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Abstract

The development of nuclear fusion reactors presents complex challenges in materials design and
development. To ensure that structure critical materials can withstand the conditions within the
pressure vessel extensive testing must be carried out.Willisxclude, in part, the testing of specially
irradiated specimensThe intensity of the irradiation means that only a small volume of material will

be produced and available for testinflecessitating the development of small scale mechanical
testing.One such test method is small punch testing. For small punch testing to be considered a viable
testing technique for structure critical design a reliable correlation between small scale and bulk scale

must be made.

In this thesis the creation of a smallinch test finite element model was presented. The model,
created in Abaqus 2017, was used as a basis for the optimisation of JeGos&nmaterials and
damage model parameters of P91 dadrofer97steels at room temperature. An effective method for
the optimisation of the Johnso€ook materials model parameters was developed. This method
utilised the scripting capabilities of Abaqus in conjunction with the SciPy optimise module within
Python to perform inverse analysis via the Neltgad algorithm. The ults were successfully
validated by use of the Considére Criterion, demonstrating that they were conservative with a
confidence of 95%. The early stages of a method for the optimisation of the Jelmsdndamage
model parameters were presented, with tledfects of the friction between sample and punch head

was also highlighted.

The forcedeflection curve analysis methodologies provided in togle of best practice and ASTM
standardwere also analysed. Examination of the proof stress and UTS estimatibnasaerovided
in the code of best practicenethods displayed an overestimation when calculating values izl

tests at room temperature.

Overall, the basis for the development of a novel method for the calculation of Jol@makmaterials
and damagédehaviour from a small punch test was presented. Through effective validation this, and
further work has the potential to be applied in the design and quality assurance of structural materials

for future fusion reactors.
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Figure 2.8: Diagram showing the effect of contact friction on the morphology of the deformed
compression test PIece [70], [7d] ...cooi oot e e e e e e e e e e e A2

Figure 2.9: Diagm illustraitng the effect that contact friction can have on the internal strains of a
compression test piece. Orange and red zones are stagnant and dead zones, and green indicates areas

of large amounts of shear Strain [71], [76] ......ccouiurriiiieiiiiiie e 43
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Figure 2.11: A measured loatioke curve for a mild steel sheet of a 1.2mm thickness. The graphs
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Figure 2.12: Diagram of a Vickers indenter. a) displaying the required dimensions and b) the required
angle of 13GTOr the tIP[BL]......cuurreiiiee it e e e s e e e e e s eee s 46

Figure 2.13: Diagram of the Charpy test. The striker starts at initial position, A, swings through to
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Figure 2.14: Diagram showing the notch types on a Charpy test.[83]..........cccovvieriiiiiiinnnn 47

Figure 2.15: Diagram of a straime graph outlining the different stages of creep. Adapted from ASTM

E139- 11: Standard Test Method for Conducting Creep, GiRepture, and StresRupture Tests of

Metallic MAtErIAlS [BF........ueeeeiieiiiiiiii e e e e e e e 48

Figure 2.16: A diagram displaying the three different loading methods used in fatigue testing:
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Figure 2.17: Diagrams displaying the two unnotched specimen shapes recommended by ASTM E466

15: a. Specimens with circular cross gattand tangentially bending fillets; b. Specimens with

rectangular cross sections and a continuous radius gauge.[88]............ccccceiiiiiiniiiiiiiinnnnene. 50
Figure 2.18: A diagram showing a typical stldesdiagram. Note the tw types of tests employed,
constant amplitude and Staircase. [A0]........ccouiiuiiiiiiieiii e 51

Figure 2.19: Scoop cutter sampling apparatus, indent left behind, and removed sample. Image from
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Figure 2.20: Photograph of the hot cell facility in Argonne National Laboratory.[106]............ 53
Figure 2.21: Diagram displaying the challenges involved in-&n@lt £ S G SadAy3d -! RI LI S|
scale mechanical testing on nuclear materials: bridging the experimental lén@gth £ S 2.158J¢ wpn

Figure 2.22: a) Diagram showing the miniaturised tensile test. b) Diargram showing the miniaturised
GANB (SyairftsS GSa istale mécRanitaitéstihg oh NE¥ar raatefialg:bfidging the
experimental lengthh OF £ S Tl LIS .. P8 55

Figure 2.23: a) Diagram showing the microcompression test piece highlighting the slip planes present
afte compression. b) Diagram displaying the stress/strain curve of the microcompression tést. Bot
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Figure 2.24: a) Diagram showing the miniaturised bend test. b) and tlee-d@placement curve
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Figure 2.25: a) Diagram skimg the nanoindentation test, and b) the load displacement graph from

it. Where: hax = maximum displacement,s b= final depth of indentation. Both adapted from
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Figure 2.26: Diagrams displaying the basic geometry of a small ring test: a. the specimen thickness, d,
is highlighted along with radius, R; b. once loaded into the apparatus, force, P, is applied with two pins.
The circular geometry of the specimahows for it to self align as load is applied [121], [122]..58
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Figure 2.28: A diagram of the two bar test showing the placements of the pins applying a load, P with
a. showing before deformation and b. showing after deformation and failure....................... 59

Figure 2.29: adapted from Analysis and design of a small two bar creep test specimen.[1230

Figure 2.30: a) Diagram showing the small punch test. b) and the-dispcement graph from it.
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Figure 2.31: Scopus review on all documents published on small punch teg@jg.[1.............. 62
Figure 2.32: Diagram of the small punch test, displaying the important geometric features, the values

of which can be found in table 2.1. [93], [128]......coieiiiiiiiiiiee e 64

Figure 2.33: Diagram showing the two types of punch heads used in the small punch test [93], [128]
................................................................................................................................................ 64

Figure 2.34: Diagram of the forcksplacement curve produced bizg small punch test, important
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Figure 2.37: Diagram showing the changes in behaviour by increasing the punch force in the small
punch creep test. An increase in punch force leads to a reductiom@étt rupture [93] ............. 69
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Figure 2.39: The small punch creep test betvarvof P91 steel compared with the standardised creep
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Figure 2.42: A diagram of the small punch simulations by Simonovski et al. showing the stress
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optical (a.) and SEM (b.) with martensite laths, carhidesl prioraustenite grains. The texture can

be seenin c. with an EBSD SCAN [194]........uuiiiiiiiiiiiieii et 85
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force-displacementurve showing the elastic plastic transition force.................ccoeeiieiiiiienns 90

Figure 3.3: Screenshots of the small punch test components, a) the upper die as an analytical rigid
shell, b) the lower die as an analyticaid shell, ¢) the punch as an analytical rigid shell, d) the sample

as @ deformable SONM..... ..o e a e e e e 92
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Figure 3.6: Screenshots of the assembled small punch test from two different angles. The punch can
be seen OULIINEd IN WRITE........uuiiiiiie e eeeas 95



Figure 3.7: A screenshot of a deformed, failed small punch sample. Such screenshots allowed for visual
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Nomenclature
Tensile tests

" ¢ Stress (MPa)

" engineeringG ENgineering stress (MPa)

" wue G True stress (MPa)

F¢ Applied force (N)

Ao ¢ Initial specimen cross section (Mm

A¢ Instantaneous specimen cross section (f im
8 ¢ Strain

8 engineeringG ENGineering strain

Birue G True strain

L ¢ Original gauge length (mm)

kL¢ Change in gauge length (mm)
Compression tests

h ¢ Instantaneous specimen height (mm)

ho ¢ Initial specimen height (mm)

Threepoint bend tests

C¢ Distance between two lower suppisr(mm)

L ¢ Support span (mm)

r ¢ Radius of plunger (mm)

d ¢ Depth of beam (mm)

b ¢ Width of beam (mm)

D ¢ Deflection at centre of beam (mm)

m ¢ slope of tangent to loading portion of load deflection curve (N/mm)
Vickers Hardness test

HV¢ Vickers hardnes (kgf/mn¥)

A¢ contact area (mrf)

h ¢ face angle of the indenter (13600

dv ¢ mean Vickers indentation diagonal length (mm)
Charpy impact test

A ¢ Impact energy (J)



M ¢ Mass of hammer (kg)

g ¢ Gravitational potential energy (9.81 nd)s

kH¢ The difference between initial and final hetghf the hammer (mm)
Small ring test

3-¢ creep deformation rate

' |y Bonviersion factors that vary with specimen dimensions
a and b¢ major and minor axis dimensions of an elliptical specimen
bo ¢ specimen depth

d ¢ specimen thickness

Pcload

Two bar test

Lo ¢ gauge length

k ¢ length of loading pin supporting end

D ¢ diameter of loading pins

b ¢ bar width

d ¢ specimen thickness

3 ¢ creep deformation rate

i ¢ conversion factor dependant on specimen dimensions

- ¢ Equivalat uniaxial minimum creep rate

Small Punch test

D ¢ Sample Diameter (mm)

h ¢ Sample Thickness (mm)

r ¢ Punch Radius (mm)

Dr ¢ Receiving die diameter (mm)

L ¢ Chamfer Length (mm)

F¢ Punch force (N or kN)

v ¢ Punch displacement (mm)

u ¢ Sample deflectionnim)

Fv ¢ Maximum punch force reached (N or kN)

vm ¢ Punch displacement at,Fmm)

uvw ¢ Sample deflection at,H{mm)
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R ¢ Punch force at sample failure (N or kN)

Ve ¢ Punch displacement at fnm)

Us ¢ Sample deflection atiFimm)

Fa ¢ Punch force at thelasticplastic transition (N or kN)

Va ¢ Punch displacement at, Fimm)

ua ¢ Sample deflection at:Fmm)

Fs ¢ Force at a deflection of 0.5mm

B¢ Plastic energy required to deform sample t@ F

E. ¢ Elastic energy required to deform sample tp F

Erot ¢ Total energy required to deform sample ta F

" 02¢ Yield or proof stress estimation (MPa)

i +02¢ Geometric correlation coefficiemgroof stress estimations
UTS; Ultimate tensile strength (MPa)

I uts¢ Geometric correlation coefficierfor ultimate tensile strength estimations
u; ¢ displacement athe onset of plastic instability (mm)

F ¢ force at the w(N or kN)

Small Punch Creep Test

" ¢ equivalent uniaxiatreep stress

kse¢ ductility related coefficient

A ersC the force to stress ratio

Umin ¢ the deflection at the point in which the defidon rate reaches a minimum
8 mifiC mMinimumstrain rate

Ductile to brittle transition temperature using the small punch test
Tsp¢ Small punch ductile to brittle transition temperature

Tewng Charpy ductile to brittle transition temperature

h ¢ Carelation factor usually 0.4

Finite element modelling

U" ¢ Displacement approximation

ng ¢ Number of nodes forming the element

di ¢ Thedisplacemenbf the ith node

N ¢ The shape function
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u;- Displacement in the x direction

v; - Displacemenin the y direction

wi; - Displacement in the z direction

Simplex Algorithm

n ¢ Number of variables

yi ¢ Function

P. ¢ Point along the function;y

B ¢ Point along the function;y

Vh ¢ Maximum possible value of y

yi ¢ Minimum possible value of y

0 ¢ A centroid point betweenyand ywhere ir' h
P. ¢ highest value of P

h ¢ The reflection coefficient (always positive)
1 ¢ Theexpansion coefficient

I ¢ Thecontraction coefficient
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1. Introduction

A key element in makinguclear fusion power plants reality, and thus putting electricity generated

from fusion power on to the grid, ihe developmentand validationof new materials capable of
withstandingthe ultra-extreme conditions foundvithin the reactorvacuum vessel. Temperatures up

to 100million degrees Celsius, heavy neutron loading, and significant fatigue cycles are all factors that
must be consideredl]. As such, the material property requirements include high resistance to
irradiation damage, excellent creep resistance, and good-teigtperature strengthwhich by itself is

a signifiant demand for material developmeii2]. However, because of eraf-life requirements
necessitating that no material can be significantly radioactive 100 yaftes removal from the
reactor, the number of elements that are suitable is limited making material devedopra grand
challenge[3], [4]. Moreover, there is currently no experimental facility capable of producing the
conditions of the fusion reactor vessel on a large enough scale taipecenough exposed material

to undertake standard property assessment, particularly the high flux density of high energy neutrons
[5]. Thus,the use of fullscale methods available tcaccurately assesthe YI G4 SNRA I f Qa LJ2 { S
performance inserviceare currently not viable anthis has led taa signifiant investment in research

into the use ofsmallscale testing techniques.g., miniaturised tensile testin@f these methods,

small punch testing has shown great promise at indirectly obtaining macroscale properties such as
ultimate tensile strength thwugh empirical correlation. In this thesis, finite element modelling
combined with inverse analysis is explored as a potential method for gaining more confidence in the
correlation between small punch data and maseale properties. This is undertaken hvithe
ultimate aim of generating enough confidence in small punch testing that the data it produces is
sufficiently robust to be used in design calculations.

1.1 Why nuclear fusion?

Since the industrial revolution of the #&entury carbon emissioriato the atmosphere have steadily
increased leadingto an overall rise in global temperatur¢g]¢[9]. Global warming has been the
subject of manyrecent headlines because of possildentributions to extremes in weather
experiencel across the world[9]. Increasedglobal temperatures and extreme weatherhave
highlighted the need to find new, carbon free means of producing edétyt A move away from fossil
fuels is vital ithe temperature rise cappeis to bel (i  NlO]pGné promisingoute is nuclear power.
Nuclear fission has been employed in many countries over the last few detaddishas proven to
be problematic Several serious accidents, military connections, and the productimaste that will
be hazardous foat leastone million yearshas led to a largely negative public opinjad]g[13].

Nuclear fusionhowever, has yet to be implemented on the commercial level iarsll in the early
stages of development, but it promiselean energy without thenegative public perceptiothat
nuclearfissionhas[1], [14]

1.2 Nuclear fusion and fission

The mass of an atomic nucleus is less than its constituent parts because a proportion of the nucleon
mass is converted to energy that binds the nucleus together, known as the bindingyeBending
energy is governed by the masgsergy relatioshipR S & ONJA 6 S R Equatio®ERnéiLE].Eack Q &
element has a digtict binding energy per nucleoifthegreaterthe bindingenergy per nucleonthe

more stable the nucleysas illustrated irFigurel.1, which shows P&to have the highesbinding
energy, making it the most stable nucle Much heavier nucleons than those around%are
therefore less stable suggesting that if they split they would become more stable. This is known as
nuclea fission. On the other hand, lighter nucleons have less binding energy per nucleon associated
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with them so the driving force is for them to fuse, become heavier, and therefore become more stable.
This is known as nuclear fusioWith the increase in staliy comes a decrease in overall energy,
meaning a large amount is released in the form of kinetic energy for both the fission and fusion
reactions[16], [17]

Fe

yield from fission
per nucleon

yield from fusion
per nucleon

nuclear binding energy per nuclear particle (nucleon) (MeV)

0 T T T
50 100 150 200
size of nucleus/mass number

Figurel.l: Diagram of the binding energy per nucleon for known nuclides. Important/notable isotopes have been
highlighted[17].

For both fission and fusion some fundamental forces must be taken into consideration, namely the
Coulomb repulsive force and the strong nuclear force.

The Coulomb repulsion is the electromagnetic force that acts between particles of the same charge.
Operating over a range of length scales, its effect is proportional with the inverse square of the
separation distance, i.e., the repulsive force is very higtiose separation distances. Thigvents

such particles from coming into contact. In atomiaclei the Coulomb repulsion ®unteracted by

the attractive strong nuclear force.

The strong nuclear fords over 100 times stronger than the electromagjn force[18]¢[20]. It has an
effective distance of 1fm (I®mm), and thereforeonly affects objectswithin and approaching the
nucleusof an atom[21]. Thus two positively charged protonsanexist in close proximity to one
anotherat a particular equilibrium distaeg as illustrated graphically (Figute?), where the Coulomb
repulsion balances out the strommiclearforce.
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Figurel.2: A graph displaying the force experienced by two protons coming into close proximity with each other. The
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Some heavier isotopes, such ag®hnd U have nuclei with radii that are near the limit of the
effective strong nuclear force distance, meaning Coulomb repulsion is the dominan{28ic§24]

which in turn means the engy barrier for fission, is relatively low. Thiassic example is®¥ywhere

the fission reaction is triggered by absorption of a slow moving thermal neutron to fé#ymiich
quickly decays to two lighter elements and neutrons, leading to a small mass loss that is converted
into energy that heatsteam to drive a turbine to generate electricitg5s].

Much like fission, the nuclear fusion reaction is energetically driven. The stronganfictee has a
large effect over small nuclei (everything lighter than iron), thus fusing two light isotopes together will
produce a producthat is substantially more stabkong with high energy bgroducts[21].

One reaction in particular is favoured by engineers for its energy production potdngain partto

its high cross sectionlt consists of two hydrogen isotopes; DeuteriumiQ( and Tritium (O.
Deuterium contains an extra neutron giving it an atomic mass of 2.014, whereas tritium has two extra
neutrons giving it an atomic mass of 3.0[26]. Fusing deuterium and tritium produces the largest
amount of energy compared to other hydrogbased reactions making it ideal for power generation
applications.High energy neutrons (14.1 MeV) and helium nuclei (at 5.5 MeV) are produced. This
readion, often described as the-D reactioncan be seen ikquationl.1[17].

0 0° 0Q ¢ p@MA®
Equationl.1

Achieving the conditions required for fusion is challenging. Either pressures equal to those at the
centre of the sun, or temperatures upward of 150 millaegrees Ceslusare needed27]. To initiate

fusion on the scales needed forengy production on Earth, reaching high temperatures is the only
realistic option.This isachievedby producing a plasmaAplasma is an ionised gas and is the only
state in which nuclear fusion can be sustaif@8]. The ionisation separates nuclei from their
accompanying electrons. In this state the free nudlave sufficient energy to overcome the
electrostatic repulsion and fugd7]. To maintain continuous fusion reactions temperatures of-100
200 million degrees Celsius are requiféifl
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Maintaining and controlling a fusion plasrpeesents some interesting engineericballenges The

plasma vaporises anything that it comes into contact witieaning that it must be conblled by

means other than physical containment. Two methods are usually implemented, either inertial or
magnetic confinement. Magnetic confinement is favoured in Europe and Japan. It utilises strong
electromagnets which surround a toroidal pressure ve@Sgurel.3). When activethe magnets trap

the plasma along the field lines,ub containing it without the need for material contact. This style of
reactor has been named Tokamak. Two such reactors are located at Culham Centre for Fusion Energy
(CCFENIi Oxfordshire, UK. CCFE is part of a group of research organisations in Europe known as
Eurofusion29].

Inner Poloidal field coils
{Primary transformer circuit)

Poloidal magnetic field Quter Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figurel.3: A diagram of the TOKAMAK type reactor with key features labgSl@ld

The Joint European Tord8ET)QdzNNB y (if @ (G KS ¢2NI RQa ,smandSdby Y I 3y !
CCFE and used by scientigtisbally The JET facility is seasthe basis for thenext stage in Fusion
power generation, ITER.

ITER is currently under construction and with first plasma planned for December 2025 will be the
largest Tokamak reactor experiment ever. The aim of the ITER project is to test several aspects of the
plant fortheir commercial viability with the eventual goal of reaching a return of energy (Q) 0€10

the energy produced from the fusion reaction will be ten timkat which isput in to start and
maintain it. If successful, ITER will lead onto the nexselwd the commercialisation of fusion power.

This new project will be called DEMO and will essentially be a trial run for all future fusion power
plants(Figurel.4).
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While fusion energy has the potential to produce vast amounts of clean electiicé#iso presents
significantengineering challenges that must be overcome. The plasma facing components in particular
experience conditions that require special consideration.

A major source of material damage and property degradation is caused byehigtyy neutron
radiation. The neutrons emitted from tHe-T fusion reaction have a distinaeutron spectrumand is
noticeably different to that of a fission reactig¢Rigurel.5).

le+15
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i Fission (I’WAR) m—
- ’{! ~-| Fusion (DEMO FW)
ir ' ' ‘
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Figurel.5: A graph showing theeutron spectrm of neutrons producedy fission and fusion reactions. Note the large peak
at 14MeV for the fusion reactiorfi32]

It can be seen fronfrigurel.5that there 5 a large spike in the predicted neutron fluxtiae 14MeV

point in the fusion reaction for DEMO. This is in sharp contrast tméhugron spectrumfrom fission

which has a maximum energy of around 5MeV with its flux peak much lower tharirthiatmakeg i

difficult to predict the potential levels of damagmeduced by fusion reactionfsom fission data and
experience
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The extremely high energy neutrons illustratedrigurel.5 above present the biggest challenge as
they carry a huge potential for damagé/hen a high energy neutron enters a latticasilikely to
interact with the atoms within it. If a particle interacts diregily., collides with an atom in the lattice
it may knock it off itdattice positionand impart a proportion of energy to ithis atom may then go
on to knock further atoms off their placin a phenomenon known as a displacement cascledeling

to the formation of interstitialvacancy pairs. This can cause several larger defedtsrm in the
lattice, which have the potentiab coalesce and formtacking fault tetrahedradislocations, and voids
[33], [34]

The combined effects of beinggosed to radiation also produces macroscale changes to materials.
These can include, embrittlement, swelling, and transmutation, leading to mechanical and geometric
changed5], [32], [33], [35¢[37].

Radiation embrittlement is one of the primary concerns for materials within nuclear resamadsan

occur viavarious possible mechanismg8]. The predominant mechanism is initiated by direct
change to thdattice. Displaced atoms cause vacancy interstitial pairs leading to point defects. These
grow and coalesce to form dislocationsps and void$38].

The extremdemperatureswithin the reactorcan cause high rates of diffusion. The diffusion can cause
elements that were in solid solution to migrate and segregate into the areas of high damage, thus
forming zones that are enrichear depleted ofcertain alloying elements. The enriched zones may
then go on to precipitate particles that can stop dislocation movement and thereforease strength

and concurrentlymake the material brittlg38]. Generally speaking, any mechanism that disrupts the
movement of dislocations Wiproduce a hardening effect.

Void swelling is causddly the formation of voids within the irradiated materials. These voids can
agglomerate and form pores, leading to a geonetitchange on the macro scalbelprocess in which
such voids and poreform is not clear but it is thought to be acombination of implantation of
hydrogenandhelium,along with the formation of vacancies as described alj@é, [39], [40] Void
swelling can lead to distortion and maesocale geometrical changes, thus presenting significant
complications in design and operati(40].

Irradiation by neutron bombardmd has a significant effect on tleeeep properties of a materigd5s].

Creep is defined as time dependant plastic deformation at elevated temperatures under a fixed stress
[35], [41], [42] Governed by diffusion and grain boundary movemengepris highlysensitive to
temperature and lattice changes. Through the disruption of dislocation movement, phenomenon like
embrittlement and void swelling will fundamentally change creep behaviour. In some cases the
embrittlement and voids slow creep, gnio increase it after a certaidisplacements per atordpa)
threshold[35], [43], [44]

It should be noted that the daage effects are concentrated at the surface of plasma facing

components. As can be seen in Figliré the damage effects appear to drop off rapidly away from
the surfaceg32].
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Figurel.6: A graph showing the change in rate of damage for materials within the fusion r¢a2jor

While the generalconsequence®f radiation damageon materials are widelyecognised, little is
known aboutthe effectthat 14MeV fusion neutronwvill have Especially at the fluxes expected in a
fusion reactor {0 n an?s?), which are expected to produce dagein the rage of 2Qdisplacements
per atom,dpa, in the first wall[5], [32], [45] Any new materials and componentsust be tested
appropriately.However, there arecurrently no facilities or ractors that produce 14MeV neutrons at
a sufficient fluxfor testing To overcome this a specialised facility is to be udiltbbed the
International Fusion Materials Irradiation Facility, or |FMB.

IFMIF is a project jointly run by Japan and the EU. The facility will make use of two accelerators in
parallel which will be capable of producinguaitable flux of 14MeV neutrons. Whitgroducingthe
required amount of damage will b@ossible it will only be able to produce it in a volume of 0.5L
(Figurel.7). This becomes an issue when it comes to mechanical testing. Full scale tests require large
amounts of materialwhich simply will not b available. Subsequentlynew methods of testinga
material@ mechanical properties are needptb], [47]

Typical reactions High flux (>20 dpa/an, 0.5.1)
Mid 2n)?
Li(d.2n)'Be Medmm flux (20 -1 dpa‘an, 6 L)
“Li(d.n)"Be
SLi(n.T)*He Low flux (< | dpa‘an, =8 L)
Lithium target
25 mm -3 mfs
Source RFQ DTL HEBT
FCR - 140 mA 4 vanes HWR -4 modules Heam shape
100 keV Out: 5 MeV | |9, 145,26, 40 MeV] | 200 x %0 mm?

4

<~—— Accelerator (x 2)

Test Cell ——
Figurel.7: A diagram of the IFMIF fatjliaccelerator with important features labell§¢46]

Transmutation leads talifficulties at the end ofreactor service life Some elements hav high
absorption cross sections for the high energy neutrons produced in fusion. Absorption of these can
lead to activation of these elements leading them to decay and transmutecdiypsoduce hydrogen,
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helium, andother elemens. The hydrogen, and ham within the lattice can cause further
embrittlement [37]. Some of the activated elements can atemain radioactive for thousands of
years, thus makindismantlingand recycling a problem. The effects of this can be seen in the current
decanmissioning of fission reactors. They will require special faeditto store radioactive
components for up to 10years[11]. To avoid this problem, the fusion community has agreed to
eliminate any alloying element that can become radioactive long term. Ultimately any component in
the reactor must be recyclable 100 ysaafter decommissioning48]¢[50]. To get around this
problem, the fusion community has agreed to eliminate any element that can become radioactive
long term. The materials developed with this concept are knowsilew or reduced activation
materials. They follow a simple rule: any material exposed to radiation within a fusion reactor must
be able to be recycled in around one hundred years of being removed from the r¢4lct@8]c[52].

Along with the difficulties outlined above, the influence of material transmutation must be taken into

account. Transiizdi F G A 2y 2 OOdzNE
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becomes unstable and can generally emit a helium atom or a single proton. This process has two
effects. The first being a builab of gas within the material which can haveisas effects like swelling

and embrittlement. The second being the change of the elemental atoms themselves. Once an atom
has emitted a He or H it will no longer be the same element. This process can in turn produce
unstable/radioactive atoms, which wilbntinue to emit radiation over time. In some cases, this can

be for many thousands of yeaj37].

While reduced activation materials, will reduce the need for long term nuclear waste disposal, they

present their own unique setofchallenge® T6 S O2y d4A RSNBR

f 2 dctivity@riish @1 G A 2y

fall below the safe handlingmit within a hundred years (Figure8). While elements like iron and
chromium fall into this bracket, there are some that clearly do not, namely molybdenum. Some of
these can sometimes be part of standard alloys used in structural applications thdsynaking said
alloys not appropriate for fusion reactors. Using this information, a new set of materials has been
developed. One alloy in particuld&urofer97 a9Cr $ructural steel designed to replaceR1Mo steels

has become the current standard that other alloys are assessed azifst
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Figurel.8: A graph showing the change in activity over time for various common alloying elements. The black line shows
ITER administrative limit for hands on maintenaf&d, [53]
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As with existing materials, any new alloy developed must go through the same rigorous testing to
ensure that it is safe for use in a fusion reactor. Along with the irradiation testing from IFMIF,
standardised testing will also be required. However, as witheall materials there are relatively small
volumes available for testing in the first place, thus reducing the amount of material needed for a test
would allow for more tests to be carried out on the same volume of material.

A possible answeo such mateial availability issues smallscale testing. While simple in concept,
smaltscale testing comes with its own difficultié explain this, it is pertinent to first definemalt
scale testing

1.3Small scale mechanical tesji

The term small scale nohanical testing covers a rangete$tsfrom simple tensile tests to the more
complicated small punch test$est amplesizecan range in size fromillimetresto as small as a few
nanometres across. This section will focus on tests which require samplkage millimetre length
scale[54].

This group of testing techniques is particularly useful for nuclear applications. Firstly, as explained
above, there may be a limited amount of material available for testing; and secondly an irradiated
samplewill pose aradiation risk.thus reducing the overall volume of material used in a test will be
beneficial in reducing any potential exposure to opera{és.

Some of thesesmall scaldests are miniaturised replicas of those performatthe bulk scale. Such
tests irclude tensile bend, and ®arpy (Figurel.9). Other tests are performed exclusively on the
smallscale, these includaicrohardnessand small punch testing4].

MICROSTRUCTURE

{m-nm nm

= || ‘

MECHANICAL TESTING

Figurel.9: A diagram displaying the length scales that small serg cover, compared with the length scale of
materials inservice54].
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A common problem seen across all srsakle testing techniques is the apparent change in material
behaviourwith decreasing size. In most casesaterialsappear to have superior propies when
tested at the smaller scal¢s5], [56] The changes observetiowever,do not show a systematic
difference to ther bulk scale counterparts making the implementation of sreedlle testing much
more complex. This thought to be due to several factors, which will be discussed further on.
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Small scale testing methods have been employed for plant life monitoring edston.However,
due to indirect measurindghey are still unsuitable for alloy and reactor design w&.

1.4 Thesis Aims and Objectives
The aims of this thesis are:

1. To develop a robust and consistent methodology for exingcbulk mechanical material
property data from the datacquiredfrom the small punch test.

2. To develogriteriathat establish the level of confidence in the quality of the bulk mechanical
material property data using the method developed.

3. Give recommendations on the worthiness of small punch testing for further research
investment on the roadmap for qualification of fusion related materials.

These will be achieved through the followinigjectives:

a) Fully understanding the best practise guide for smpalhch testing and its role in ensuring
consistency and reliability.

b) Using thecode of best practice and ASTM standasda basiscreate a finite element model
of the small punch test using the Abaqus 2017 software package.

c) Utilise robust material behagur models included in the software, namely the Johnr§mok
plastic and damage models.

d) Complete sensitivity testing and validation of the model to ensure the best possible outcome.

e) Provide a model that is a simple engineering solution that producadtsethat could be
considered a suitable basis for further development.

f) Adapt the model for an investigation into the use of inverse analysis for the prediction of the
JohnsorCook model parameters.

g) A Python script will be created that will use the sieypmethod to find optimal values for
each of the Johnse@ook model parameters.

h) The results from the optimisation will be assessed empirically to ensure accuracylatity.
To communicate how this was achieved, the thesis is split into the folla@hapters:

Chapter2 ¢ Literature review ThisChapterwill provide an irdepth look at the background behind
small scale testing and small punch testing. It will also include an overview oéfeitentsimulation
and inverse analysis with respect to thimall punch test.

Chapter3 ¢ Methodologies Chapter3 describs the general methodologies used in the succeeding
Chaptes.

Chapter4 ¢ Small Punch test data analysitooking at the estimation methods provided in thede
of best practice, ASTM standawhd round robirwill prove useful for furthering understanding of the
small punch test before starting the simulation portion of the project.
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Chapter5 ¢ Model building and validation Chapter5 will offer an in depth look at the construction
of the small punch test finite element model including the validation of several key variables.

Chapter6 ¢ Optimisation of the JohnsofCook Plasticity constantsThis Chapterfocuses on the
inverse analysis of the Johns@ook plasticity values. Operating off thenk started inChapter5, this
section builds on ithrough the use of scripting software to automate the analysis and produce a
workable method for future unknown alloys.

Chapter7 ¢ Optimisation of theJohnsonCook Damage constant3hisChapterbuildsthe basis for
the optimisation of the Johnse@ook damage constants. This will be a development from the work
completed inChapter6.
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2. LiteratureReview

2.1 Introduction

To begin this study an overall understanding of the subject area nechs attained. To do this, an
overview of mechanical and smaitale testingwill be neededto provide context for smalbunch
testing An understanding of sample irradiation and its limitations will also be desirable. Finally, a
review of relevant smallynch testing research will be conducted. This literature review will follow
the following outline:

- Overview of mechanical testing

- Overview of smalscale testing

- Working with irradiated samples

- Overview of the small punch test

- History of small punchesting

- The current standard

- Any current/relevant research

- Simulation and inverse analysis work to date

- Takeaways from the literature search

- Gaps in knowledge and where this research will sit

2.2 The complexities of small scale testing

One of the mai drivers for this project was to find a means of counteracting the problems induced by

a decrease in specimen length scale. In simple terms, a significant decrease in sample size can lead to
the apparent increase in measured propertjgd], [57]

This is attributed to two main causes, firstly the extrinsic factor of sample sidegrgstal structure;
and secondly, an intrinsic effect produced by microstruc{6i@. It is believed that the intrinsic factor
has the biggest effect on the change in properties with length 46dle [57]

On the bulk scale, there are several microstructural features that govern how a specimen will behave.
Namely, grain boundaries, and dislocations. As the leagtie of a specimen decreases, relatize s

of these features increase, thus increasing the effect they have on the material. A material containing
small grains or a high dislocation density is particularly susceptible to this. If the specimen size is
decreased further, the likelihood of it incding a large number of defects decreases, thus increasing
the apparent properties more so. This haghbellustrated by Hosemann in Figuzel [54].
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Figure2.1: A diagram illustrating the effect that a change in length scale én the recorded properties of a material. Note
how a large decrease in scale causes a large increase in yield stieiggtieby Hosemanib4].

It is also prudent to note that while there will la@ overalincrease in measuregroperties there will
be sane specimens that do contain a high number of defects and so will exhibit properties far lower
than those shown in the bulk.

Non-conservative results, and the possibility for a wide spread in the data, make any prediction of
properties exceedingly compleXhese factors highlight the need for the development of a reliable
way of obtaining viable results from small scale tests.

2.3 Overvievof mechanical testing

Mechanical testing is an overarching term that is used to describe a group of tests desigmesbiae
certain properties like yield strength and ultimate tensile strength. These can range from the simple
tensile test to more complex torsion tests. Some typical testing methods, their uses and standard
procedures will be outlined below.

2.3.1 Uniakal Tensilgesting

Tensile testing is a wedistablished method that places a length of material under uniaxial tension and
applies force until the material breakBigure2.2). The most common output from a tensile test is a
stressstrain graph. Both thetress and the strain can be easily calculated from the starting geometry
of the test piece, the applied force, and the test piece deformafiaj.

Figure2.2: a) An undeformed tensile sample fvielevant features labelled: Lgauge length; A = Initial cross sectional
area; F = applied force. b) A deformed tensile sample with the change in geometry labelled: A = cross sectional area at
thinnest pointkL = change inaugelength. Diagram of theensled Sa i LA SOS | RFLIISR FTNRY aG¢Syant
(59]
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Stress is defined as the relationship between the force applied to an object and its cross sectional area
and is measured in Pascals, Bagineering stress is the simplest to calculate and uses the cross
sectional area measured prior teformation[60].

For engineering stress,
0
” 6
Equation2.1

Where:

- =stress
- F = applied force
- Ao = original cross sectional area of the test piece

In a uniaxial tensile test, strain is defined as a unitless value which describes the change in gauge length
while the test piece is subject to applied str¢68].

For engineering strain,

Equation2.2

Where:

- Bengineering= strain
- kL = change in gauge length
- L = original gauge length

A more accurate measure of stress is true stress. This takes into account the change in cross sectional
area over the deformation and thus uses an instantaneous cross sectiondbaiea

Equation2.3

Where:

- =stress
- F = applied force
- A =instantaneous cross sectional area of the test piece

This can be difficult to measure so a conversion between the engineering and true stress has been
devised60].
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Fortrue stress

Equation2.4
To match this, true strain can also be calculated using the engineering values:
- aép -
Equation2.5

Engineering stress and engineering strain can be plotted against each otfeent a stresstrain
graph (Figure.3)

Point of onset of necking
occurs at maximum force

0 ‘ssaJ1s Sulaauidu]

A J

Engineering Strain, €

Figure2.3: Diagram of an engineering streéisi NI Ay OdzNJ3S | RIWYSR WNEBRY SoRiASiyAsAyteS (|

Thisgraphcand S dzA SR (2 20 (I A yieldiskedgthulgnuaé @il stérgytRsizbindza

to failure,andt 2 A 342y Qa NI GA2 2F | YI (SNXR lcordlatipnedddck R G I
defines the point of onset of plastic instability. This is known as the Considére crif@tiaf64]. It

uses the relationship between stress, force and cross sectional area to form a differential which will
precisely predict the onset of pltsinstability, otherwise known as the ultimate tensile strength, UTS.

In a standard tensile test:

At maximum forceQ 'O 1
Q0Q, 06 ™
Differentiation by parts
Q,0 ,Q00Q, m

therefore, true deformatioQ - —
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therefore

volume is constant in plastic deformatio ( W¢ & { P W& O
QOO0 ™
differentiation by parts

0QO00Q0 T

therefore
Q0 Qo .
— —_ Q-
0 0
therefore
’Q ” )
7 Q-
so, at the point of necking:
Q.
’Q _ ”
Equadion 2.6
this can beplotted as Figur@ .4.
“ do Point of onset of
\de necking

0 ‘ssaJlis anJy

True Strain, €

Figure2.4: Diagram of the Considére criterion for plastic instability. The true stress strain curve has been plotted against its
derivative. The point in wth they cross denote the point at which plastic instabiliytst This can be taken as the
ultimate tensile strength[62]

The tensile test can also provide information about fracture behaviour and whether a material is
predominatelybrittle or ductile. This can be detamined from the aforementioned stressrain graph,

but the test piece itself can also provide somsight into this. As seen in Figi®, the morphology

of the broken test pieces is indicative of a materials ductility.
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a. c. | ]
Figure2.5: Diagram of the different&cture morphologies in the test a) completely ductile, b) mixed brittle and
RdzOGAE S 0SKIF@GA2dzNI OO0 O2YLX SGSté& oNJgitSo I RILJG SR

Smplicity and the array of useful information that can be obtairfeas made tensile testinthe
primary method for quality control across mametal manufacture industriegnaking it the bench
mark in mechanical testin5]. Tensile testing has standards available from the AcaeriSociety for
Testing and Materials (ASTM), and the British Standards Instit{R®){66], [67].

In reality, engineering components will experience stresses other than plane stress. Leading to the
development of many different mechanical tests. These aid in the understanding of more complex
material behaviour.

A note on surface grains

It is at this point that the importance of representative samples is outlined. For a mechanical test to
be considered polycrystalline, and therefore a good representation of a bulk material it must fulfil
particular criteria. One example outlined by Kof8], states that fo a sample to be representative

of bulk behaviour it must have on average 100 grains in the cross section. Therefore, if a wire sample
were to be 3mm in diameter, the grains would have to be, on average, less than 0.1mm across.

Ensuring this would meandthe influence from surface grains would be kept to a small percentage.
The grains on the surface of a sample are not constrained in the same manner as internal grains and
therefore behave differentlj68]. Consequentlyif the percentage of grains at the surface wase t

high then the overall behaviour of the matenill change. This can become a serious problem when
assessing annealed metals or small samples.

An example of the effect of diaeter reduction can be seen in Figltés. Here, two diameters have
been sedcted from the same piece of material. Diameter b is half the size of diameter a. Diameter a
has 40 grains, and of those 40,dr@ surface graindDiameter b has a total of 12 grainsith 10 being

at the surface, maning that the total percentage of sade grains has jumped from 45% to 83%. Thus
the behaviour of these two samples would be markedly different.
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Figure2.6: Diagram showing two potential samples from a piece of steel. Original micrograph from Leica Microsystems
[69].

2.3.2 UniaxigdCompressioif esting

The compresion test is similar in many ways to the tensile test, but compresses the specimen instead

of placing it under tensiofFigure2.7Yp + | f dzS8a adzOK | &4 GKS @2dzy3Qa Y2Ri
extracted from ompression test resultd heseare calculatedn the same manner as the tensile test
usingEquatiors 2.22.5. However, the compression test cannot provide UTS values due to the lack of

necking.Thistest also measures the compressive strength which provides valuable information on
how a material behaes under compressive loads in fabrication conditions such as forging and rolling

[70].
1

Y
L i

Dy=23a D=2a
a. omego b.

Figure2.7: Diagram of a compression test piece, a) prior to and b) after testing, ad&pk&RAYplied Metal Forming:
Including FEM Analysig71]
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For Homogeneous compressidriqure2.7), he effective straing  [ALR

Q0
- A
o)

Equation2.7
Where:

- ho=the initial sample height
- h =the instantaneousample height

To calculate the flow stress, the true contact area, A, between the specimen and die needs to be
defined. This i§71]:

0
0 0 =
0
Equation2.8
Where:
- Ag=the initial contact area
Therefore the flow stress; , is[71]:
0
” 6
Equation2.9

where:
- F = applied force

Compression tests have the added factor of friction between the specimen and die platen. This friction
has been shown to have a marked effect on results prodycgf[75]. A phenomenon known as
barrelling can be observed. This is where the friction seen between the end surfaces of a sample and
the compression system leads to the ends being constrained thus producing a barrel shaped specimen
(Figure2.8).

L1100
L1 P NN

Figure2.8: Diagram showing the effect of contact friction on the morphology of the deformed compression te$ @jece
[71]
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The formation of the barrel shaped specimen by friction is driven by the formation of dead zones at
the interface between specimen and loading dig$], [76] This effect is illustrated iRigure2.9 with

the areas highlighted in red and orange being the stagnant or dead zones agigtérebeing an area

of concentrated shear strain and reduced sliding. Such aumifiorm strain profile gives rise to most

of the deformation occurring along the outer edges of the specimen, thus producing the barrel shape
[71], [76}

Figure2.9: Diagram illustraitng the effect that contact friction can have on the internal strains of a compressipece.
Orange and red zones are stagnant and dead zones, and green indicates areas of large amounts of sh§at]s{iébih

The geometric change also leads to deviation from uniform, uniaxial stresses-miform triaxial

states, thus moving any results away from pure plane stress and Bi@jirF-or the compression test

to be completely comparable with the tensile test, all friction must be eliminated. This is not possible.
To counteract this, several papers have produced long and complex mathematical derivations that can
convert triaxial stresses to the desired uniaxial, which will not be discussed &g 75]

While the compression test can plide valuable information about compressive behaviour, the
complex calculations needed to counteract the friction effects makes this technique less universally
viable than the tensile test.

2.3.3Threepoint Bend testing

Bend testing, and specifically thigee-LJ2 A y i JdzA RSR GSaid Aa dzaSR G2 RS
bending. This is achieved by supporting a length of material at both ends and applying a load to the
centre. The ASTM standard dictates specific apparatus geometries for each typedofesgnan

example can be seenligure2.10. Such control allows for consistent calcolatf the flexurabtress,

stain, and modulus.
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Figure210Y 5AF AN} Y RA&ALIX F@Ay3a (KS { RINB 29072 Stghdardor&syMethodsiféra G ¢
Bend Testing of Material for Ductilit{77]

Where:

- F=applied load, N

- C = thdistancebetween the two lower supports, mm

- L = support spgmrmm

- r=the radius of the plungemm

- d=thedepthof the beam/sheetmm
- b =beam/sheet sample widttmm

This produces a deformation, from which the shear, deflection, moment, and loadecestorded.
Both the recorded moment and the loatkflection data can be used to determine the flexural

modulus, or the resistance to bendifigr].

The flexural stresss (MPa), can be calculated usif®y], [78}

oL 0

” C(in

The flexural strairgs, can be calculated usif@7], [78}
PO Q
5

Where:

- D = deflection at centre of the beam, mm

Equation2.10

Equation2.11
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The flexural modulus or elastic modulus in bendirg, can be calculated using the followifigr],
[78]:
0 &
TwQ
Equation2.12

Where:

- m = the slope of the tangent to the initial stgfit line portion of the loaedeflection curve,
N/mm

Another common use for the bend test is the analysis of the behaviour of a metal sheet under cyclic
deformation [79]. This is achieved by plotting the force displacementplgsafigure2.11). For
polycrystalline metals, these graphs can also display a phenomenon known Baubehinger effect

[79], [80] The Bauschinger effect is defined as the decrease in yield stress with a change in strain
direction, or in this case, loading and unloading of the specimens. Such graphs can also be used to
identify hardening behaviour.

100
50
&
g o
=
5
-50
-100
-15 -7.5 0 7.5 15
Punch stroke (mm)

Figure2.11: A measured loadtroke curve for a mild steel sheet of a 1.2mm thickness. The graphs display both the
. dzZaOKAY3ISNI STFSOU | yFiiteKlenéiRt Sndlyisig &f the tBr@eintzbenbing of BHeRt Metads[79].

Aside from the numerical results obtained from bend tests, they can also be used as a visual indicator

for crack formation under bending and tension. The analysis of sample surface, angle of bends, and
cracks is important in the mease of the ductility.

Much like the uniaxial tensile test, the bend test can provide a range of information about a material.
However, because of the shear forces applied, the results are not as widely applicable as that of the
tensile test.

2.3.4 Vickes hardnesgesting

There are several types of hardness test available, but the most commonly used is the Vickers
Hardness test. The Vickers hardness test uses a pyramidal diamond tipped indenter to indent the
material with a set amounbf force (Figure2.12 a) Vickers hardness relies on a highly accurate
pyramidal indenter to provide consistent results. This indenter is ideally highly polished with face
anglesof 1366 I a 2dzif Ay SR EFigwed12b)stla adl yRI NR
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a. d; =d, b.

Figure2.12: Diagram of a Vickers indenter. a) displaying the required dimensions and b) the required anglefof 6
tip [81].

Because the standard dictates theogeetry of the punch head, the contact area, A, of the test can be
readily calculatedi81]:

Equation2.13
Where:

- h =face angle of the indenter (13@)0
- dv=mean Vickers indentatiatiagonal length (mm)

The hardness value can then be determirfied]:
O
Ow 5 Qa0 a
Equation2.14

It is generally accepted that the relationship between Vickers hardness and tensile strength is such
that is can be used reliabl82]. This relationship is as follows, if hardness is recorded in MPa, then in
general:

Equation2.15

The ductility and hardening behaviour of the specimen play a large role in the hardness test and thus
the above relationship should be taken as more of an estimation rather than a direct camd&2].

While the hardness test can provide some information about the tensile propertiesvatterial, it
cannot be used as reliably as a tensile test
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2.3.5Charpyimpact test

The Charpy impact test is a high strain ratelysis method mostommonly used to determine the
relative toughness of a material. This is achieved by measuring theggrnegeded to fracture a
notched specimeif83], [84] The fr&ture energy is measured by releasing a striker from a set height,
point Ain Figure2.13, swings through to impact the specimerBa and reaches its final height at C.
The difference in striker height between A and C can then be converted into impaglyegquation
2.16).

Hammer with

mass = M

Gravity, g

Sample

Figure2.13: Diagram of the Charpy test. Thiikerstarts at initial position, A, swings through to impact B, and reaches its
FAYIFE KSAIKG G /o ' RFLWGSR FNRBY d!{¢a 9nHo b my {iGFyRINR
al G SNJ83] q8d]¢
The impact energy, A (Joules), can be calculated using the follf&ijhg
0 0'@0
Equation2.16

Where:

- M =mass of hammer
- g = gravitational constant
- kH = the difference between initial and final height of the hammer

The standard test uses a specimen with eithershaped or a tshaped notch Figure2.14).

Top down view

V-shaped notch

U-shaped notch

Figure2.14: Diagram showing the notch types on a Charpy {88f
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The Charpy impact test can also be used to determine the Ductile to Brittle Transition Temperature,
DBTT, of a material. A series of tests can be completed oargeof temperatures. At some point
some materalswill displaya drastic change in the energy needed to fracture the sample, this is the
DBTT.

The Charpy impact test differs from the others discussed here due to the high strain rates involved.
This makes using the Charpy impact test for determirgmgite properties unworkable.

2.3.6 Creep and stress rupture testing

Structural materials that experience high temperature conditions may be susceptible to creep or
rupture. Creep is defined as deformation over time at a constant load, the effects ofi whitbe
exacerbated by high temperaturefor metals creep is typically activated at 35% of the melting
temperature[85]. If the material fails under creep conditions, then it has ruptuji@sl.

A creep test can define the load bearing capability of a material for a limited deformation; while a
rupture test measures the ultimate load carrying ability of a material as a function of@ifleBoth

tests work in conjunction with another as the rupture test will give information on the point at which
a material will fail, the creep test will describe the behaviour over a finite deformation. Fordsith

a sample is held under a constant lgant constant stresat a specified temperature until it either
reaches a predetermined level of deformation or it ruptu[8g].

Results are usually visualised in a cretpin- time graph Figure2.15). Such a graph provides a way
of identifying the stages of creep displayed by a specimen.

A
Fracture
®
x
= Tertiary creep
=
o Secondary creep —ZA
n " ds/dt, minimum
creep rate
<>
Primary creep Time (hours)

Figure2.15: Diagram of a straitime graph outining the different stages of creep. Adapted fréi®TM E13911: Standard
Test Method for Conducting Creep, Cr&epture, and Stredupture Tests of Metallic Materia[87]

As this test operates with uniaxial forces, it is possible to calculate the stress and strain at any desired
point [87].

{iNBaax " OFry 06S OFfOdAIGSR dzaAy3aY
O
” (“)
Equation2.17
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Where:

- F = applied force
- Ao=minimum cross sectional area of the specimen prior to the test

Strain,#, can be found by:

Equation2.18
Where:

- kL= change in gauge length
- Lo=gauge length prior to the test

Two other important metrics needed when analysing creep behaviour are the elongation and
reduction incross sectionarea.

The elongation is defined as the charig gauge length over the span of the test, and is expressed as
a percentagg87]. It is calculated thusly:

PO ¢ ¢ "Qwo—Q,S—c— ZPpTT
Equation2.19

Where:

- L =final gauge length
- Lo =initial gauge length
The reduction of area is only relevant if the sample has a circular seasi®n It is defined as the

change in minimum cross section over the length of the test expressed as a perc@nthdiecan be
calculated as:

P o R
PO i QuﬂQooned—e—ann
Equation2.20

Where:

- Ao = initial cross sectional area of gauge
- A= final cross sectional area of gauge

As creep behaviour is temperature dependant it can be usefgldt the final results from each of
the above values at different temperatureslthough thisrequires a large body of tesover a range

of temperaturessuch information can be very useful when considering high temperature engineering
applicationg87].

Creep and stress rupture tests are notably sensitive to testing conditions, meaning that reproducing

results can be especially challenging. It is adviset rdsults produced from such tests should be
evaluated with this in mind, and multiple tests should be used where pog8ible
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2.3.7 Fatigue Testing

Some omponents experience cyclic loading throughout their operational lifetimes. This can produce
material fatigue, which is characterised as the reduction of strength and failure under cyclic loading.
To determine how many cycles a material or component cahsténd the fatigue test can be
performed[88].

The fatigue test applies cyclic loads to either a specimen, component, or structurest iecarried
out for a set number of cycles or until the specimen fails. The change in stress response is recorded
along with cycles to failurg8].

Loadings usually predominantly elastic, asdn be applied using a variety of wavefordepending
on that experienced by the component in operatigtigure2.16). These generally consist of triangular
loading, block loading or sinusoidaading.

Triangular loading

Block loading

Sinusoidal loading

Stress, MPa

Time

Figure2.16: A diagram displaying the three different loading methods used in fatigue testing: triagnular (black line), block
ONBR fAYS0Z FyR &RAY dza 2-MBchanicaband ddesbilitf tesyindf detospad matdii&sf8ol.¥ NB Y 4

The ASTM standard E4&6 recommends the use bbth unnotched and notched specimens for axial
loading. The geometry of which must ensure that failure occurs iméisired location and the effect

of specimen gripping iminimised[88]. The general geometry of unnotched specimens can be seen in
Figue 2.17.

b.

Figure2.17: Diagrams displaying the two unnotched specimen shapes recommended by ASTMNS:ExlGpecimens with
circular cross section and tangentially bending fillets; b. Specimens with rectangular cross sectiosrdimlious radius
gauge[88].
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The results of fatigue testing can be plotted irsteesslife (SN) diagram[90]. Maximum §essis
plotted against fatigue life in cycles (Which is on a logarithmic scad@d multiple tests are displayed

in one diagramThis allows for a comparison of a range aggblstresses for a particular materiéls

seen inFigure2.18, the &N diagram has two distinct sectignsonstant amplitude and staircase
Constant amplitude tests are s&lkplanatory where the same load is applied over the duration of the
test. The stacase method displays the mean fatigue strength at 7 million cycles so applied load may
vary over the course of testing.he fatigue limit is also highlighteéd this diagramas where the
maximum stress measured thanger decreases witimcreasing numberfacycleqg88], [90]
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Figure2.18: A diagram showing a typical strelife diagram. Note the two types of tests employed, constant amplitude and
staircase[90]

If a specimen is testet failure, then the rate of crack formation and growth can also be measured.

One important factor to note in fatigue testing is the large effect that the processing history of the
material has on the results. So it is recommended that the processitgnhisf the material along
with sample preparation methods are included in th&l Sliagrams. This will ensure that the results
can be interpreted correctl{88], [90]

The results produced by the fatigue test aid in the process of masafiattion for service undexyclic
loadingconditions.

2.41rradiated samples and the hot cell environment

2.4.1 Plant life extension

The extension of the service lifetime of the current nuclear fleet is common place. Plant life extension,
PLEX, is driven by increasing electricity demamalackof new build[91]. The relatively low running

cost of nuclear power alsméentivies PLEX. However, the conditions within a reactor mean that
material deterioration over its lifetime is a seriocsncern[92].

To extend the operational life of a reactor, a rigorous testihgtructurecritical components must be
carriedout. Testing provides the assurance that a reactor is safe to rutsfextendedlifetime [92].

Much of this stems from the technical justification of service life, or service life prediction. The initial
prediction is usually conservadéiythus making the argument for lifetime extension reasonable.
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As the components of a reactor hatwebe tesedin Stu, a lot of emphasis is placet nondestructive
evaluation, NDE. Along with being ndastructive, any testingiustbe reliable in ordeto obtain the
extension of the operating licences. It is good to note that ssele testing has been used here as a
semi nondestructive method, as test pieces can be taken from an in service component by a scoop
cutter sampling methodRigure2.19) [93], [94]

Figure219:{ 022 L) OdzGi G SNJ al YLIX Ay 3 LI NI (dza>x AyRSyid tSTiG 0SKAYRZ
Test Specimens in Fitndss{ SNIJA OS Wl  dzr G A2y ¢

2.4.2Plant design

Designis an integrapart of engineering and can be considetede thecreative process ifinding a
solution toa problem For examplewhen desigring a power plantmany design features will be put
in place to combat any future problem that arises, thurgating a system that runs safely and
efficiently over a number of decad¢36], [97]

A large portion of plant design is the prediction of its full lifetime. This is exceedingly complex, relying
on large investments and work hours. Rigorousipuéd testing is required to ensure that each piece
will exeed the desired plant lifetime. But when done correctly it is able to forecast the time
dependant reliability of each componej&s].

After the design and build of a plambutine testing will be required over the operationéktime [98].

2.4.3 Sample irradiation

All of the previously discussed mechanical testing techniques work well within the field of general
materials engineering. However, testing materials in the nuclear industry involves aragtes of
complexity. To provide assurance that a material will function properly within a nuclear reactor, a full
understanding of how it will behave after being exposedddiation is required Asdescribed in
Chapter1, radiation can fundamentally chge a materigba Y A O NeBwéich N0 iad zthé
potential to severely affect its performance. This problem is particularly important in the design of
the first generation of commercial fusion reactors. Due to the high flux of extremely energetic
neutrons experienced in the core of a fusion reactor, a specialised facility is required to replicate this.
This facility, known as thimternational Fusion Materials Irradiation Facildgy IFMIF, will fulfil this
requirement. However even with such a facilionly a volume of 0.5L could be irradiated to the
highest levels aofieutron flux of about 1&n/m? s with a broad peak near 148 leading to a damage

of 20dpa/fpy [99], [100]
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2.4 4lrradiated sample handling

Handling irradiated specimens is potentially hazardous. While the overall risk to an apeyat
relatively low, it is imperative that it is kept this way by putting in safeguards and procedures in place.
A large part of this is the reduction of any potential exposure. This can be achieved by either shielding
a user from direct contact with anyradiated samples or by reducing the overall volume of material
being handled101].

However, in the case of highly irradiated materials shielding is the only option, and one of the safest
ways to handle irradiated materials is in a hot cell facility. Current hot cell facilities for spent fission
fuel are capable of withstandingp to 1@ Sieverts a yedt102], [103] Such cells would be more than
capable to facilitate the handling of irradiated samples.

What is a hot cell?

A hot cell is a remote handlj facility designed specifically for handling highly radioactive objects.
They consist of a large shielded container with a window in one or two sides to allow operators to see
in. These windows are typically made of a lead glass tank filled with zimidaer@~igure2.20).

The primary way of halling items within the cells is with mastelave manipulator$102], [104]
Master slave manipulators are a set of hydraulic arms that extend through the wall of the cell.
Operated by a skilled technician, the arms are capable of performing intrivatk&, such as
metallographic prep and microscopy. To ensiina work in the cells can be done as easily as possible
a lot of processhave been streamlinefiL03], [105] This philosophy can kepplied to smailkcale
testing.

Figure2.20: Photograph of the hot cell facility A&rgonne National Laboratoift06]

2.4.5 Requirements for a viable testing technique
Taking the limitations of working with the mastsiave manipulators into account, several
requirements for an applicable smaltale test technique can be form§g5], [107], [108]

- The test must beesource efficient
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- Can produce consistently reliable results

- Data processing should be simple enough to be applied readily
- Large volume of tests needed, so quick and simple is ideal

- ldeally existing methods and infrastructure would be utilised

Applyingthese requirements to a selection of smadlale tests allows for the most promising methods
to be selected.

2.5 Overview ofreallscalemechanicatesting

Small scale mechanical testing of irradiatadterialshas been in development since the 1960s &nd

still very much an active area of reseaféi], [109] Generally, the term small scale refers to samples
ranging from nm to mm in lerly. Such a wideanging length scale gives scope for a large number of
testing techniques and also a large number of challenges to overcome. To appreciate these problems,
a basic understanding of these testing techniques must be attained.

2.5.1 The probla of size

To be able to confidently predict material behaviour under irradiation, large, reliable datasets are
required. This means that any smsdlale testing technique must be both cost effective and simple to
analyse.Figure2.21 plots a range of teétg methods against their cost efftiveness and ease of
analysig[54]. It is immediately evident none of the discussed techniques yet fit into the easy/cost
effective portion, thus highlighting the need for further development in the small scale testing field
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Figure2.21: Diagram displaying the challenges involved inséal - £ S G S & ( A y Srduliscaie Imkdhadieal FNB Y &
testing on nuclear materials: bridging the experimental lergthle gap [54]

2.5.2 Tensile testing

Tensile tstingwas one of the first techniques to be miniaturised. This was done relatively easily by
using thin foils and wires in place of the standard sized sanfplgare2.22). However, these tests
provedvariableso a more complex and reliable approach waseloped[54], [110], [111]
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Figure2.22: a) Diagram showing the imaturised tensile test. b) Diargram showing the miniaturised wire tensile test.
I R LJG S RSmalbERIe‘medhanical testing on nuclear materials: bridging the experimental lsngte gap [54]

Today, the miniaturised tensile test is applied as a pseumedestructive technique as specimens
can beobtained by taking scoops out of servicecomponents without effecting their structural
integrity [94]. With the development of this technique came bodies of work displaying the potential
for smallscale tensile testing to be equivalent to its full sized counterf84} However, in 2017 an
ASTM regulated study proved that this was not the da42]. The study found that the UTS, proof
stress, and elongation to failure values did not match certified oheis. observed that the work
hardened areas produced in theachining of the samples formed a large proportion of the final
specimens. This is thought to have led to hjglariable UTS and proof stress values.

This study also works well in highlighting a fundamental issue present insraldltesting. That is

that when sample sizes are reduced, features like crystallographic and surface defects, and work
hardening volumes form a large portion of a specimen and so can have a great effect on any results
produced(see section 2.25ucheffectsmean that the relathtnship between full sized and smatiale

test results is a complex onehuts making any numerical association between the two difficult. This
can be applied to any miniaturised testing method.

When smakscale tensile testing is studied in terms of ifgphcability for engineering (visualised in
Figure2.18), it can be seen that while the results are easily analysgekialist equipment is required

and thus is expensive to run. This is not including the facilities needed for handling irradiated samples
[54].

2.5.3 Microcompression

Microcompressionis a uniaxial test that is currently used in a range of irradiation tests at multiple
length scalegFigure2.23) [113]. However, becausthe sample sizés, on average, sniler than a
singlegrain, microcompression mudie considered a single crystal tasthnique[54], [57], [114]
Microcompression has several limitations. Slipping of interfaces during the test, and problems with
sample alignment and compliance are widesprgad], [115] Such problms make testing unreliable,
making extended hot cellns inadvisable.
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a. b. Engineering strain

lForce

Slip planes

Engineering stress (MPa)

Figure2.23: a) Diagram showing the microcompression test piece highlighting the slip planes present afte compression. b)
Diagram displaying the stress/styai OdzNI3S 2 F G KS YA ONER O2 Y LBhilscalk dethaticla i & . 2 ( K
testing on nuclear materials: bridging the experimental lerggthle gap [54]

The length scales that microcompression tests operate under (um taweah that very specialised
methods are required for sample pramation, testing and analysidius making the technique costly
and impractical for producing large bodies of dfgd].

Much like the smalscale tensile test, microcompression is simple to analyse but length scale (sub
grain) makeddirectcomparison with bulk values impossible.

2.5.4 Bend testing

Both cantilever and three point bend tests daa miniaturised116]. In-situ (cantilevers cut into the
bulk) and exsitu (sample extracted from the bulk) tests are possible, and can be used to obtain yield,
and elastic propertiegFigue 2.24). However, any post yield behaviour needs to be validated with
finite element analysi§l17]. The main issue with this method is the specimen size. In general, they
are around the size of a TEM sample making preparation compliGaddequiring specialised
equipment[54].

Force

Force (uN)

—_—
»

. Displacement b. Displacement (nm)

Figure2.24: a) Diagram showing the miniaturiseeénd test. b) and the foregisplacement curve produdéy the test. Both
adapted froméSmaliscale mechanical testing on nuclear materials: bridging the experimental lsngtl gap [54]
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2.5.5 Nanoindentation

Because of its simplicity,anoindentation $ ore of the most established examples of snsalhle

testing. It involves pressing either a pyramidal or spherical headed indenter into a material at a set

force. The indenter is then removed, the size and depth of the mark left behind is measuredidrelati

the indent geometry to the force applied with the indentation allows for the successful estimation of

certain mechanical propertiegFigure2.25)® ¢ KS LINPLISNIASa GKFaG OFy 68
modulus, hardness, and strain rate sensitiygs], [118], [119]

| Loading Unloading

Unloading

Load

Loading Ty

Sa
hmax:

Displacement

Figure2.25: a) Diagram showing the maindentation test, and b) the load displacement graph from it. Whekg:=h
maximum displacement;i  FA Yyl f RSLIIK 27F Ay RSafdindeitatidny/Techniggée§lkd] | R LGSR TN

Nanoindentation played aritical role in establishing the understandiafjthe relationship between
decreasingsample size and increasing materials properfiey, [118]

Nanoindentation is relatively simple to set up and is material efficient, only requiring a small volume
of material to provide a large number of tests. However due to the test size, forming a correlation
between results and bulknaterials values is problematic, requiring complex simulation and
mathematical modelg54], [118] This level of analysis labour intensive and time consuming. It
should also be noted that the problems present in classic hardness testing are also presgB82here
Such indentation tests do not produce any necking data so it is inipd@ge gain a full picture of
material behaviour with indentation alor{é20].

2.5.6 Small Rinbensiletesting

The small ring tensile tef a relatively new techniqugevelopedas a high sensitivity small scale test
with an aim of determining tensile properties. It holds specific advantageb, @&s; ease of test setup
with the use of pins; seliligning specimens; and a relatively large gauge lemdgich like other small
scale tests in this section, it was also designed as a pseuddesiructive test, as specimens could
be crafted out of srall scoops taken from components in operatid21], [122]

The small ring tensile test consists of a small ring shaped specimen that has been machined down to
a specific geometryHgure2.26)[121], [122]
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b.

Figure2.26: Diagramdisplaying the basic geometry of a small ring test: a. the specimen thickness, d, is highlighted along
with radius, R; b. once loaded into the apparatus, foR;es applied with two pinsThe circular geometry of the specimen
allows for it to self aligras load is applieflL21], [122]

A tensile load is then applied to the specimen via two pins until the specimen fractures. Using the
applied force and change in specimen geometry, equivalent stress and creep strain rate can be
calculated Figure 2.27, an&quatiors 2.21 and 2.22)

Figure227: R LJ(ASR FNRY

Eaquivalent uniaxial reference stress

Equivalent uniaxial creep strain rate,

t2LIYSy

27T

V2 O8] G SOKY Al dzS

Equation2.21
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Equation2.22

where:

- 3= creep deformation rate

- " andi = conversion factors that vary with specimen dimensions

- aand b = major and minor axis dimensions of an elliptical specimen
- bo= specimen depth

- d = specimen thickness

- P=load

2.5.7 Two Bar testing
Asa development from the small ring tensile test, the two bar test esisblished Used mainly for
the testing of creep and creep rupture behaviour, the two bar test also utilised specimen creation via

machining and loading using pirfSdqure2.28)[123]. The two bar test also can be used as a pseudo
non-destructive test.

o

T

2}

—
o

&

A\
A\

—

a. b.

Figure2.28: A diagram of the twdar test showing the placements of the pins applying a loadftPa. showing before
deformation and b. showing after deformation and failure.

The specimen geometryrigure2.29) allows for the creation dtill creep strain v time graph3he
two bar testpresents an improvement on the small ring test by eliminating any bending effects
present around the pin supports.

By optimising the geometry of the specimeRidure2.29), it is possible to measure fully tensile
behaviour.In particular, creep strain ratcan be calculated usirigpuation2.23[123].
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)

Figure2.29: adapted from Analysis and design of a #imao bar creep test specimgh23]

b

Where:

- Lo=gauge length

-k =length of loading pin supporting end
- D = diameter of loadingins

- b =bar width

- d =specimen thickness

Equivalent uniaxial minimum creep rate,
3
To
Equation2.23

Where:

- 3 =creep deformation rate
- I = conversion factor dependant on specimen dimensions

When used in conjunction with finite element modelling, the two best can be useful in aiding the
prediction or remaining operational life

2.58 Small Punch testing

Small punch testingonsists of a small dishaped specimen clamped in between two dies which is
then deformedin a biaxial manneby a puncho failure (Figure2.30) [124]. The testis controlled by
either punch force, or displacement rafg25], [126] The punch force and punch displacement are
recorded along with sample deflection, whicahnthen be ploted as a forceadisplacement offorce-
deflection grapH125], [126] This graph can then be used to obtain information about the material
being tested. Much like the smaltale tensile test, the small punch test can also be considemdips
non-destructive[94]. This igdueto the scooping method employed to obtdime testing materia]94],
[127].
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Figure2.30: a) Diagram showing the small punch test. b) and the fdisplacement graph from it. Adapted from
¢6European standaron small punch testing of metallic materi]$28]

Much like other smalscale tensile techniquesmall punch test results ardfected by specimen size.

In general, ésting on such a small length scéenm x 0.5mm)means that certain factors what are
seeningly insignificant on the bulk scale become increasingly important. Noticeably any effects caused
microstructural features or defects become magnifiednéficantly. For a smaller specimen, the
relative size of said featutdefect grows, thus increasinggsiinfluence on the material behaviour as a
whole[54], [129]

Thesmall punchtest can be used tproduce estimates for yield stress, tensile strength, DBTT, and
even the reconstruction of a full stress strain cuf¥28], [130], [131] These factors show that small
punch is a technigudeserving of further research to help develop the method for use in structure
critical design.

Small punch testing is already used in the as& of irradiated samples for PL&EXemeg128], [132],

[133]. PLEX in an ongoing monitoring scheme that focuses on the change in a materials performance
over time[91], [92] Whereas plant/structure designvolves the accurate prediction of properties to
ensure that an initial lifetime value is m@i34]. Ideally these predictions will be conservati.e. they

will be an underestimation of a materials capability. This should ensure that a plant can run safely
(from a materials perspective) for itifetime [135].

One ofthe foremost issues with small punch testing is that the established analysis techniques do not
always produce conservative resuli8], [133] Further research and understanding is needed to
ensure this. This can be achieved, in part, with finite element ana[§8i8]¢[138]. Much like
nanoindentation this means that the alysis step will be more complex but with the right research
small punch testing has potential to be a useful technique for structure critical design.

Small punch testing is the focus of this thesis and will be further explained in this review.

2.6 A bref history of small punch testing

For nuclear plant life extension or next generation plant design, reliable and repeatable test data is
paramount. Over the lifetime of a power plant, the volume of test material needan become
particularly large, making the development of a dependable negsemi- destructive test method
beneficial[139]. Developed in the 1980s, the small punch test was initially designed for testing post
irradiation behaviour of materials for nuclear applicatiofi24], [125] Transmission electron
microscopy sized samples (disks 3mm in diameter) were initially used but since then the test has
evolved into using larger disks (8mm in diame{&®5], [140], [141]
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Interest in the small punch test has growsignificantlyin the last 50 years, with a sharp increase after
2000 Figure2.31). Thigsdue to, in part, the potential application in the fission and fusion industries.
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Figure2.31: Scopus review on all documents published on small punch tEstiRg

Manahan et al[140] explain that the need for small scale testing for neutron irradiated samples is

partly cost based. Small scale tests are also advantageous when tiesttigted samples because,

2 Fspaae limitations in irradiation experimeatsP ¢ KSe& gSNB a2vyYS 2F (GKS FTANZ
testing as a potential method for mechanical testing of irradiated materials. It is summarised that

small punch testing of MEsized samples has the potential of producing data on biaxial stress/strain,

biaxial ductility, stress relaxation and biaxial creep. The initial tests show good reprodufdiility

Misawa et al[143] presented a method of the small punch test to measure fracture hoegs. The

small punch test produced Ductile to Brittle Transition Temperature, DBTT, results that matched well

with v-notched Charpy tests. Thus concluding that SP tests show good potential for testing DBTT.

Following on from Misawa et al., Kameda andiB|144] also noted the potential of SP tests to
evaluate the DBTT of a given metal. The effect of intergranular impurities on the DBTT change on
irradiated samples was tested. A correlatibetween DBTT and impurity concentration was found.
This relationship agrees with results found in Charmptch tess, making small punch a good low
volume alternative for traditional DBTT tests. This was also confirmed by others over the next few
yearsand decade$145]¢[147]. Another paper that used test based on a 3mm diameter TEM sample
was that by Mao and Takahashi. They also used the fracture behaviour of a small punch test to
successfullyorm a elationship withfracture toughness. They were also amonpst first to mention

that the forcedisplacement curve of a small punch test could be related to yield stress arffd461.S

. @& GKS SINIeé wnnnQaz GKS F20dza 2F avlff LldzyOK NJ
the analysis of tensile properti¢$26], [148] Campitelli et a[148]utilised a finite element model to
cakulate the force deflection curve from a small punch test. In particular, they confirmed that a
change in strain hardening can be measured. Displaying the potential using SP as a method for
measuring the change in strain hardening with irradiation. Howeuerto the complex deformation
involved in small punch, direct comparisons between bulk and small scale cannot be made. For
example, Kumar et al. explain that unlike a tensile test, the point of maximum force in a SP test does
not equate to the true UTShis is because the maximum force in a small punch does not directly
correlate to the onset of necking. In small punch tests it is thought that the onset of necking is prior
to maximum punch forceThrough the use of finite element modelling and testsad@rMoV ferritic

steel Kumar et alfound that a punch displacemenf 0.48mmcorrelated with a change in minimum
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specimen thickness, indicating the initiation of neckingoom temperature This, therefore gave a
reasonable point to provida good estimton of UT$149].

Over the last decadsome complementary techniques have been developed that use the small punch
test as their basis, namely the hydraulic bulge test and the small purigudaest [150]c[152].

The tydraulic bulge teshas been recently adapted into a small scale test with specimens 10mm in
diameter and 0.5mm thick. High pressure hgulic oil is used to deform the specimen in place of a
punch. This allows for a larger area of deformation but increases the effect of clamp and die geometry.
When used in conjunction with the small punch test, the hydraulic bulge test can aid in proaiding
broader picture of material deformation behavio(it52].

Small punch fatigueras developed as a way improve the efficiency ofatiguetesting for industries

such as aerospace and nuclear. As well as using less material than its full scale counterpart, small
punch fatiguealso allows for the testing of very specific areas, sucthashkat affected zone in welds.
Theexperimental setup consists of two punches, one above and one below the specimen. Force is
then applied to eaclipunchalternatively, thus creating the cyclic loady required for fatigue testing.

This set up allows for general fatigue testing techniques (discussed in section 2.3.7) to be applied to a
small punch samplgl50], [151]

2.7 Guidance on small punch test

The cumulation of the research completed since the 1980s has led to the production of a guidance of

best practice for the small punch testing of metallic materja3]. The guidevas initially drafted in

2007and has since been brought up to ddi&3]. The most recent update published regarding the

status of the European Standard on small punch testing was at the SSTT conference[128D1i8

describeghe current status of the updated guidance with regard to changes made to the 2007 CWA
15672[128],[133]!' & GAYS 2F & NA (A y 3IBS EN K0371.VerhlR indderiafs. Sndlll y Rl N
punchtestmethofl > A& adAff Ay RNI T ({154% SQubbiva standdrdicéinfassist inLJdzo f A
the production of increased consistency of results betwésbs.

l'ad 2F WdzZ @ wnwuwn +Fy ' {¢a &adil ASEM EIRO0G RO Standarf $egt LIdzo f A
Method for Small Punch Testing of Metallic Mate6l55].

An overview of the current guidance will now be discussed.

2.7.1 Apparatus Geometry

The updated guidance includes two different sample sizes; standardmamdture. The smaller,
miniature test is still in the early stages of development, and so is not includégiresearch The
key dimensions of which can be foundTable 2.1.

Table 21: The geometries for the standard amdhiature small puncheists, as outlined in theode of best practic®3],

[128], [155]
Standard Miniature
Sample diameter, D [mm] 8 3
Sample thickness, h [mm] 0.5 0.25
Punch radius, r [mm] 1.25 0.5
Receiving die diameter, fmm] | 4 1.75
Chamfer length, L [mm] 0.2x48 0.2x48

Both tests consist of the same basic setup as seé&igire2.32. The sample is clamped between two
dies, with the receiving (lower) die having a set diameter and chamfer dimension.
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Figure2.32: Diagram of the smapunch test, displaying the important geometric features, the values of which can be found
in table 2.1[93], [128]

The dies holding the specimen in place generally are not required to clamp it with any légds Th
known as clamping without load. If a clamping load were to be applied it may have an effect on the
stress response of the specimen and should therefore be noted in the rest (©3¢rt

This setup is typically placed withina temperature and atmosphereontrolled vessel, with
thermocouples placed throughout the componenihis allows for high temperature tests and/or
controlled atmosphere tests. One such example being a high temperature test in an(argather
inert) atmosphere to limit the effect of oxidisatiqa36], [156]

The punchlgenerallyconsistof a single hemispherical punch head or a single spthévendown with
a flat headedpunch as illustrated ifrigure2.33.

Figure2.33: Diagram showing the two types of punch heads used in the small pun¢b3g4t28]
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2.7.2 Sample preparation

To achieve the required specimen dimensiomab(e 2.1), samples must be prepared accordingly.
Firstly, they are machined down to a thickness of 1.1 times the desired height, h.td'neduce the
effect of work hardening, they argrounddown to the desired thickness. Firstly, with a course grit
paper of P320, followed by a fine grit paper of P1200 to achieve a sdmiglet of h+1%

This preparation isniaccordance wittCWA 15627 rad has not been altered in subsequent editions
[93], [128]

2.7.3 Data analysis

For a small punch test, three key values are recorded; punch force, F; punch displacement, v; and
sample deflection, u. This can pltted as eithera punchforce- punchdisplacemenor punch force

sample deflectiorgraph a diagram bwhich can be seen iRigure2.34. A set of arbitrary points can

be taken along this curve to allow for ease of comparison between tests.

N ‘©2404 yaund

gy S

Uy

Punch Displacement, mm

Ue

Figure2.34: Diagram of the forcelisplacement curve produced by the small punch test, important values have been
labelled and are described bel$98], [128]

Four points can be given which defineetmaximum punch force, and the force at failure:

- Fuis maximum force

- Uwmis displacement at maximum force
- Feis force at failure, defined as 0.8fF
- Uris displacement at time of failure

It must also be noted that the area under the curseften takenas he total energy to deform the
sample to the point of failure.

Aportion of the curvefrom 0-0.5mmdisplacement/deflectiorencompasses the initial elastic loading
andtransition toplastic deformationPlottingthis smaller curvallowsanother set of conantsto be
defined(Figure2.35) [128]:
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- Rsqarbitrary value of force at 0.5mm of displacement
- Us¢ point of 0.mmdisplacement

- Faqthe elastic plastic transition force

- Uagthe displacement at point,~
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Figure2.35:. Diagram @ the forcedisplacement curve produced by the small punch test up to a displacement of 0.5mm.
Some relavent values are also giye8], [128]

To find  a bilinear function'Q6 from the origin through the poirg A and Bs needed Equation
2.24) in conjunctiorwith the error minimisation function seen lBquation2.25 [128]:

—Q¢m 6 O
Q0

0 0 MQQEd o0 O

Equation2.24
Qii, 06 ™6 Qo
Equation2.25

Varying kin a set areavill find the best fit for'Qo6 . This best fit can then be used to calculatealdd
Fa. Taking the gradient from the origin & gives a good approximation of the elastic loading #mcs
can be used in calculating the total elastic energy of the sysiés is achievebly using the spring
constantEquation

N Qw
Equation2.26
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So in this case:
Q '?’Y
Equation2.27

As the total energy of deformation has beenfided as the total area under the curve. It can be
assumed that the total energy to achieve the maximum force is the area up. tdHentaking the
gradient found inthe minimisation function and plotting a line down froa produces a triangular
area(Figire 2.36).

N ‘@2404 yaung

-n
p=d

EEI

Ua Punch Displacement, mm

Figure2.36: Forcedeflection graph displaying the composition of the total energy in the system as defined areas under the
force-deflection curve.

This area is taken to be the tdtelastic energy in the systera:E

O T ———

Equation2.28
From here, plastic energ¥, can also be determined
O 0O 0O

Equation2.29

Where, kg, is the total area under the curve up ta.F

From these values, some tensile properties can be estimated. This is done by using the points
identified on the curve and ¢vapolating out values which correlate to the proof stresg;-Rand
ultimate tensile strength, UTS.
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Estimation of proof stress
The proof stressr yield stress; o.2, can be estimated using the followigguation[128], [147], [157]
0
” 8 T 8 6

Equation2.30

Where:

- FRa¢the elastic plastic transition force defined earlier
- 1-92¢a geometric correlation coeffient
- ho ¢ the sample thickness in mm

I rpo.2is dependent on both the sample geometry and test materiadr any steel with a proof stress
of between 200 and 1000 MPa using standard sample geometry (D = 8mgpgan be taken athe
values shown in Tad 2.2[128]:

Table 22: The values dfrpo.ofor sample deflection and punch displacement t¢528].

Curve 02
Sample deflection (u) 0.510
Punch displacement (v) 0.479

Estimation of ultimate tensile strength

As with the estimation of proof stress, finding the ultimate tensile strengfi§ on a small punch
curve is a simple process. The updtaighe standard provides two possible methods for achieving
this [128].

The first method, which has previously produced the most reliable results uses the maximum force
achieved during the testf157]. It is also lagely similar to the process of estimating,[128], [157]

'?’Yu Y"YT

Q0
Equation2.31
Where[128], [157]

- Fn ¢ maximum force recorded during the test

- Um¢the sample deflection at the maximum force
- ho ¢ sample thickness

- I yrsq a geometric correlation coefficient

Another method has more recently been introduced which uses a value segevatdw. This value

is denoted wand has been numerically determined. As a parameter (one largely independent of
tensile properties) us associated with the onset of plastic instability. Like the previous method this
one also utilisesyrsa geometric &ctor.
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Equation2.32
Where[128], [131]
- R qthe force at the point of onset of plastic instability, u

The valuedor u, and recommended in # standard for the standard test geometand ferritic-
martensitic steelare givenn Table 2.3 below128], [157]

Table 23: Values showing the point of onset of plasticaidity and - yrsfor sample deflection and punch displacement

tests[128].
Curve u/vi (mm) I uts
Sample deflection (u) | 0.552 0.192
Punch displacement (v)| 0.645 0.179

Such estimations provide a quick astnple way for assessing smplinch curves andhe test
materials.

Estimation of creep stress

The small punch test can also be used to analyse creep properties. This is achieved by changing from
a displacement rate controlled test to force controlled tests. Small punch creep tests take much longer
than the standard SP tests, and are usually carried out at elevated temperatures. The output from a
small punch creep testonsists of deflection vs time graph as seerfFigure2.37. Many tests can be

added to the one graph thus allowing for a quick evatrabf changes in temperature or applied

force[133].

Increasing punch force

——

a

Figure2.37: Diagram showing the changes in behaviour by increasing the punch force in the small punch creep test. An
increasan punch force leads to a reductiontime to rupture[93] .

Creep deflection, mm

Time to rupture, h

The most useful value calculated from standard creep test is the creep stress, as explained previously.
However, for a small punch creep test, this cannot be measured directly as the relation between punch
force and stras is not simple. To solve this, two separate relationships have been devised.
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The first was included in the original CWA 15627:

Equation2.33
Where:

- F = punch force

- =creep stress

- r=punch radius

- D =receiving die diameter

- ksp= ductility related coefficient

This correlation had been used for sotirae but as kpis material and temperature dependant its
viability is limited[128], [133] Another correlation has been developed which is basechammum
deflection rate:

o .
W — pBopap

Equation2.34
Where:

- Aers=the force to stress ratio
- Umin = the deflection at the point in which the deflection rate reaches a minimum

The minimum deflection rate can also be useaatculate the creep strain:
- ™ wodé
Equation2.35

Ductile to Brittle Transition Temperature

Being able to calculate the ductile to brittle transition temperature, DBTT, was one of the first
techniques developed with small punch test data. Through a simple correlation it is possible to convert
the small punch DBTT to an estimation of a Charpy test DBTT:

"y Y
Equation2.36
Where:

- Tsp= Small punch DBTT
- Tewn= Charpy DBTT
- h =correlation factor usuallly 0.4

To determine the DBTT in a small punch test, the energy of the test is required. As briefly stated
above, this can be taken as the integral of the curve up.to u

O 060 Q0
Equation2.37
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Fracture mechanics

While the estimatiorof DBTT shows that it is possible to analyse the fracture behaviour of a material
using small punch; the difference in sample thickness between a standard fracture toughngss

and a SP specimen means that any correlation will be impractically cofd@i It is advised that

any fracture analysis of a small punch test is to be taken ascpaanititative at most, and should be
used instead as a forof vetting technique to redce the number of tests that need to be completed

at full scalg128].

Applicability of correlatioBquatiors

TheEquatiors and methods outlined above have been applied to a range of materials. For example
the tensile correlations (proof stress and ultima@nsile strength) have been shown to work for a
very wide range of steelgl28]. While the creep and DBTT correlations have also been applied to a
large range of steels, the main focus has been on structural steels, such as P91, Ea&rd7

along with ®me stainless steels, i.e., 318126], [133], [147]

The behaviour of all three tests types (tensile, creep and DBTT) can be readily found in litéoature
P91 in particulaf126], [133], [147] Examples of this behaviour are includedrigues 2.38¢ 2.40.
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Figure2.38: The small punch test behaviour of P91 steel compared with standardised tensile behaviour. Two temperatures
are included here (293K and 873K). Note the large change in maximum force in the solategtiourve with an increase
in temperature, this matches the behaviour seen in the tensile L¢3
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Figure2.39: The small punch crpeest behaviour of P91 steel compared with the standardised creep test curve. Both creep
strain andcreep rate are shown. Note the large difference in curve shape seen in the creepsstimiggraph. [126]
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Figure2.40: Graphs showing the ductile and brittle behaviour for P91 steel in a small punch test. The results from which
were used to determine the ductile to brittle transition tempare. Tests were carried out &t00C and-196eC
respectively158].

Like most correlations, the ones desed here have their limitations, and in particular the tensile and
creepequations are best suited for a range of steels and not much else.

While the tensile behaviour can be applied to a wide range of stedgaks down when calculating
more brittle materials such as titanium alloy28], [133] The creep behaviowquations are even
more limited in their applicability, this is due to both material and temperature sensitivity of ¢he K
constant[128]. It is also noted that it is not appropriate for softer forging st¢&B3].

The dutile to brittle transition behaviour methods are better suited to a wider range of materials.

This is because it looks at a change in behaviour which can be observed in brittle and ductile materials
alike[147]

In general, the methods arflquatiors outlined in this section are applicable for ductile steels. This is
probably one of the main limitations of small punch testing at this time. However, with further
research along with experimental results used in conjunction with finite element modelling this may
be rectified.

2.8 Sources of inconsistent results in smatich testing
Small punch testing is sensitive to many factors, and so can produce inconsistent results.t€o coun
this, the possible factorsffecting the results must be considered and underst¢bsb], [156]
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Starting with the factor tht affects all smaBcale tests, the reduced sample size. As previously stated

a reduction in sample size imases the relative effect of any defects present. Microstructure and
surface finish form a large part in this. While heterogeneous microstructure is inherent and cannot be
altered, the surface effects can be. This is achieved by grinding both surfacest@@iset finish
(P1200 as stated itme code of best practice, ASTM standard and round rpbirhisensures that any
relatively large surface defects are either ground away or reduced to an acceptable size i.e. they should
no longer be a major point aftress concentration and possible source of premature fraciodié

Testing apparatus also contributes to inconsistencies in results. There are several factors to consider
here, distortion during loading, punch alignment and wear, and die geometry.

The smd punch test can invobs high levels of loading (kNgalding to a distortion of the apparatus
itself as it reacts to the load. iBhis known as compliance andwsll documented in small punch
testing[132], [137], [148], [159], [160]To mitig&e this, two things can be done. Firstly, a compliance
correction factor can be added to the forcesplacement dataRigure2.41). Secondly using sample
deflection data instead of punch displacement can reduce the effect of machinery distortion. This is
downto the factthat the sample deflection will be lesgfacted by the apparatus around iyhereas

the punch displacement is heavilffected due to it being part of said machinery.

2000
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Figure2.41: Diagram fromdEuropean standa on small punch testing of metallic materiéals RA A LJt I @ Ay 3 G KS
present in the small punch test apparat{&28]

Due to its small size,rmisalignment othe punch byeven a couple of mm can have a marked effect
on the finalresults[128]. Any misalignmat can cause a change in the deformation shape and

unwanted friction with the punch guide

After some time, the punch will start to wear, causing a change in head shape and surface finish. Both
of these factors will play a role in producing inconsistergults over a series of tests. A change in
shape may cause the areas of stress concentration to move,diaducing an erroneousme to
fracture.And any change in surface finish will have an effect on the friction between punch and sample

[147].

Both the upper and lower die play vital roles in the small puesh tThe upper die is vital in ensuring
that the sample does not move throughout the test. Wibas the lower die does this in conjunction
with guiding the shape of the sample as it bends. The chamfer in particular plays a vital rolgas this
it guides he deformation and flow of the sampld61]. The standard recommends a chamfer of
0.2mmx 48 ¢ KA OK O IFigured. 3 [128F Biy podsifle that, like the punch, the lower die
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will start to wear over time. Such a change in the geometry of the chamfer has the poterdftddb
test results[162].

Atmosphere can have a significant effect on a materials behaviour, particularly @ehigleratures.

This is due to the potential oxidisation of the sample surfét¢his case an oxide layer cafiectthe

friction between the sample and punch. Oxides also tend to be brittle and so could cause small
fractures in the surface thuaffectingthe final result4156]. To get around this, some tests are carried

out in an inert atmosphere such as argon. This is particularly helpful when working at high
temperatures or with alloys that oxidise quicktyair. However, the presence of an argon atmosphere
has shown to have an effect on results even when at RT with an oxidisation resistant alloy. This is
thought be due to a change in friction between sample and pJaék], [163] Any change in test
atmosphere must be carefully considered.

2.9 Finite element modelling of small punch testing

2.9.1 What is FEM?

In both science and enmgering it is vital that the mechanics behind certain phenomena are
understood. This can be achieved by simulations. However, in most taseakings thatneed
simulating involve complex mathematical models, and therefore are extremely computationally
expensive to resolve for a whole system. To get around this, a system i.e. a tensile test, can be
discretised into small elements to which the mathemati€mjuatiors can be applied. With the
Equatiors applied to each element the system as a whole can be cdoAgplying this can greatly
reduce the computational time, without sacrificing much accufdéd].

2.9.2 FEM fundamentals

The geometry of the component of a finite element model is the first of the building blocks required
for an accurate analysi Aside from the obvious role of ensuring that the model is geometrically
correct, the geometry also plays a role in forming the locations of boundary conditions, meshes, and
other any other required constrain{d64].

Forming the mesh is achievdyy dividing the geometry up into.Nelement and N nodes and is
otherwise known as domain discretisation. Each node is connected to its neighbours to form an
element and each of these nodes and elements are given unique numbers. This method of applying
the mesh ensures that there is no overlapping of elements, or any gaps between them. Together, the
elements form a whole domain i.e. they make up the complete component georfididy.

For finite element modelling to work, each element/node has toblsed on a coordinate system.
This system is defined on the local level, for each element, and on the global level, for the component,
or domain as a whole.
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To define the displacement of an element, the interpolation of the displacement of its modstsbe
taken[164]. This is given as:

’i’Y ‘I"rl":ﬁ lsj \I" II": ,Q

Equation2.38
Where:

- U'= displacement approximation

- ng = number of nodes forming the element
- d = thedisplacemenbf the ith node

- N = the shape function

For the case where there are 3 degrees of freedom (x, y, and z, directi@as) ok given in the
form:

Q
c

Equation2.39
where:

- u=displacement in the x miction
- vi=displacement on the y direction
- w; =displacement in the z direction

The shape function of an element is the assumed shape that it will take with respect to the nodal
coordinates. It has the general form of:

':3 ‘I" 'Ivz 6 ‘IVIIV: Fl:j ‘I"rl"z F’B '3 ‘I"rl":
Equation2.40

and in the case dEquation2.41, wherethere are 3 degrees of freedom, this can be taken as
submatrix:

0 m T
0 m 0 T
mnm m O

Equation2.41
This is also often taken as N N> =Nz =N;

When this is applied to each elemeradisplacemenfield is produced. This method assumes that
each node is independent of those around it, thus making the application of bourdaditions
simple. If a node is set to be static, then it can simply be removed from the matiguistion2.41
This method can also be applied to the addition of properties to each elefhé4dt, [165]

The addition of properties is a@vied by substituting out the displacment at each node with the
desired constitutionaEquation The interpolation between each neadwill give an approximation of
the solution of the element. Téimethod is also valid for maasd stiffness[164].
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When a force is applied to the domain, it is also descretised and applied to each node separately as
vectors. Surface force veetand body foce vectors are combined to forantotal force vector,
This can also be decribed in terms of the mass and stiffness maffi6igls [165]

All of these factors come together to produce a finite element model. The formation of a finite
element model relies on the creation of shape functions, then apply constitutiégahtiors to the
functions. This wlilallow for the analysis of the full domain or conmemt [164].

2.9.3 Applications in engineering

Finite element analysis is used across engineering, from structural applications to metal forming and
machining[166]¢[168]. Meaning that there is a large body of information displaying its validity in the
field. A large advantage of finite element analysigs ability to replicate mechanicagsts to a high
degree of accuracy. Making the method a leading candidate in aiding the development of new testing
techniques.

2.9.4 Small punch testing

Due to the complex nature of the deformation in small punch, and the many sources of
inconsistency/uncertainty, it is wise to study the test using FEM. This has alreadyelkamined
extensively with investigations varying from overall deformation trends-bepth looks at fracture
mechanicq131], [173] To understand the FEM work done thus far, a summary of some relevant
papers can be created

The deformation profileof a small punch test specimen has many potential sources of uncertainty, so
studying the test using finite element modelling (FEM) is prudent. Looking at the literatwia@e on

the topic will give an insighnto current simulation methods and will allow for an informed decision
on the best route forward.

From a practical starmbint it is wise to understand how the finite element modelling of small punch
testing has been carried out in the literature. FEM software and materials models used will provide
some necessary information for this project. Several key points were noted:

- The FEM software used

- The method of modelling material plasticity

- The method of modelling material damage/failure

- The friction coefficient used for the sampgbeinch interaction
- The optimisation algorithm used (where applicable)

By far the most commosgoftware package used was Abaqu30], [131], [136], [161], [169], [170]

The use of plasticity models to describe Sanple deformation is largely inconsistent, as there is no
one clear method used more than others. Some papers used very simple elastic and yi¢l6@hta
[169], others used prexisting data and modelfl30], [170], [171] and some appeared to have
created their owrconstitutive models of flow stre4431], [172]

Only three of the papers rewieed included any sort of material damage/failure. Two used the GTN
damage mode[148], [170] while the final one used the Caokt¢Latham damage criteriofll71].

Both models that utilised the GTN damage model did so using Abaqus software, whereas, the third
model was completed in DEFORM.

Those that include optimisation/ inverse analysis as part of their remit, masiy MATLAB in
conjunction with Abaqugl69], [170] Of the optimisation packages awadile in MATLAB, the golden
search algorithm is the most popul&@ne paper in particularuses @A Yy S NES FAYAGS St SY
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thus making it unclear what exact methodology was used, meaning that reproduction is not possible
[130].

The conclusions analysed varied in their confidence of finite element analysis (FEA) as a viable analysis
technique. While some stated with confidence that FEA can accurately predict material behaviour
[130], [169], [172] Others were clear in stating that, while the methods show promise, they are still

in their infancy and need further developmdif70], [171] Of course there are some discrepancies in

the dates of said pape, but there was enough of an overlap in opinions that all papers could be
considered relevant.

As shown, there is a weadistablished body of work around the finite element modelling of the small
punch test. However, this is not without limitations, atiee two main areas that current literature
seems to fall short on is; inconsistent specimen, punch, and die geometries; and the lack consideration
of friction between the punch and specimen.

In 2007 a publicly availabtmde of best practice guide was ated, the CWA 15627 Small Punch

Test Method for Metallic Materialf93]. This outlined the recommended specimen and apparatus
geometries (Table 2.1However, since then a few bodies of research have beefighdd that do not
adhere to this guidancfl30], [169], [170] While the methodologies presented show potential, the
difference in geometries used in their simulations limit any comparison with work from other
institutions. Specifically, the work completed by Li et al. on the construction of a stress strain curve
usingsmall punch data and FEM would be of particular interest if applied to the geometries outlined
in the guidelineg130]. As it is, the simulations have been completed on specimens with a diameter
of 10mm, a thickness of 0.5, with ameh of 2.4mm and receiving die of 5mm. The geometry of the
chamfer was also omitted, making reproduction of the research difficult.

The importance of friction in the small punch test is well documeftdd]. A number of the papers
surveyed here included the value of the friction coefficient for the interactiotwben punch and
sample[130], [169], [170] Thosethat did incluae their friction coefficient values showed a variation
between p=0.2 and p=0[436], [171], [172]

Simonovski et al. highlight this in their work on the analysis of cuspedimeng161]. The variation

in friction coefficient significantly changed the morphology of the specimen deforméfigure 2.42)
which in turn altered the location of stress concentration.
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Figure2.42: A diagram of the small punch simulations by Simonovski et@liag the stress localisation caused by a
change in friction coefficierfil61]

The importance of friction in the small punch test meanst titanust be seen as a fundamental
element when creating a simulation. If this were to be omitted, any results would be taken as not
representative of experimental small punch test behaviour. So it is recommended that when creating
a new simulation, the éct of friction on the system is analysed and an appropriate coefficient
selected.

2.10 Inverse analysis

2.10.1 What is inverse analysis?

In its most rudimentary form, inverse analysis ie tiptimisation of a function through iterating the
input variables until a best fit is found. Optimisation usually involves error minimisation through the
use of an algorithnfil 74].

In engineering an inverse problengpically consists of a set of experimental data with unknown
governingequationparameters. With the assistance of simulation, it is possible to use inverse analysis
to obtain the values of the governitigguation Usually the error between simulated andoeximental

data is calculated and used as a goal function for the inverse process i.e. the algorithm will change
variables to reduce this error as much as possible, ideally to zero.

2.10.2 Search algorithms

Any engineering problem with unknovguationparameters has many possible solutions. One way

of solving this is to cover every possible solution until the best is found, known as sequential searching.
However, this will be extremely computationally expensive and inefficient. To reduce this a smarter
way of finding the optimal solution can be used. By employing an interval searching, the possibilities
can be narrowed down to a smaller group. This has the potential to vastly reduce the required
calculation time. But as with all time saving measuresiglig the possibility of reducing the accuracy

of the results. A balance must be struck between computational time and accirdsy Some of

these search functions for nonlinear problems are as follows.

Direct search algorithms

The direct search method is a method of optimisation that does not require the derivative of the
objective function. Instead all direct search algorithms wamlpoint values of the objective function.
The main thing to na with direct search methods, ikat they were mainly developed heuristically.
Meaning that they lack the full mathematical proofs, and rather rely on experience to prove their
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validity. Depite this, direct search methods are in general reliable, robust and do not often fail to find
a local minimunj176].

Direct search methods are particularly useful in optimising problems where finding derivatives is not
feasible, also when there is inherent unpredidbrror present in the initial data set (experimental
data for instance]176]. These facts mean that direct search methods can be widely and easily applied.

Two notable direct search algorithms are the simplex (Neldead) and the golden sectidid77],
[178].

Golden search functions by successively reducing the seaezhuntil a minimum is founfil78].
Whereas simplex systematically iterates through a series of options gradually minimising each until an
optimal result is found179], [180]

Genetic algorithms
Although not used in this thesis, it is pertinent to bryetbuch on genetic algorithms. Genetic
algorithms is a method mainly used for the optimisation of functid/d].

Inspired by evoltion, genetic algorithms work othe basis of generational changes. Most start with

a random set of estimated values, or chromosomes. These are all individually assessed and their
results comparedThose that have better matches are selected to reproddéd]. This repoduction

creates a new generation of estimates, which can then undergo the same assessment as the previous
generation. An illustration of this can be seerrigure2.43[181].

Selection Recombination
(Duplication) (Crossover)

Stingl [ == --- String 1 = ~\,” " | Offspring-A{1X2)
Swing2  f=z----[  Swing2 ~ = <= | Offspring-B (1 X 2)
String 3 =~ swing2 -=\,~~ | Offspring-A 2X 4)
String4 ------ String 4 = =7 <= | Offspring-B 2 X 4)

..... DR _XC —

Current Intermediate Next
Generation t Generation t Generation t + 1

Figure243Y S5AF ANI Y Affdzald NI GAy3a GKS RATTSNBY (Agenetical§odthmr2 T RSOSt 2
tutorial€ [181].

While genetic algorithms are exceedingly effective atifigdylobal optimisations, they are extremely
expensive and can take a long time to complete. This is due to the whole population of estimates
needing to be regenerated and recalculated with each new gener#tidh], [182] It is due to the
computationalexpense required of genetic algorithms that they are not considered fuithénis
thesis.
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Simplex search algorithm (Nelder Mead 1965)
As devised by Nelder and Mead in 1965, the simplex algorithm (otherwise known as theMebtkr
algorithm) is a direcsearch method for multidimensional unconstrained optimisafibr7], [180]

This method is based on the idea of a simplex (a shape based on triangles and tetrahedrons) to
visualise the possible solutions to a functisith n variables. This simplex exists as a-fdiurensional

surface with n+1 vertices. Each vertex being a possible solution. The highest vertex in the system is
identified and replaced with a new solution. This is iterated on and leads to the convergkace
minimum and thus an optimised solution.

As stated, the simplex method starts with a functiomofariables.This function has noonstrairts
andP, P, X are the n+lpoints of the simplex. For a functignthe point Rcanbe defined[177].
High and low values of the function are also defined, such that:

- Y= maximum possiblealue of y
- yi= minimum possible value of y

A centroid point between these two values is also taked, where i h, and [FP] is the distance
from Rto B.

For each step in the optimisation, B replaced, using one of three operations. Thase, reflection,
contraction, and expansion.

The reflection operation, P*, is defined by:
0 P I L |V
Equation2.42
where:
- h =the reflection coefficient (always positive)

If the distance between P* anldlis equal to thé® multiplied by the distance betweeh andP,. Then,
P* can replace Rand a new simplex is formed.

If the reflection operation creates a new minimum, then the expansion operation is used:

3 Z2Z 5z 5

0 o pro
Equation2.43
Where:
- 1 =the expansion coefficient

The expansion coefficient is alway®ater than one and is the ratiof the distance between P** to
0 and P* tod. Where this operation successfully produces a new minimum, thén@placed with
P** and a new simplex is created.

Finally, if P* is less tham,Put is still maximum, then the contraction operation is used:

5 27

0 fo p T v

Equation2.44

Where:
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- 1 =the contraction coefficient

Thecontraction coefficient falls between 0 and 1 and is the ratio of the distance bet®&eto U
and P ta).

If any of these operations fail, then the simplex will be restarted.

“Z

To decide on whether the optimisation has finished or not, acompayis 2 ¥ G KS dadl yRI NR
used:

Bw w
£

When this falls below a predetermined value, then the simplex algorithm is deemed fiflsh&dA
visualisation of this can besn inFigure2.44.
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Fig. 1.—Flow diagram

Figure2.44: Diagram illustrating the different stages in the Nelliégad simplex search metho@.N2 A’Sindplex Method
for Function Minimizatiof [177]

The simplex method has begmoven to be robust and computationally compact. However, as with
most direct search methods, there is a possibility of the algorithm finding a false minimum. Such
methods must rely on good starting estimatds7]. The simplex method has been used numerous
times in the fields of science and engineering and has thus proved itself a vahailfter simulation

and function optimisation. This method will be used in this thesis.

2.11Inverse analysis and small punch

Small size and complex defeation means that materialproperties cannot be directly
calculated/recorded. To solve this, inveraralysis can be employed. Much like the examples used
above, the inverse analysis of small punch testing requires simulated and experimental data. Several
papers have been published on this topic and will be summarised.

Of the papers analysed the majgriised Abagus and Matlab. The inverse analysis was applied with
these pieces of software in different wajis38], [169], [170]
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The golden section algorithm was used byr&ng et al[169], [170] It was noted that the golden
section method produced on aveaya 2.55% error. But when compared to neural networks and
enumeration it is much quicker and more efficient. Neural networks in particular are noted as
requiring large amounts of computational time and space. For the purposes of engineering
applications galen search would be preferable. As it is more efficient and can effectively and
conservatively predict materials tensile parameters from small punch curves.

Only one paper applied the Simplex method to small punch inverse andl@8is The focus of the
paper was the assessment of nactive nuclear reactor materials. An emphasis on simplicity of
applicationledto the decision to us the Simplex optimisation method. The Simplex method does not
require gradient estimation ando is computationally efficient. One of the main conclusions drawn
was that due to the nature of the simplex methakere existghe possibility of producing meunique
results. This was especially prevalent when the coefficients in a constitutive model are correlated. It

gla Frtaz2 y20iSR GKFHi 6KAES (KSasS NBad#Z 6a Ylra y2i

material behaviours and thus have inheramtors.

Two papers utilised neural networks and genetic algoritht3€], [138] Both of these papers utilised
Abaqus. Pefiuelas et §.38]utilised an evolutionary genetic algorithm. It was found that this process
could produce materials parameters with high accuracy, but has to be rerun for every change in
sample geometry, test temperature and material. This is true of every inverse analysisqriogeas

other papers have stated running a genetic algorithm is computationally expdté®k [170] Thus
rendering this method inefficient.

Li et al[130] utilised a neural network for the prediction of the Holloman model from the small punch
curve. The results from this were then used in conjunction with liféang and interpolation
techniques to construct a full stress strain curve. This was achieved by selecting a set of parameters
and using them in various combinations to complete 360 individual simulations. The results of these
simulations were then fedhto the neural network and used to train it. This produced results that
appeared to be in good agreement with experimental values. However, much like the previous paper,
this method is computationally expensive and so not suitable for engineering apphsatquiring

large volumes of results efficiently.

One final paper, takes a different direction than the others. Egan gt &2]use the inverse analysis
method to optimise the deformed sample geometry. A combination of curve fitting, direct search, and
genetic algorithms were used to achieve this. It is concluded that the plastic properties were predicted
gAGK2dzi S @ LING 1O0HANT SIRIS € b | 26 SPHSNE K2g GKAA
stated, making any recreation of this method difficult. The overall concept of this method is
interesting.

2.12Inverse analysis and Johnsmok

When analysing the current researcmpleted on the inverse analysis of thehnsorRCookmodels

it became clear that there was a certain amount of vagueness surrounding the exact methods used.
Most of the papers revolve around machining, subsequently not all methods used will be relavant f
small punch applications. However, providing an overview of the inverse analysis of J&@uowon
parameters will provide a helpful insight into current approaches.

All of the studies utilised goal functions, which were mainly based on the error bettrezn
experimental and simulated values. However, there is a general lack of specifics on the optimisation
of these functionsMell K2 R4 @I NASR FTNRBY AGiUNALFE FyR SNNEBNE
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between sets of boundarig484]c[188]. While useful for proof of concept studies, such methods are
expensive and inefficient, thus not suitable for the production of many results.

As stated previously, these studies provided a good proof of concept in which several important
conclusions were drawn.

The first being the importance of initial input values for inverse analysis. A change in starting values
can have a significant effect dne final optimised results, and so should be studied and understood
fully for each new material.

Secondly, is the production of namique results, i.e. the possibility of incorrect solutions producing

similar graphical results to the correct solutiois.extreme cases these incorrect results may be far

FNRY LIKeaAaAOlffte L32aaioft S[185)yThRs irealet iR patt B thémeyicusd RS NB R
statement as a picular starting value may lead to such results.

Even with these challenges, all of the studies are positive about the application of inverse analysis to
accurately determine the values of the Johngdomok parameters.

2.13 An Introduction to Eurofer9nhd P91

At this point it seems sensible to introduce the two steels that will be the focus of this project,
Eurofer97 andP91. It can be seen thus far that both steels have been commonly used throughout the
development of small punch testing.

Known as &educed Activation Ferritidartensitic (RAFM) stedEurofer97 is essentially the reduced
activation analogue of P9189]. P91 steel is a wedlstablished structural steel but cannot be used in
parts of fusion reactors that experience high levels of radiation. This is due to the presence of certain
alloying elements that transmute tm active elements when exposed to high levels of neutron
bombardment37], [189] As stated in section 1.2 any material used in a fusion reactor must fall under
the safe handling limit 100 years after being removed from the redé&0}. Many of the alloying
elements in P91 do not meet this criteria (lllustratedrigurel.8), so the development of a new alloy,
Eurofer97, wasecessary189]. The composition of both alloys is provided in Table 2.4, whieee t
change from a typical steel alloy to reduced activation is evident.
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Table 24: Compositions of Eurofer97 and P91 steels in weight percent

Chemical element | Eurofer97 (wt%]190] P91 (mean wt %
[191]
Al <0.01 0.006
As * 0.005
B <0.002 (ALAP) 0.0009
C 0.090.12 (target 0.11) 0.12
Co <0.01 (ALAP) -
Cr 8.50:9.50 (target 9.00) 8.32
Cu <0.01 0.05
Mn 0.20-0.60 (target &) 0.41
Mo <0.005 1.02
N 0.0150.045 (target 0.030) | 0.041
Nb <0.005 0.084
Ni <0.01 0.1
o 0.01 0.0015
P <0.005 0.0091
S <0.005 0.001
Sb * 0.001
Si - 0.24
Sn * 0.005
Ta 0.100.14 (target 0.120 -
Ti <0.02 0.002
Vv 0.150.25 0.235
w 1.01.2 (targe: 1.1) 0.001
Zr * 0.001

(ALAP: As low as possibleAs + Sn + Sb + Zr = .05

Both alloys exhibit comparable tensile properties, whereas P91 has superior creep resistands.
due to the size and location of carbides present in both allb§9].

P91lin its as tempered statgenerallyproducesgrain sizes ranging from B0 umwith a ferrite-
martensite dual phase microstructur8uch a large range is due to the many possible heat treatments

that can be applied. With each ormampleted to create a specific microstructure for a required
application[192], [193] An example of this grain size can be sedFigure2.45 which shows an EBSD

scan of an as tempered P91 steel for use in small punch testing. The EBSD scan also helps to display

the texture of the alloy.
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Figure2.45: EBSD of as tempered P91 steel used for small punch testé\bgdid et al[193]

Much like P91Eurofer97has a large range of potential grain sizes;55im, which are déctly
affected by heat treatments. Again this allows for the microstructure to be altered to fit certain
applications, such as altering carbide size to aid in creep resisfafidg [195] An example of the
microstructure and texture as shown in optical, SEM, and EBSD can be Eegmrél.46.

Figure2.46: An example of Eurofer 97 in an as tempered condition. The dual phase can be seen in optical (a.) and SEM (b.)
with martensite laths, carbides, and priaustenite grains. The texture can be seen in c. with an EBS[19d&n

2.14 Gaps in knowledge and where this research will sit

Looking at the current research landscape surrounding the simulation of small punch testing, it has
become clear that there are some areas that need further development. This is paniiiotiear in

the area of forming some sort of engineering solution. Meaning that all of the knowledge gained to
date can be applied to a system of work that will combine small punch experimental data with a finite
element model to aid in the design of tiext generation of fusion reactors. In particular, there is a
need for 3D models as they have the potential to be used to assess inhomogeneities and geometrical
changes in detalil.
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2.15 Conclusions

In this literature review details of small punch testimgre given. This was done in the context of small
scale testing and finite element analysis for nuclear applications. From here several conclusions can
be made:

1. For further application in nuclear fusion it will be imperative ttests continue to be hotell
compatible ready for when irradiatesampleshecome available fronFMIF.

2. The application of FEM and inverse analysis will be vital in ensuring that small punch will be
capable of producing good @mates for bulk scale materigroperties

3. Finally, lmth of the above conclusions whle useless unless the importance of finding an
engineering solution is considered. Proof of concept work has been completed and now the
next step will be to look toward applying the knowledge to material design and fusion
engineering.

It is clear that the success of small punch testing is reliant on the application of finite element analysis.
They will work in combination to buildampletepicture of the small punch test.
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3. Methodology

3.1 Introduction

This study foused around the use of data analysis and finite element simulation rather than physical
experiments, and was split into four main phases: small punch curve analysis; model building and
validation; inverse analysis of the Johngbook plastiity model; andnverse analysis of the Johnson
Cook damage model. Each of these sections were broken down into smaller steps.

1. Small punch curve analysis:
a. Obtain small punch test experimental data for P91 steel Bnbfer97steel.
b. Determinethe procedures needed fodentifying the key points in both deflection
and displacement curves, such as elaptastic transition, as outlined in theode of
best practice, ASTM standard and round robin
c. Create a Python 3 script that analyses fededlection data from small punctests
with respect to the methods outlined in thevde of best practice, ASTM standard and
round robin
d. Use aforementioned Pythoscript to identify points of interest on the curve such as
the elastieplastic transition force.
e. Utilise the results produceftom the script to estimate the UTS and proof stress for
each small punch curve.
2. Model building and validation:
a. lIdentify the essential components (and their geometries) of the small punch
apparatus that must be included in the simulation.
b. Use a combinabn of literature sourcedo identify the elastic properties of the
material chosen for the test specimen.
c. Obtain tensile and small punch data for a relevant alloy, i.e., P91.
d. Use experimental tensile data sourced from MatDB to calculate an appropriate
edimation of the JohnsoiCook plasticity and damage models.
e. Create the necessary components in the finite element software, and assemble them.
f. Perform sensitivity tests to refine and improve the model, in areas such as mesh size
and samplepunch contacfriction behaviour.
3. Inverse analysis of the Johns@ook material model
a. Utilise the scripting feature within Abaqus to create a Python script that can interface
with and control the simulation.
b. Create an optimisation routine within the script that witioplete an inverse analysis
on the JohnsosCookmaterialmodel
c. Using the estimated JohnsdPook values from section 2, complete the optimisation
on all P91 and&urofer97small punctcurves
d. Using an empirical correlation determine the validifythe optimised Johnsoi€ook
constants in comparison to full scale tensile data.
4. Inverse analysis of the Johns@ook failure model
a. Adapt the Python script created in the previous section to optimise the JohGeok
damage model.
b. Using this script perform an anyais on the effect of sampigunch contact friction in
the necking and failurportion of the small punch test
c. Determine the appropriate method for applying frictiagither a static value, a varied
value, or a value to be optimised along with the Johr€mok constants.
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3.2 Experimental data

Material data was obtained from two main sources. Firstly, small punch test d&arofer97was
provided by Culham Centre for Fusion Energy (CCFEW&fer97is a relatively new alloy, P91 steel,
which is a sinhar but wellestablished alloy was also selected for analysis. Tensile test, and small punch
test data for P91 was obtained from tianline Data Information Network for Energy (ODIN) provided
by the European Commission Joint Research Ctr.

Data received from CCFE was in the form of text files that iadtyminch load, punch displacement,
sample deflection, time elapsed, and temperature. All tests were completed usingpthes of best
practiceand ASTM standarguiddines for a room temperature test.

The data received from ODIN was in the form of exted that included comprehensive information
about the test including: machine operators, date created, test conditions, sample dimensions,
material source, test temperature, punch force, and sample deflection.

All test samples from both CCFE and ODINevirraccordancevith the code of best practicei.e.,

having dimensions 8mm diameter and a thickness of 0.5mm, and having both faces ground to a p1200
grit finish. All tests were carried out at room temperature in air. Punch feeraple deflection curve

were extracted from each test, while punch forpanch displacement curves were extracted from

the Eurofer97datasets only. This allowed for punch forgample deflection curves from both sources

to be compared with the additional punch forpeinch displaceent data from CCFE acting as a
contrast.

After all of the data was collected and formatted, the followingsset usable data were prepared
(Tables 3.1 and 32). Simplified identification names were assigned to each sample:

Table 31: Eurofer97¢ Sample names for theurofer97small punch data provided by CCFE, along with their simplified
identification numbers

Full Sample Identificatio] Simplified identification
001_Eu97p1200B_SC_HK Sample 001
002_Eu97p1200C_SC_k Sample 02
003 _Eu97p1200E_SC_HK Sample 003
004_Eu97p1200A_SC_Fk Sample 004
005 Eu97p1200B_SC_HK Sample 005
006_Eu97p1200C_SC_k Sample 006
007_Eu97p1200D_SC_k Sample 007
008 Eu97p1200E_SC_HK Sample 008
009 _Eu97p1200F_SC_H Sample 009
010 _Eu97p1200G_SRT| Sample 010
011 Eu97p1200H_SC_k Sample 011

Table 32: P91¢ Sample names for the P91 small punch data provided by the European Commission, along with their
simplified identification numbers

Full Sample Identification | Simplfied Identification
MATDB_2500060_190317 Sample 60
MATDB_2500062_19031] Sample 62
MATDB_2500063_19031] Sample 63
MATDB_2500064 190317 Sample 64
MATDB_2500065_ 190317 Sample 65
MATDB_2500067_19031] Sample 67
MATDB_2500068_ 190317 Sample 68
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From thi data, forcedisplacement graphs were plotted for each test, examples of which can be seen
in Figure3.1.

-

Punch force (kN)

Punch force (kN)

T T T T T T T T T d
o 0.2 0.4 0.6 0.8 1 12 14 16 18 0 0.2 0.4 0.6 038 1 12 14 16 18

Sample Deflection (mm) . Sample Deflection (mm)

Figure3.1: Punch force sample deflection graphs for a) Eurofer97, and b) P91

3.3 Small Punch Test curve analgpreof stress and UTS

All of the test data received was analysed using methods outlined indtie of best practiceASTM
standard and round robifiL28], [133], [155] The results from which were used to evaluate the data
and provide validation to the methods provided witlihe guide.

3.3.1 Python script

Python 3 was used to construct a scripat would identify importantvaluesoutlined in thecode of

best practice ASTM standard and roundbin, a summary of which can be found in Tabl@ [33],

[128], [133], [155] A full explanation of how these values are found was provided in Literature Review
section 2.7.3.

Table 33: A summanpf the signficant values that can be extrastd from small punch foredeflection data.

Point of interest Definition

Fv Maximum punch force

Uwm displacement at maximum force
F Force at failure defined as 0.8fF
Ur displacement apoint of failure
Fs force at B

Us displacement of 0.5mm

Fa elastic to plastic transition force
Ua displacement at

Erot total energy to failure

=] elastic energy to failure

B plastic energy to failure

A user interface was created@iinga user to import a text file in the form of eith&rce-deflection

or force-displacement data. For thEurofer97data it would then allow for a user to visually identify

the beginning and end of the test (the P91 data provided had already toeemed appropriately so

this step was not required). The script then systematica#iyit throughthe data and identified values

for each of the points of interest given in Table 3.4. The results of which were saved as text files and
displayed visually as graplfFigure3.2).
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ASTM Working Guidelines ASTM Working Guidelines

FM_2310.09 400 FB 374.99

2000 350
FF 1848.07

1500

1000 FA 153

Punch Force(N)
Punch Force(N)
w
o
(=]

FE 136.4

500

uf 353
, un 25 . ua 006

0.0 05 L0 15 20 25 0.0 01 0.2 0.3 0.4 0.5
a - Punch Displacement (mm) b Punch Displacement(mm)

Figure3.2: An example of the initial graphs produced by the ASTM Working Guidelines script. a) the fdlsfdacement
curve showing maximum force and force at failure, b) the first portion of the-fsgecement curve showing the elastic
plastic transition force.

The results of the python script analysis were then collated and used to calculate estimates for the
proof stress and ultimate tensile strength (UTS) for each individual test.

3.3.2 Proof stressstimation

As stated in the literature reviewhé proof stress or yield stressan beestimated using the following
Equation[93], [128], [133]

Equation3.1

Where:

- Fa¢the elastic plastic transition force defined earlier
- 1-92¢a geometric correlation coefficient
- ho ¢ the sample thickness in mm

With a specimen diameter &mm,i -o.can be taken as constants shown in Table 3.5.

Table 34: The values of o> for sample deflection and punch displacement t¢528]

Curve 02
Sample deflection (u) 0.510
Punch displacement (v) 0.479

3.3.3 Ultimate énsile strength estimation
As discussed in the literature review, the estimation of ultimate tensilg; strength can be achieved
by using one of twé&quatiors:

0
” T 7, r
Qo
Equation3.2
f o
” ’Q
Equation3.3
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Where:

- Fn¢maximum force reached during tests

- Um(displacement at Fm

- Rn ¢ Ultimate tensile strength estimate

- R ¢Punch force at a predetermined deflection, u
- ho ¢ Sampé thickness in mm

-1 ¢ geometric correlation factor

All experiments were carried out using the standard geometry outlined previously so,= 0.278
for Equation3.2, and = 0.192for Equation3.3

3.4 Model bdding
The finite element model was made using Abaqus 2017. A full explanation of this process along with
validation and sensitivity tests can be founddhapters.

3.4.1 Geometry

The starting point for building the small punch model is identifyingodugs necessary to simulate the

test, as seen ifrigure2.25 Once this setup had been agreed work could commence on the formation
of the model itself. This started by creating each component as individual parts. These parts were built
to the geometric spcifications outlined ithe code of best practiceASTM standard and roumdbin

(Table ).

Table 35: All dimensions required to create a small punch test simulation in linghgitode of best practiceASTM
standard and roand robin

Feature Dimension
Sample diameter, mm] 8.00
Sample thickness, h [mm] 0.50
Punch radius, r [mm] 1.25
Upper De diameter [mm] 3.00
Receiving die diameter, D [mm] 4.00
Chamfer length, L [mm] 0.20 x 48

To enable the model to run on a gie PC the computational cost was kept as low as possible. To
achieve this, the punch and dies were set as analytical rigid shiglig€3.3). Thus, the need to apply

a mesh and material properties is negated. The sample however, was generated asvadevol
deformable solid. This allowed the part to have a material and mesh applied.
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Figure3.3: Screenshots of the small punch test components, a) the upper die as an analytical rigid shell, b) the lower die as

an analytical rigicshell, c) the punch as an analytical rigid shell, d) the sample as a deformable solid

3.4.2 Selection of material properties

It is important at this point to note that Abaqus works as a unitless system, thus allowing the user to
define any units used. Hawver, it is common practice to use SI(mm) outlined in Tal8eRr the
sake of clarity, and consistency with other possible users, it was decided that the model would keep

with these units.

Table 36: An overview of the units ed throughout the simulation

Quantity Unit

Length mm

Force N

Mass Tonne (10kg)
Time S

Stress MPa (N/mnd)
Energy mJ (1 J)
Density Tonne/mn?

There was a lack of Johns@ook properties ithe literature for any relevant 9Cr steel. Selggiently,
tensile data was sourced to facilitate the calculation of estimates for the Johtieok material model
(Equation3.4). The dails of which can be found i@hapter5 (Section 5.5)The final estimates have
been provided in Table B. These werassigned to the sample.
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JohnsorCookmaterial model
The JohnsoiCook magrial model takes the form of;

., 0 6- p O00-¢&p Y

Equation3.4
Where:

- " ¢flow stress

- ¥pequivalent plastic strain

- -’ -dimensionless plastic strain rate

- Tug¢ homologous temperature

- AcgYield stress orf3 at room temperature
- B¢ modulus of strain hardening

- Cg strain rate sensitivity

- nc¢exponent of strain hardening

- m¢ exponent of thermal weakening

However due to the low deformation rates involved in small punch testing, it was possible to negate
the second bracketp 06 o-% (explained fully infChapter5, Section 5.5 Thus making the initial
estimation process much simpler.

JohnsorCookfailure model
The JohnsoiCook failure model takes the form of:

- 0 0Qd," p Oa& p 0O7Y
Equation3.5
Where:

- sfcequivalent strain to fracture

- Fdimensionless presswgress ratio
- R -dimensionless strain rate

- Tw-homologous temperature

Due to the specialist nature of calculating values for this model, it was not possible to produce specific
estimates. A series of simulations were completed ukiatature sourcal values.The best match was
then chosen to be the starting estimate for both P91 &htofer97tests.
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Starting values for the small punch simulation of P91Eamdfer97
The complete set of material property values have been collated in Table 3.

Table 37: An overview of thetartingproperties attributed to the sample. These wedesignedo reflect the behaviour of

P91 steel

Property Value

Mass densityEurofer9j 7.76E9 (Tonne/mnt) [173]

L 2dzy3Qa a2 Rdz dza 210000(MPa)[173]

t2Aaa2yQa wlk Az 0.3[173]

JohnsorCook (plastic) A =51QMPa)
B = 666 MPa)
n = 0.459
m =1.615
Tm= 1420(&)
Tr= 25(@:)

JomsonCook (damage) D1=0.05

Sourced fron{196] ¢ selection criteria explaine( D2 = 0.8

in Chapters D3 =0.44
D4 = 0.046
D5=0
Tm= 1420(&)
Tr= 25(@)
l5reﬁ= 1

3.4.3 Mesh
Plastic

A C3D8R mesh was applied to the sample. Element size was set as 0.1, as it was taken egrateappr
balance between computational cost and precis{bigure3.4). An explanation of this can be found

in section 5.3.4To aid in the automation of data collection and visual analysis, a partition was created
down the centre of the sample.

Figure3.4: A screenshot of the meshed sample. A mesh size of 0.1 was used here. Note the regular mesh down the centre to
allow for consistent analysis of results
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Damage

A C3D8R mesh and element deletion was applied to the sample.i@ignsihalysis proved that, for

the damage tests, a finer mesh at the centre of the sample was beneficial in producing more realistic
necking and failure behaviours. An element size of 0.1 was selected for the outer portion with 0.05 as
the inner disk Figure 3.5). While this did increase the computational time required, the increase in
accuracy was sufficient.

Figure3.5: A screenshot of the refined mesh. This was specifically used for analysing the damage. The outer partion has
mesh size of 0.1 with the centre at a mesh size of 0.05

3.4.4 Assembly
Once all of the parts had been created, they can be assembled as deiguiie3.6.

P

e
v
B L T pe—

-/
\/L,

Figure3.6: Screenshots of the assembled small punch test from tifieretit angles The punch can be seen outlined in
white.

3.4.5 Interactions

From the assembly the interactions between the parts were defined. This included the friction
coefficients. The friction coefficient between all components was taken to begémeral metallic
interaction of p = 0.3 A full explanation of this can be found in section 5.6.
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3.4.6 Step

The step was then created, defined as dynamic, explicit, and was givarttiitbetes summarised in

Table 33:

Table 38: An overview of the attributes given to step 1 of the simulation

Name | Value

Basic

Time period *

Nlgeom On
Incrementation

Type Automatic
Stable increment estimator Global

Max time increment Unlimited
Time scaling factor 1

Mass Scaling

Regon Whole Model
Type Target Time Inc,
Frequency/Interval *

Factor None

Target Time Increment 0.01

Other

Linear bulk viscosity parameter 0.06
Quadratic bulk viscosity parameter| 1.2

* varies with total punch displacement

The step time perid and frequency of mass scaling vary with the punch displacement. On average a
full 2.5mm punch displacement takes around 350 seconds so any displacement smaller than this will

mean that the step time is reduced accordingly to achieve the desired dispietenate.

3.4.7 Field output requests
The main field output requests required here were:

- Reaction force, RT

- Displacement, UT

- VonMisesstress MISES

- Plastic equivalent strain, PEEQ

- Element status, STATUS

3.4.8 Boundary conditions
The boundary conditins are also applied at this point, holding the die in place, i.e., encastre. A
movement condition along the-gixis was added to the punch. It will moueasconstant displacement

rate over the step to a user defined total displacement.
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3.4.9 Creating Job
The job could now be created. Parallelisation and precision were specified at this point. All four of the
02 YLlzi SNRa O2NBa ¢g2dd R 0S dziAfAaSRZ |yR R2dzmf S L

The job was then submitted.

3.4.10 Results

oS GKS aAavydzZ GAz2zy gFa O02YLX SGS> GKS NBadzZ Ga 02
of selected punch force, displacement, and sample deflection data were produced, which was
particularly useful for obtaining foredisplacement/deflectiordata. The deformed sample could also

be viewed here, allowing for visual analysis as well as identification of areas of high stress and strain
concentration.

Along with xy data, results could be analysed visually, as sdégure3.7. This could showtress or
strain concentrations and can act as a quick validation method i.e. making sure that the sample is
deforming somewhat correctly.

Figure3.7: A screenshot of a deformed, failed small punch sample. Such screenshotd &lowsual analysis of the
effects of things like friction and mesh size.

It is at this point that the xy data could be used to perform sensitivity tests. This was done to fine tune
the singlerun test beforebeginning themulti-run inverse analysis. Dats will be included i€hapter
5.

3.5 Inverse analysgsOptimisation of the Johnse@ook materials models

The optimisation of the JohnseBook models was split into two distinct sections. The first considered
JohnsorCook materials model, and the sewbfocused on Johnse@ook failure model with the
potential for also including friction coefficient.

To optimise the constants within the material section of Abaqus, a script was required. To start with
a simplified flow chart of the optimisation was cted (Figure3.8).
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Figure3.8: A flow diagram depicting the workings of the optimisation script used for the inverse analysis of the Johnson
Cook parameters

3.5.1 Input file

Creating the input file made use of the scripting fuaotlity within Abaqus, which permitted the
compete building, running and analysis of a simulation to be extracted in macro form. From here, this
was changed into a script with Python 2. Thus, allowing for the addition of a loop which ran the
simulation ieratively, alternating the JC values with each one. Controlling the iteration of said values
was the SciPy module specifically the optimizi@imize function. This module, combined with an
error function allowed for the optimisation of the Johns@ook moels Equatiors 3.4 & 3.5).

The estimated values were then given as the initial inputs for the optimisation routine.

3.5.2 Job
The subsequent section of the code established the rest of the model, submitted the job, and waited
for completion.

3.5.3 Extrat data
After the simulation has completed punch force, punch displacement, and sample deflection were

SEGNF OGSR FNRY (KS Wo2R0Q FTA{S FyR &F @SR (G2 |

3.5.4 Objective function

The punch force and sample deflection were collected and formatteddeiin the objective function.

In this case the objective function is an absolute value of the error between experimental and
simulated results.

i [ Qa6 Gdd UMW Q1 QA E M d

Equation3.6
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3.5.5 Optimisation algorithm

The r value produced by the error function was then input into the minimisation function, which
employed the NeldeMead algorithm. As explained in Literature Review section 2.10.2, the Nelder
Mead (or Simplex) algithm is a commonly used direct search method that does not require
derivatives or boundaries. This means that it is not computationally expensive and so should be able
to provide adequate results in a short amount of time.

The only caveat being that, astwall direct search methods, the Neldbtead algorithm is designed
to find local minima, so good starting estimates assential.

If the r value was not deemed optimal, a new set of estimatallies weregproduced fed back into
the script and it was ubmitted. The new estimates were printed to a text document along with r.
This is iterated on until the optimisation function found a minimum.

To ensure that the best outcome was achieved a series of tests were devised as a range of
displacements, and iition coefficients. These were then compared to find the optimal combination
of displacement and friction coefficient.
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4. Small punch curve analysis

The small punch test has the capability of providing key mechanical property information about
structural alloys. In recent yearscade of best practicand an ASTM standatthvebeen developed
which outlines a standard testing procedure and a series of data analysis methods, including
conversion to equivalent macroscopic properties. For this study, semmedl punch test data was
obtained and analysed using the methods outlined in ¢bde of best practicand ASTM Standard

the results of which are included in th@Ghapter A discussion of the validityf the calculations
provided particularly for macrasopic properties, is also included.

4.1 Small punch test data

Two similar alloys were selected. The first allByrofer97 was provided by CCFE; and the second,

t pMZ gl a a2dz2NOSR FNRY (GKS 9dzNRBLISIY [/ 2YYAAdaAz2y W
Network for Energy, ODIN. Details such as composition were covered in the methodology.

4.1.1 Conditions of each experiment

Each set of test data was provided with information about testing conditions. These were collated into
tables to give an overgtlicture of the tests available. The conditions for the P91 tests can be found in
Table 4.1, and the conditions for tliirofer97tests can be found in Table 4.2.

Table 41: Test conditions for the P91 small punch test resteltsived from the ODIN database

Test ID | Simplified | Temperature| Atmosphere| Test control | Displacement| Data available
ID 0e6/ U Rate(mm/s)
2500060( 60 22 air displacement| 0.05 Deflection only
2500061 61 22 air displacement| 0.5 Deflection only
2500062 | 62 22 air displacement| 0.005 Deflection only
2500063| 63 22 air displacement| 0.05 Deflection only
2500064 64 22 air displacement| 0.5 Deflection only
2500065| 65 22 air displacement| 0.005 Deflection only
2500066 66 22 air displacement| 0.0005 Deflection only
2500067 67 22 air displacement| 0.005 Deflection only
2500068| 68 22 air displacement| 0.005 Deflection only
2500069| 69 22 air displacement| 0.0005 Deflection only
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Table 42: The test conditions fohe Eurofer97small punch test results received from CCFE

TestID Simplified | Temperature| Atmosphere | Test control | Displacement| Data available
ID rate (mm/s)
001_Eu97p1200B_SC_| 001 RT Air Displacement 0.003 Displacement
and deflection
002_Eu97p1200GC_RT 002 RT Air Displacement 0.003 Displacement
and deflection
003_Eu97pl1200E_SC_I| 003 RT Air Displacement 0.003 Displacement
and deflection
004_Eu97p1200A_SC_| 004 RT Air Displacement 0.003 Displacement
and deflection
005_Eu97p1200B_SC_I| 005 RT Air Displacement 0.003 Displacement
and deflection
006_Eu97p1200C_SC | 006 RT Air Displacement 0.003 Displacement
and deflection
007_Eu97p1200D_SC | 007 RT Air Displacement 0.003 Displacement
and deflection
008 Eu97pl200E_SC_| 008 RT Air Displacerent | 0.003 Displacement
and deflection
009 Eu97pl200F SC | 009 RT Air Displacement 0.003 Displacement
and deflection
010 _Eu97p1200G_SC | 010 RT Air Displacement 0.003 Displacement
and deflection
011 Eu97pl200H_SC | 011 RT Air Displacement 0.003 Displacement

and deflection

4.1.2 The experimental data
The test data was provided in two different formats. Hwrofer97data in the form of text files that
included test time, punch displacement, sample deflection, punch load, and temperature readings
from three different thermocouples. All further information was provided in the file name including
sample identification, sample preparation, and test temperature. The P91 data came in the form of
excel files. Along with punch force and sample deflectiata, these files provided information such

as the lab which carried out the test, the material used (including composition and processing), test
conditions, punch force, and sample deflection.

PO1

The data provided for P91 allowed for the productimfiforce-deflections curvesyhich can be seen

in Figure4.1.

The forcedeflection data produced curves of two distinct shapes over the set of data. The first curve
shape (sample 60 rigured.1) displayed a smooth transition between elastic loading, thhoplastic
deformation to necking and failure. The second curve shape (sampleFguire4.1) did not display

a distinct transition between elastic loading and plastic deformation, and the failure appeared to be
abrupt with no real necking region. Of ti@ curves, 4 curves generally matched the first shape, and
3 generally matched the second shape. The remaining 3 curves (Samples 61, 66irelRid&® 4.}

are discussed below.
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Figure4.1: Graph displaying the force dettion curves for P91 steel

Samples 61, 66, and 69 did not contain complete curvggife4.2). The information provided with
the experimental data did not show anything abnormal with thosegdeastparticular, andhe curves

did not indicate prematuredilure. In the interest of displaying the variation in small punch testing,
these tests will be included where possible, i.e., in the analysis of efdatitic transition forces.

—Sample 61 —Sample 66 —Sample 69

1.4 A
1.2 4
1.0 ~

0.8 1

Punch force (kN)

0.6

04 4

0.0 T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Sample deflection (mm)

Figure4.2: The P91 small punch curves receiveth the ODIN database that were incomplete

This variation is indicative of small punch testing as the small length scale increases the possibility for
large variations in data for the same material under the same conditions.
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Eurofer97

TheEurofer97datagave both forcedisplacement and forcdeflection curves, as seen kigures 4.3

and 4.4. As with the P91 data, there are two distinct curve shapes present within the data. The first
curve shape (sample 001kigure4.3) displayed a smooth transitiontweeen elastic loading, through
plastic deformation to necking and failure. The second curve shape (sanmpla Biyure4.3) also
followed the smooth transition up until the point of necking where there appeared to be a more
abrupt failure with little to o real necking.

—Sample 001 —Sample 002 —Sample 003 —Sample 004 —Sample 005 —Sample 006

—Sample 007 —Sample 008 —Sample 009 —Sample 010 —Sample 011
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o N B o ®
1

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Sample deflection (mm)
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o

Figure4.3: Graph displaying the force deflection curveEarofer97steel
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—Sample 001 —Sample 002 —Sample 003

Sample 004 —Sample 005 —Sample 006
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Figure4.4: Graph displayinthe force displacment curve faurofer97steel

A comparison between punch giscement and sample deflection recording methods is included in

Figure4.5.

Punch Force (kN)
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Figure4.5: Graph showing the typical difference in punch displacment and sample deflection for the same test.
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Comparison of both alloys

A comparison bP91 andzurofer97has been included iRigures 4.6 and 4.7. As can be seen the first
curve shapes for both materials display very similar fatefection curves. Whereas the second
graph shape shows a greater variation between the two alloys.

16 —P91 —Eurofer 97
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0 T T T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Sample Deflection (mm)

Punch Force (kN)

Figure4.6: Graph displaying a comparison of the force deflection for BEoftofer97and P91 steels displaying a simular
curve shape.
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Figure4.7: Graph displaying a comparison of the punch fareample defletion for bothEurofer97and P91 steels
displaying a simular curve shape.
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4.2 Overview of theode of best practicealculations
Following on from above, forming the best possible understanding of the small punch test is
imperative in ensuring its valigiin materials development.

Creating a consistent method that can be applied acrodgsesafi provides the best possible chance for
comparison across labs. Such methods have already been deveiitbeitie aid of aCEN workshop,
and round robinwhich leadto the production of acode of best practicand an ASTM standaf#i28],
[133], [155]

Follaving the guide ensures the consistency of all calculations performed and that all results produced
can be considered comparable with those from other institutions. It is imperative that all work
surrounding it is completed to the highest possible accuraicyg consistency. This includes data
analysis.

4.2.1 Points of interest
The guide highlights certain points along the foedigplacement curves which are required for
calculationg128]. These values are:

- k- The point of the elastic plastic transition.

- Ua(va) - The sample deflection (punch displacement) at F
- Fn ¢ The maximum punch force reached

- Um (Vm) ¢ The sample deflection (punch displacement) at F
- R ¢ The force at which the sample fails, nominally @.8F

- Us (%) - The sample deflection (punch dlacement) at F

A full explanation of these values including relevant diagrams, was included in the literature review.

4.3 Development of Python 3 script
It was decided that the best way to provide assured consistency in analysing the experimentsl curve
was to automate it. This would reqaeithe production of a script.

4.3.1 Objectives of the script
This script would have several objectives:

To allow the user to input a text file through a graphical user interface, GUI

Allow the user to select theart and end of the test

Use the inputs and automatically run through the calculations outlined above

Produce a text file with all of the results of the calculations and produce graphs highlighting
these points on the curve itself

b

In order to complete thee aims a scripting language was first selected.

4.3.2 Why python?

After an initial search two languages were shortlisted; MATLAB and Python. Both of which could
provide the scientific packages needed for the analysis of the data. After further discustidhe
supervisory team at CCFE, Python was settled on as the language of choice. This was mainly due to
the fact that Python is open source which would fit with the open access ethos at CCFE.

4.3.3 Python version and modules used
For this work Python 3vas selected. As was the nature of Python, the base code had limited
functionality, with the possibility of expanding with added modules. For scientific applications, the
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recommended module is SciPy, and specifically the package Nd8Ry[198] Additional modules
that facilitate the GUI and graphing capabilities are; matplotlib, Tkinter, and p4h@8Js[201].

Released in 2008, Python 3 was introduced as an evolution lm®@ As such it provided fixéw a
number of bugs, thus forcing backwards incompatibility.

4.3.4 Breakdown of actual script

Thescript started with the generation of a graphical user interface, Gigu(e4.8). A browse button

was added which facilitated the selection of a text file from the computer. From there the script
proceeded to open the file and read the data. The secsextion of the script permitted the user to
define the beginning and end of the test from a series of curikegi(es 49 a-f). It was decided that

this portion should not be optimised, as tiirofer97data in particular was in its raw form i.e. the
forceand displacemeniiatabefore and after the testvasrecorded. Because of this, there were some
inconsistencies within the data sets and having a human element in this section was deemed
necessary.

# ield - O ®

Browse Sample Material Eurofer 97

Define Start of Test Punch 5troke = 0.00 Time = 0.00 Sample Radius 8.00 mm
Confirm Start of Test | Punch 5troke = 0.00 Time = 0.00 Sample Thickness 0.50 mm

Define End of Test Punch Stroke = 0,00 Time = 0.00 Temperature RT
Confirm End of Test ‘ Punch Stroke = 0,00 Time = 0.00 Atmosphere Air

Define Zero Point of Test | Punch Stroke = 0,00 Punch Force = 0.00 Filename SP_data_analysis_000.txt

Confirm Zero Point of Test ‘ Punch Stroke = 0.00 Punch Force = 0.00

Perform Calculations

Figure4.8: The graphical usénterface created by the python script.

Raw Data - Click for start of test Raw Data - Click for start of test Raw Data - Click for end of test

Punch Stroke (mm)

Punch Stroke {mm)
5
Punch Strake (mm}

0 200 400 600 800 b 20 30 40 50 60 L} 200 400 600 800
a. Time (s) Time {s) C. Tine (s)

Raw Data - Click for end of test Raw Data - Click for zero position of test Raw Data - Click for zero position of test
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02

0.0

Punch Stroke (mm)
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Figure4.9 (a-f): Images of the user data selection screens. The script allowed a user to click on each of the graphs in turn to
define the beginning and end of a test
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The next step was tprompt the script to complete the calculations as outlined in the literature review
(Section 2.7.3).

At the time of writing the script (2016), the bilinear method for findingrés recommended for both
displacement and deflection curves. Therefore, bfoims of data were analysed using this method.

The bilinear functiofiQé was used in conjunction with the error minimisation functidy(atiors
4.1 and 4.2 respectively) to identify the elastic plastic transition forgd,28].

1 5 Q¢m 6 O
"Q6 " .
rQ Q , o~ t x .
.—— 0 O QQ¢ o 0O O
uo (0]
Equatiord.1
Qi i 06 Q6 Qo
Equatiord.2

Along with determininghe value of k, the script also identified the maximum punch forcg, punch

force at failure, E and their respective displacement values. An estimation of the energy of the system
was also recorded as elastic energy componestplastic energy coponent, k, and total energy,

Ero Again, further details are available in the literature review.

4.3.5 Results format

To complete the aims outlined above the results produced from this script would be given in two
formats. Firstly, the values calculdtén each test would be saved in a text file, along with the force
displacement/ deflection curve data.

The second portion of the results would provide a visualisatia@mfvaluesin relationto the force
displacement/ deflection curve. This was besipihyed in graphical form using 3 different graphs. The
three separate graphs would help provide clarity as the majority of the values are clustered over the
first 0.5mm of movement. Examples of these graphs can be sdéguns 4.9, 4.10, and 4.11.

SP Data Analysis
fb =619.20 ,r"J

600

500 A

400

FA =340.00

300 A

Punch Force(N)

200 A

100 ~

Ua =011

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Punch Displacement(mm)

Figure4.10: An example of the first graph produced with the Python 3 script highlighting any important values
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SP data Analysis
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Figure4.11: An example of the second graph produced with the Python 3 script highlightinghpartant values
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Figure4.12: An example of the third graph produced with the Python 3 script highlighting any important values

109



4.3.5 Results

Po1

The results from the P91 forakeflection curves can be found in Table 4&le to the incomplete
curves seen in samples 61, 66, and 69, the maximum punch force, and failure punch force could not
be recorded. However, the first half of the curve facilitated the calculation of the ejalstitic
transition force.

Table 43: The results produced by the Python 3 script for the P91 small punch data

Sample | Fn(N) | un(mm) | R(N) ur (mm) | R (N) Ua(mm)
60| 1491.10 1.36| 1192.88 1.68| 361.00 0.05
61 380.00 0.05
62| 1449.30 1.34| 1159.44 1.61| 364.00 0.07
63 | 1485.40 1.30| 1188.32 1.64| 419.00 0.08
64 | 1528.20 1.29| 1222.56 1.61| 421.00 0.08
65| 1443.00 1.29| 1154.40 1.60| 393.00 0.06
66 413.00 0.07
67| 1373.40 1.15| 1098.72 1.30| 456.00 0.07
68| 1377.00 1.16| 1101.60 1.34| 437.00 0.06
69 411.00 0.04

Fu, F and kwere plotted inFigure4.13. There is some variation in these values, which was to be
expected, and none of these curves stood out as anomalous.

® Maximum punch force

® Failure punch force

Elastic plastic transition force

1.8
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unch force

p
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60 61 62 63 64 65 66 67 68 69
Sample

Figure4.13: Graph showing théu, F, and k& values for the P91nsall punch tests
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Eurofer97
The data for eackurofer97force-deflection curve can be found in Table 4.4 d&igure4.14. Unlike
the P91 data, all curves were complete thus allowing for the full analysis of each.

Table 44: The esults produced by the Python 3 script for the Eurofer97 small punch sample deflection data

Sample | Fn(N) | um(mm) |R(N) |ur(mm) | R(N) | ua(mm)
001 | 1454.80 1.30| 1163.84 1.59| 292.00 0.04
002| 1417.93 1.25| 1134.34 1.55| 317.00 0.04
003 | 1417.46 1.20| 1133.97 1.57| 326.00 0.03
004 | 1609.01 1.42| 1287.21 1.56| 322.00 0.04
005 1530.11 1.48| 1224.09 1.60| 248.00 0.04
006 | 1651.98 1.40| 1321.58 1.54| 300.00 0.04
007 | 1568.08 1.40| 1254.46 1.50| 332.00 0.04
008 | 1637.92 1.37| 1310.34 1.53| 322.00 0.03
009 | 1573.86 1.45| 125909 1.58| 245.00 0.04
010 1566.36 1.39| 1253.09 1.55| 267.00 0.04
011( 1610.11 1.43| 1288.09 1.56| 273.00 0.03
® Maximum punch force e Failure punch force Elastic-plastic transition force
1.8 A
1.6 ~ L] = . - n a8 ~ ]
=144 * = =
_E_. hd a ? ° ¢ ) ° ¢
8 12 N ® ° PS
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L
< 0.8 A
e
E 0.6 -
0.4 -~
0.2 -+
0.0 T T I I T I I I T I I 1

0 1 2 3 4 5 6 7 8 9 10 11 12
Sample

Figure4.14: Graph showing théw, F, and k& values for the Eurofer97 small punch sample deflection tests

The punch didacement data has been included in Table 4.5 Rigdire4.15. It must be noted at this
point that the values ofiland k for both displacement and deflection tests will be the same. However,
F.is calculated using either displacement or deflection values so will vary. A closer look at these
values can be found iRigure4.16.
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Table 45: The results produced by the Python 3 script for the Eurofer97 small punch punch dis

placement data

Sample | Fn(N) | vm(mm) | R (N) vi (mm) | R (N) Va(mm)
1| 1454.80 1.71| 1163.84 2.03| 340.00 0.11
2| 1417.93 1.69| 1134.34 2.03| 328.00 0.11
3| 1417.46 1.64| 1133.97 2.05| 328.00 0.10
4| 1609.01 1.83| 1287.21 1.97| 331.00 0.10
51 1530.11 1.87| 1224.09 2.00| 283.00 0.13
6| 1651.98 1.76| 1321.58 1.90| 331.00 0.11
7 | 1568.08 1.80| 1254.46 1.89| 323.00 0.10
8| 1637.92 1.77| 1310.34 1.93| 324.00 0.10
9| 1573.86 1.84| 1259.09 1.98| 257.00 0.09

10| 1566.36 1.83| 1253.09 1.98| 285.00 0.13
11| 1610.11 1.75| 1288.09 1.88| 299.00 0.09

® Maximum punch force

1.80 -
1.60
1.40 A
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w
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Figure4.15: Graphshowing theRy, F, and k& values for the Eurofer97 small punch displacement tests
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e Displacement = Deflection
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Figure4.16: A comparison of theswalues calculated using sample deflection and punch displacement data from Eurofer97
small punch tests

4.4 Poof stress estimations

In some ductile metals, the precise point of yieldliicult to identify. In such cases, proof stress is
used. This value is found using an offset method. Typically, at 0.2% strain a point is made on the strain
axis. A line is #n drawn up parallel to the gradient of initial loading. Where this line crosses the-stress
strain curve is the proof stress. This method provides an analogous way for finding the yield point
when it would otherwise not be possible. As such, the systematigre of proof stress makes it ideal

for adaptation to a small punch test. Obtaining such values will prove useful in fi@Gtaates where
utilisingas much information from the small punch curve will be crucial.

Thecode of best practicand ASTMtandardincludea method for estimating the proof stress from
the forcedisplacement/ deflection curves. Proof stress was calculated Usijogtion3.1.

4.4 1Results

P91
The results from the proof stress calculatians P91 are included in Table 46d pbtted in Figure
4.17.

Table 46: Calculated proof stress values for the sample deflection curves for P91

Sample | Fa(N) Proof stresgMPa)
60 361 736.44
61 380 775.2
62 364 742.56
63 419 854.76
64 421 858.84
65 393 801.72
66 413 842.52
67 456 930.24
68 437 891.48
69 411 838.44
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P91 Proof Stress Estimations

950.00 -

900.00 -

850.00 -

800.00 - X

Proof stress (MPa)

750.00 A

700.00 T T T T T T T T T T 1
59 60 61 62 63 64 65 66 67 68 69 70

Sample

Figure4.17: The visualisation of the proof stress estimations using the methodology outlined in the draft stawolarthe
general upward trend of the proof stresdwes with number of tests. This may be a cause for concern

It can be noted that the estimations produced valued that exceeded that of experimental tensile test
data or those reported in literaturel@ble 4.7.

Table 47: Experimerdl proof stress values from full scale tensile tests. Data was from the ODIN database and sourced from

literature [131]
Source Value (MPa)
Experimental, o 507
Literature valug131] 538
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Eurofer97

The results from the proof stress calculationsEurofer97are included in Table & and plotted in

Figure4.18.

Table 48: Calculated proof stress values for the sample defleatimhpunch displacement curves Eurofer97
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u
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D
o
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Proof Stress (MPa)

500

450

Deflection data Displacement data

Sample | Fa(N) | Proof stress (MPa)| Fa (N) | Proof stress (MPa)
1 292 595.68 340 651.44
2 317 646.68 328 628.45
3 326 665.04 328 628.45
4 322 656.88 331 634.20
5 248 505.92 283 542.23
6 300 612.00 331 634.20
7 332 677.28 323 618.87
8 322 656.88 324 620.78
9 245 499.80 257 492.41
10 267 544.68 285 546.06
11 273 556.92 299 572.88

¢ Displacement data

= Deflection data

Sample

10

11

Figure4.18: A graph displaying the comparisonEirofer97proaf stress estimations produced by deflection and
displacement data and values sources from literature.
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As with the P91 results, It can be noted here that the estimations produced valued that exceeded that
of experimental tensile test data or those reportedliterature (Table 4.9.

Table 49: Experimental proof stress values from full scale tensile tegsrofer97 Data sourced from literature

Source

Value (MPa)

Literature valug131] | 544

Literature valug50] 530

4.5 Ultimate tensile strength estimations
The ultimate tensile strength, UTS, is one of the most widely used values when classifying engineering
alloys. It is described as the maximum engineering tensile stress that a material attains before failing.
Ultimate tensile strength is measured as the maximummpof stress in an engineering stressain

curve.

The simplicity of UTS makes it a common choice for engineers. The fact that it can be calculated using

a simple tensile test means that the results can be used as a cursory viability test for manyrakruct

I LILX AOF GA2yao

point. Meaning that, while it is a good test feimple materials classification it cannot realistically be

| 26 SOSNE AGQa aAYLXt AOAGeR
impart any information about how the material behaves elastically or plastically up to, or after that

used for more irdepth materials analysis.

As stated above, the UTS, ok, & a useful value for surface level materials testing and classification.
Seeing as the small punch test is designedgiaick and efficient materials testing, it would be

Yl @

Ffaz

pertinent to ensure that a UTS calculation is included in the testing procedure. As with the proof stress
calculations, UTS cannot be derived directly from the small punch curve, meaning thatinaatien
will have to sufficd128], [131], [157]

The UTS was calculated using both methods outlindebjumatiors 3.2 and 3.3Equation3.2 utilised
the maximum punch force so was entitled fethod. Equation3.3 utilised the force at point;u
(defined as the deflection aht point of plastic instability initiation) so was entitled theriethod.

4.5.1Results
P91

The UTS for the P91 curves was calculated using both methods outlined above. The results for both
methods can be found in Tablel®.and Figure4.19.

Table 410: The calculated UTS values for both estimations methods using the P91 sample deflection data

Fn method (Equation3.2) F method (Equation3.3)
Test Number | Fn (N) | um (mm) | “urs(MPa) | F(N) | " urs(MPa)
60 1491 1.36 607.36 844.3 | 648.42
62 1448 1.31 612.36 813.1 | 624.46
63 1484 1.25 657.71 888.4 | 682.29
64 1528 1.29 656.21 897.0 | 688.90
65 1441 | 1.24 643.80 851.7 | 654.11
67 1373 1.15 661.43 995.8 | 764.77
68 1377 1.16 657.64 982.1 | 754.25
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Figure4.19: Graph showing a comparison of the two methods for estimating ultimate tensile strengths witbchigk
values provided in Table 4.]11B1].

The method thaused themaximum punch force produced slightly lowdTS estimates, whereas the
plastic instability method gave results that wengher, and in some cases more than fo# scale

tensiledata (Table 411).

Table 411: Experimerdl UTS values from full scale tensile tests. Data was from the ODIN tensile test and sourced from

literature
Source Value (MPa)
Provided with P91 tensile dat{ 680
Literature sourcg131] 686
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Euofer97

The Eurofer97 small punch data provided another opportunity for a comparison of punch

displacement and sample deflection results. The displacement results can be found in T2ilkilé. 1

the deflection results are in Table 8.1The results for &th sets have also been compiled into the

graph shown irFigure4.20.

Table 412: The calculated UTS values for both estimations methods using the Eurofer97 punch displacement data

Fn method (Equation3.2) F method (Equation3.3)
Test number | Fn(N) | vm(mm) | “urs(MPa) | F(N) | " urs(MPa)
001 1455 1.710 471.32 883 |678.14
002 1418 1.690 464.81 909 |698.11
003 1417 1.640 478.82 926 | 711.17
004 1609 1.830 487.10 919 | 705.79
005 1530 1.870 453.31 818 | 628.22
006 1652 1.760 520.00 893 | 685.82
007 1568 1.800 482.62 927 | 711.94
008 1638 1.770 512.66 950 | 729.60
009 1574 1.840 473.87 877 | 673.54
010 1566 1.830 474.19 895 | 687.36
011 1610 1.750 509.71 880 |675.84

Table 413: The calculated UTS values for both estimations methods using therBiérsedenple deflection data

Fn method (Equation3.2) F method (Equation3.3)
Test number | Fn(N) | um (mm) | "urs(MPa) | F(N) | urs(MPa)
1 1455 1.301 619.58| 773 593.74
2 1418 1.252 627.45| 796 611.64
3| 1417 1.203 652.55| 812 623.69
4 1609 1.418 628.62| 813 624.00
3) 1530 1.478 573.49| 713 547.43
6 1652 1.405 651.39| 793 608.72
7 1568 1.398 621.37| 820 629.84
8 1638 1.375 659.97| 840 644.97
9 1574 1.450 601.38| 767 589.06
10 1566 1.393 622.80| 788 604.80
11| 1610 1.428 624.61| 777 596.89
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Figure4.20: Graph showing a comparison of the two methods for estimating ultimate tensile stremigthisulk-scale
values provided in Tables 4.11 and 4121].

As with the P91 resultshé method that used thenaximum punch force produced slightly lowgTS
estimates, whereas the plastinstability mettod gave results that werhigher, and in some cases
more than thefull scale tensile datal'able 414). Adiscrepancy between deflection and displacement
data was also observed.

Table 414: Experimental UTS values from full scalestleEurofer97ests. Data sourced from literature

Source Value (MPa)
Literature source[131] | 662
Literature source[50] 662

4.6 Discussion

4.6.2 P91 results

General

The small punch test data for the P91 samples was consistent with all tests showing similar punch
force values. The onlgnomaly was the difference in foragkeflection curve shape. This will be
discussed isection 4.6.3

Proof stress

One of the first things that became evident when looking at the proof stress estimation data was that
all of the values were significanthigher than numbers produced from a fgltale tensile curve or
those reported irliterature (Table 47).

The inaccuracy of these results could have been caused by the methodology or the samples
themselves. The miniature sample size could cause anysbal& defects present to be missed on the
small scale. This could lead to higher loading forces or larger amounts of elastic deformation.
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The effect of the different curve shapes can also be seen here, as samples 67 and 68 have produced
proof stress valug larger than the rest of the group. This may be down to these two curves in
particular having larger elastic loading and a more indistinct elp$distic transition thereby giving

larger s values.

Another factor to consider is wearing of the punch hethés documented that the punch head or ball
will start to wear after some servidé47]. If the punch is not replaced regularly, then the wear may
have an adverse effect on the fordeflection curve. The punch wear was not mentioned in the
experimental data, so no correlation can be made here. Howeverait éfect that must be taken
into consideration, when analysing the variability of small punch test data.

uTsS

The two methodsfor estimating UTS producatifferent sets of results. While the standard does say

that the maximum punch force method in generabguces better results, it also notes that the plastic
AyaibuloAfAde YSGK2R Aa fSaa R3$IBIS yidessy wher tfie proof Y I (1 S NR
stress calculations proved to be inaccurateyituld be logical that the methodhat did not rely as

much on tensile properties would produce a more reliable estimation.

4.6.1Eurofer97results

General

When the Evalues for displacement and deflection were evaluateigjgre4.18), it became obvious
that the difference between them was not systematic. To further understand this, a comparison
between the punch displacement and sample deflection was madbl¢ 4.5 andFigure4.21).

Table 415: An overview of the differences leten the values of.For punch force and sample deflection Eurofer97 small
punch curves

Sample 001| 002| 003| 004| 005| 006| 001| OO8| 009| 010| 011
Va (Mm) 0.11)| 0.11| 0.10| 0.10| 0.13| 0.11| 0.10| 0.10| 0.09| 0.13| 0.09
Ua (MmM) 0.04] 0.04| 0.03| 0.04| 0.04| 0.04| 0.04| 0.03| 0.04| 0.04| 0.08
Va-Ua(mm) | 0.07 | 0.07| 0.07| 0.07| 0.09| 0.08| 0.06| 0.07| 0.05| 0.09| 0.06
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Figure4.21: Graph showing a comparison of the punch displacement and sample deflection at Fa feuedelDest.

By inspecting the displamentanddeflectiondata, itcould be seen that the difference between the

two sets was not consistent (Table 4.14 &higured.20). Where there should have been a systematic
difference of 0.5mm (the thickness of the samples) there was instead, a varistis the whole group

of tests. It was also observed that the variation in the punch displacement data was greater than that
of the sample deflection data. This was most likely due to movement in the small punch apparatus
during the test. This would be ecerded in the punch displacement and not the sampleetgibn, thus
inducing variation

Proof stress

The proof stress values for Eurofer97 are also above those provided in the literature, though not to
the same extent. The majority do not and are atsiea0 MPa above the highest literatwalue {able

4.9). Much like the P91 tests, these results may be due to the sample microstructures and their size
causing theabsence of bulk level defects.

Another feature of these results is the differences betwetie displacement and deflection
estimations. It would make sense that the difference be systematic as theoretically there would always
be a 0.5mm difference between the two, but these results show that this is not the case. The
percentage difference betwen Rand o> for the displacement data is 52.19% whereas the difference
for deflection is 49.02%. Meaning that there is a 3.17% discrepancy between the two. It would stand
to reason that this discrepancy would be due to the differences seéiigumre4.20. Therefee, the
excess movement recorded in punch digglanent would produce a differeria.

UTS
Much like the P91 resultthe two methodologiealsoproduced differing numberfor the Eurofer97
data. The F method that used the maximum punch force producedhdliglower UTS estimates,
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