6.26.8 4.7-6.4

NbeSiy 41.0+1.4 30.4+£1.2 19.2+14 1.3+0.5 3.5x0.5 4.6x0.1

38.842.6 28.231.5 17.820.8 0.92.3 3.04.2 4.44.7

NbsSis 30.4+0.6 32.6+x0.9 23.7+0.1 1.1+04 2.9+0.1 9.3%0.3
Hf rich 30.1:31.3 31.233.3 23523.7 0918 2.83.0 8.99.5

Eutectic  46.8+2.2 13.3+15 24.2+1.1 53+0.6 5.6+x0.2 4.8+0.5
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4.1 As-cast Microstructures: Results and Discussion

The NbCg Laves phase was formed in both the allk¥® and JG4any regions

in IN2-AC wherethere could be Laves phageeFigure4.2) weremuch too small to
analyse using EDS/WDSThe X-ray mapswere also norntconclusiveregarding the
presence of the Laves phadéne existence of the Laves phase in N, whilst
possible, is not likely to bat a highvolumefraction

The formation of NbGr in Nb-silicide alloys has been limited with the
partitioning of Cr to the melt whitbecomes rich in Cr and the Laves forms from the
last to solidify Crrich melt. In IN2AC the strong partitioning of Hf in the Nbwhich
was not observed in JG4, and the corresponding increase in the concentration of Cr (and
Ti) in the Hf rich NRswould be the reason for the interdendritic melt not becoming rich
enough in Cr to allow the formation of NbCr

Another reason foihie stabilisation of th€14 NbCr, Laves phase in KZ5 and not
in IN1would bethe higheractualCr contentin KZ5, being 6.87.6 at%, resulting in the
alloy sitting deep in the NBNbsSis-NbCr, ternary phase fieldBewlay et al. 2009)
The NRkSi; grainsand the eutectic werauch coarser in KZ5, comparedth JN1; this
would suggest gefining effect of Hf on the microstructu@ian et al. 2008)

The Scheil solidification path of JNAC was calculated using the Pandat
database and software and gave the follgwasult, seé&igure4.7. Solidification starts
at ~ 1958°C, then = L + NbsSiz- L + NbsSiz + Nbss- L + NbsSiz + Nbss+ TisSi3
- L+ Nbss+ TisSiz - L + Nbss+ TisSiz + C14 NbCp - Nbss + TisSiz + C14 NbCs
with the last liquid solidifying at ~ 1223C and vol% Nbs of 44.6% and vol% NiSi;
of 44.2% and TSi;z of 11.2%. In other words the calculations gaves3ibas the
primary phase, in agreement with the experimental results, the formation of hexagonal
5-3 silicide, the formation of C14 Laves phase, which was not confirmed conclusively
by the experimental results and a final microstructure consisting Qf iMixagonal 8
silicide and Laves that is not in agreement with the experimental results. Regarding the
structure of NgSi; the XRD data for JINJAC confirmed the presence of tetragobal
NbsSi; and there were no peaks corresponding to the hexagitiaSis. The
Nb/(Ti+Hf) ratio for the Hf rich NeSiswa s | e s s O0t9hbatrthe dblbi(€i+Hf) &
raiointheal oy was abo%¥d4) ongEh¢adso called Astri

formation of hexagonal NBi; when the above ratio is below on€0(7) in both the
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4.2 As-cast Microstructures: Results and Discussion

alloy and the 8 silicide. The calculated volume fractions were close to the

experimentally measad ones, se€able4.1.
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Figure 4.7 Scheil solidification path for JN1 calculated using the Pandat software

4.2 Alloys Nb-18Sk15Ti-10Cr-2Hf-5M0-5W-2Sn (JN2-AC) and Nb-18S#15Ti-

2Cr-2Hf-5M0-5W-2Sn (IN3-AC)

The alloys JN2 and JN3 westudiedto understanchow Cr affects the microstruare
evolution, phase stability, oxidation and mechanical properties of high order altbys
RM additions and SrMo and W were added, atige concentration ofi and Hf were
reducedo balance the properties of the alld@he increased Cr content andddidn of
Snwere expected to balance the negative effect on oxideggstanceanticipated from

thereductions in Ti and HEoncentrations

4.2.1 IN2-AC

The large area analysis for JN2 is giveriTable 4.5. The d#a shows that the average

composition for most elements was close to the nominal composition, with the
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4.2 As-cast Microstructures: Results and Discussio

exception of W which was far from the nominal. Their difference was attributed to the
difficulty of fully melting the W pellets. The W concentration waable throughout the
top, bulk and bottom of the alloy with an average of 2 at%. There was macrosegregation

of Si with 6 0 o® @b and no segregation for the other elements.

Table 4.5 EDS large area analysis of INiAC (at%)

Area in ingot Nb Si Ti Cr Hf Mo w Sn
42.64#0.3 20.6£0.4 159+0.2 9.5%0.2 1.6+0.0 5.6+0.1 21402 2.0+0.2
Top 423429 202211 156162 9398 1617 5557 224 1823
426805 20343 16.0#0.2 94#0.3 16102 58#0.3 22404 20402
Bulk 42431 195226 159162 8997 1319 5562 1525 1.823
Bottom 425402 203#0.6 16.0#0.2 9704 1.7#0.1 59:0.2 20403 19401

42.3428 19.4209 15.716.2 94104 1519 5662 1.7-23 1.7-2

Average 42.6:0.1 20.40.2 16.0:0.1 9.50.2 1.740.1 5.8:0.2 2.1+0.1 2.0+0.1
composition 420431 19.4226 156162 89104 1319 5562 1525 1723

Figure 4.8 shows the microstructure at low and higagnification for the top, bulk and
bottom of the alloy JN2. The dark grey grains argdWh the brightgrainsare Nhsand
the black areas atbe NbCr, Laves phase. Themas a noticeablgariability in contrast
in the NRswhich suggestmicrosegregatio but not in the NiSis.

In the bottom of the ingot where the melt had been in contact with the water
cooled copper hearth the microstructure consisted of three distinct phases normally the
Nbss NbsSi; and the NbGrLaves phase. The low magnification iges would suggest
almost equal volume fraction for the NBnd the NBSi;. The spatial distribution of the
Laves was not uniform and the NHid not exhibit a dendritic morphology.

In the top and bulk of the ingdhe dendritic structureof the Nbss was apparent
and finer in the formeiThe NbCp Laves phasavasformedat the NigSis-Nbgsinterface
as was the case in the bottom of the ingot

None of the phases within JM{C appeared to have any micro cracks, however

there was noticeable porosity throughthe ingot, mostly in the bulk and top.
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4.2 As-cast Microstructures: Results and Discussion

(e) (f)

Figure 4.8 BSE at 250 X and200 X magnification of the top (a, b), bulk (c, d)
bottom (e, f) of IN2 AC.

Given the patrtitioning of solutes in the Nbelemental maps were used to aid further
characterisation of the microstructufégure 4.9 shows the Xray maps from the bulk
of JN2AC. The maps clearly show the high degree soiute partitioning, i.e.
microsegregation in the alloy. The Nb, Si and Cr maps skberethe Nhg RS b

and NbCs Laves phaseavere formed The other elemetial maps help to distinguish
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