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Abstract

A thorough characterisation of the creep properties of any modern alloy designed for a
structural application can be an expensive and timely process. As such, significant effort
is now being placed in identifying suitable alternative characterisation techniques. The
small punch creep (SPC) test is now widely regarded as an effective tool for ranking
and establishing the creep properties of a number of critical structural materials from
numerous industrial sectors. Over recent years, the SPC test has become an attractive
miniaturised mechanical test method ideally suited for situations where only a limited
quantity of material is available for qualification testing. Typically, the method requires
only a modest amount of material and can provide key mechanical property informa-
tion for highly localised regions of critical components. As such, SP creep testing offers a
feasible option of determining the creep properties of novel alloy variants still at the
experimental stage and the residual life of service-exposed material.

Keywords: small punch, creep, fractography, empirical correlations, numerical
correlations

1. Introduction

Small punch (SP) test methods were initially developed in the 1980s by the nuclear industry, then

known as the miniaturised disc bend test, where it was used to estimate the mechanical proper-

ties and residual life of irritated materials [1–3]. It was then in the 1990s that it was proposed the

technique could be utilised to establish elevated temperature creep properties of materials [4],

from which it has received significant interest in terms of its potential advantages and applica-

tions and is now more commonly known as the Small Punch Creep (SPC) test. Figure 1 demon-

strates the continuously growing research and interest in SPC testing by the number of

documents listed searching the expression ‘small punch creep’ in Scopus since 1970 [5].

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The key feature of the SPC test in comparison to conventional mechanical test methods derives

from its use of small disc specimens, the dimensions of which have been seen to be between

3 and 10 mm in diameter and 0.2–0.5 mm in thickness depending on the test being

performed [6].

The use of small disc specimens breeds a range of advantages and applications for the SPC

method. As was the original intent of its development the technique has found success in

remnant life assessment of in-service components such as pressure vessels and boiler pipes [7–9].

Disc specimens for determining remnant life are generally extracted from in-service compo-

nents by means of scoop sampling [10], a schematic for which is shown in Figure 2 [11]. This is

then typically followed by Electrical Discharging Machining (EDM) and a grinding/polishing

process to the desired thickness, thus generating disc samples ready for testing. The different

stages of this process for sample preparation are shown in Figure 3. Other means of extracting

SP discs include EDM directly from components or structures without the necessity of the

scoop sampling step or by turning down thread ends from uniaxial specimens on a CNC lathe.

In cases where sampling does not compromise the structural integrity of a component, the

technique may be considered a Non-Destructive Test (NDT) [12].

Besides its initial development for remnant life assessment, SPC has been proven to be effective

at determining localised material behaviours over a range of material systems, processes and

engineering sectors. These include:

• In power plants, welding processes are used for the integration of complex pipe systems

resulting in the necessity to understand the evolution of properties throughout the base

material, weld material and heat-affected zone (HAZ) [13]. As a result, the SPC test has

Figure 1. Number of documents listed in Scopus each year where the expression ‘small punch creep’ is included in the

title, abstract or the keywords in the engineering, materials science and energy subject areas [5].
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been implemented to assess the creep properties of weldments at high temperatures over

a range of materials [13–16].

• In additive manufacturing (AM) processes, such as direct laser deposition (DLD) which is

of large interest to the aerospace sector, SPC has enabled mechanical characterisation that

may not be possible with conventional test methods due to geometry restrictions. There-

fore, SPC has offered the possibility of providing effective ranking of different process

variables and orientations on component representative geometries [17]. This principle of

ranking through SPC can then be transferred across into early stage alloy development

where only limited material stock may be available.

• Changes in mechanical behaviour such as establishing the effect of anisotropy in textured

materials [18, 19], identifying grain size sensitivity along with revealing the influence of

chemical compositions [20] have been unveiled through the SPC test.

Figure 3. (a) Scoop sample, (b) scoop sample after EDM, (c) SP samples obtained through EDM and (d) polished SP

specimen ready for testing.

Figure 2. Schematic of scoop sampling process [11].
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• Finally, the technique has long been adopted as a means of determining equivalent or

correlated uniaxial properties over a wide range of material systems including nickel

based single crystal material ®CMSX-4 [21, 22], γ-titanium aluminide [23], aluminium

alloys [24] and stainless steel [25].

Overall the technique has been adopted for a variety of research and development purposes to

further highlight the range of potential benefits of using miniature disc specimens to derive

creep properties of materials. Currently, SPC is undergoing a stringent procedure to progress

from a working code of practice [26] into a European standard [27]. This has been supported

by the creation of a specialist group of worldwide researchers who are collaborating towards

standardising the procedure with a targeted publication date of 2019. This effort is

supplemented by round robin testing across different institutions to establish the reliability

and repeatability of the technique and confirm its place as an accepted mechanical testing

methodology.

2. Experimental procedures

In a small punch creep (SPC) test, a miniature disc specimen with typical dimensions of

8–9.5 mm in diameter and 500 μm in thickness is subjected to a constant load that is applied to

the material through a punch indenter. As the load is applied to the disc, the material undergoes

a biaxial form of deformation prior to the onset of final rupture.

2.1. Test frame assembly

The SPC test is usually performed in a dead-weight test frame assembly as displayed in

Figure 4. In this arrangement, the miniature disc is positioned into the recess of a lower die,

which locates the specimen in the centre of the rig. The disc is then fixed securely via a

circumferential clamping load to prevent any residual flexing of the material during test.

However, over clamping should be avoided to reduce any plastic deformation which may

influence the final test result. Hand tight clamping is usually suffice to ensure repeatability in

results. Loading is then applied through the central axis of the frame via an upper load pan

which exerts a force onto the specimen via a punch indenter.

2.1.1. Punch indenter

The punch tip typically consists of a hemi-spherical end with a diameter ranging from 2 to

2.5 mm, but an alternative assembly can also be used such as a flat tip indenter and a 2–2.5 mm

diameter ceramic ball. Typical ball materials include Si3N4. In this instance, the ball should be

replaced after every test. The geometries of the two punch configurations are displayed in

Figure 5. Depending on the material that is to be tested, the punch material can vary from high

strength steel for testing relatively soft and ductile materials such as copper, to high tempera-

ture ceramic materials including zirconium oxide and aluminium oxide for testing creep

resistant materials such as single crystal alloys. For testing at elevated temperatures, oxidation

and wear of the punch is a concern and may require refurbishment after every test.

Creep154



Figure 4. Small Punch Creep Test Set-up [26].

Figure 5. Schematic diagrams of the punch geometries for (a) one piece punch and (b) ball-punch configuration.

Small Punch Creep
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2.1.2. Measurement of deformation

Upon exertion of the testing load, disc deformation is monitored and recorded from two

locations via linear variable displacement transducers (LVDTs). One LVDT is usually posi-

tioned in a location to detect the movement of the load pan and records the displacement on

the top surface of the disc. The other LVDT is located within the lower die—pull rod assembly

and measures the deflection on the underside surface of the specimen via a quartz rod. This

enables the deformation on both surfaces to be closely monitored throughout a test and the

resultant SPC curve usually displays an average of the top and bottom recordings.

2.1.3. Heating instrumentation and measurement

In a SPC test, heat is usually applied via a digitally controlled single zone furnace or induction

heating and is constantly monitored throughout the test by one or two thermocouples (either

type K or N depending on the desired temperature). One thermocouple should be placed in

contact with the underside of the disc, with an optional second thermocouple located in a

drilled hole in the upper die, close to the top surface of the specimen.

For high temperature SP testing, an inert gas environment is usually recommended to avoid

oxidation of the disc specimen.

2.2. Specimen preparation

For SPC testing, disc specimens are usually removed from a larger piece by extracting cylin-

drical rods of the test material through EDM. The rods are turned down to the desired

diameter (8–9.5 mm) and sectioned into slices approximately 800 μm thick. The material is then

ground on both faces with progressively finer grit papers until a 500� 5 μm thickness is achieved

with a 1200 grit finish. The use of smaller test pieces (diameter = 3 mm, thickness = 250 μm) is also

permissible to allow the use of TEM specimens. In either specimen geometry, a representative

volume must be contained in the thickness of the disc to obtain macroscopic material properties.

This would typically include at least five grains in the cross-sectional thickness.

Prior to testing, the disc thickness shall be measured at four locations around the perimeter at

90� intervals to ensure uniformity.

3. Results

The result of a SPC test is characterised by a time-displacement/deflection curve with

recognisable stages of deformation, notably primary, secondary and tertiary creep. This behav-

iour is comparable to that expected from a conventional uniaxial creep test for a given mate-

rial. However, in reality the actual material deformation is considerably different. In a SPC test,

the period of primary creep represents the elastic bending period of disc deformation. This

leads to the onset of plastic deformation and membrane stretching under a biaxial stress

condition, coinciding with an extended phase of secondary creep. The deformation then

continues as the disc starts to experience considerable necking due to thinning, before acceler-

ating to failure, akin to tertiary creep. This contrasts with the behaviour observed in a
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traditional uniaxial creep arrangement where the test specimen simply elongates under an

applied tensile load with time.

Figure 6a displays a series of typical SPC curves from tests performed on the single crystal

superalloy CMSX-4, at 950�C under a variety of applied loads. The same results can also be

represented in terms of the minimum displacement rate with time, as shown in Figure 6b. In a

similar manner to uniaxial creep data, the results can also be plotted in terms of time to rupture,

tf, an example of which is given in Figure 7. As the graph shows, SPC testing demonstrates a

sensitivity to temperature and loading, as would be expected in conventional creep test results.

Figure 6. (a) SP creep curves and (b) minimum displacement rates for CMSX-4 tested at 950�C under a range of applied

loads [21].

Figure 7. Load vs Time to Rupture for SPC tests on CMSX-4 at 950�C, 1050�C and 1150�C [21].

Small Punch Creep
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3.1. Fractography

In a SP creep test, the manner of failure usually resembles one of two dominant modes of

fracture; ductile or brittle. In a ductile failure, the fracture usually initiates around the periph-

ery of the punch head in the vicinity of tensile membrane stretching, propagating along the

circumference indicating that the maximum stress is found away from the central region of the

disc. Figure 8 illustrates a typical example of a ductile fracture for a ruptured high nitrogenic

ferritic steel specimen, tested at 725�C under a load of 140N [28]. The fracture morphology

displays a cap-like form of deformation whilst severe necking can be seen around the central

region of the disc. The higher magnification image, given in Figure 8b, shows a dominant

transgranular type behaviour with ductile dimples covering the surface.

In contrast, SP testing has also been employed to characterise the creep properties of more

inherently brittle type materials, such as γTiAl [23] or Mg alloys [24].

Figure 9 presents the typical fracture morphology for a brittle small punch disc. In this

example, a SP creep test was performed at 650�C on a 14Cr ODS steel, a ferritic/martensitic

Figure 8. (a) A typical SP creep ductile fracture surface for a test on HN9L at 725�C at 140N and (b) fracture surface

depicting ductile transgranular mode of fracture [28].

Figure 9. SEM micrographs of SP creep specimens for a 14Cr ODS Steel with a brittle fracture in (a) the transverse

orientation and (b) the longitudinal orientation [18].
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oxide dispersion strengthened material that exhibits a highly anisotropic microstructure and

mechanical response [18].

Figure 9 shows the fracture behaviour in the two specimen orientations denoted as transverse

(a) and longitudinal (b). The fracture morphology in the transverse specimen clearly shows

radial type cracking emanating from the central point of the disc, in direct contrast to the

behaviour seen in a more ductile material. However, in the longitudinal specimen, a series of

parallel intergranular cracks can be seen which are aligned to the extrusion process of the

material fabrication.

4. Data interpretation and correlations to uniaxial creep results

Previous research [13, 23] has demonstrated that the shape of the time displacement/deflection

curves from SP creep tests are qualitatively similar and representative of the shape typically

observed from uniaxial testing approaches. Now, over recent years, many researchers and

scientists have devoted significant effort in establishing a series of correlative means capable

of comparing the results obtained from SP creep testing to data gathered frommore traditional

creep testing methodologies. These include approaches to obtain equivalent stress values

rather than load, strain values rather than deflection/displacement and a minimum creep rate

rather than minimum displacement rate.

4.1. Deflection – Chakrabarty membrane stretch model

In 1970, Chakrabarty [29] proposed a theory for a material stretching over a hemispherical

punch head, now widely known as the membrane stretch model. This theory has provided the

basis for much of the understanding of the relationship between central deflection and strain

for a small punch creep test [30]. Assumptions include a rigid punch that is well lubricated so

friction is considered negligible, rigid-plastic material due to the large strains and deformation

occurring through membrane stresses alone.

Based upon Chakrabarty’s model, Li and Šturm [31] devised the following third order polyno-

mial [Eq. (1)] for the equivalent strain at the contact boundary, ε. In this equation, central

deflection is given as δ, the receiving hole diameter is 4 mm and the punch radius is 1 mm, as

recommended in the European Code of Practice (CoP) for small punch testing [26]. The strain

at the contact boundary is considered since necking and failure in SPC are commonly located

away from the specimen centre [32].

ε ¼ 0:20465δþ 0:12026δ2 þ 0:00950δ3 (1)

When considering other SPC setups, specifically a punch diameter of 2.5 mm, the constant

parameters within the polynomial equation change accordingly [31]. Not only has

Chakrabarty’s model provided an insight into the strain-deflection relationship, but has further

been implemented to help determine the relationship between stress and load with SPC, as

discussed further in the kSP method.

Small Punch Creep
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Nevertheless, the Chakrabarty model has its limitations in that it is only really suitable for

large deformations which is not always the case with brittle materials where specimens may

crack upon loading or in the early phase of the test [23], or fractures that reveal a star type

pattern as illustrated earlier [18]. In addition, any strain hardening effects must be considered

rather than an exponential hardening law only as is the case here [32].

4.2. Empirical approaches

4.2.1. The kSP method

The most widely recognised technique for empirical correlation of SP creep and uniaxial

results is the SP creep correlation factor, kSP. In this approach, the SP load can be correlated

to a uniaxial creep stress to compare the two sets of data, using the following equation

[Eq. (2)]:

F

σ

¼ 3:33kSPR
�0:2

r
1:2
h0 (2)

where F is the SP load, σ is the applied stress in a uniaxial creep test, R is the radius of the

receiving hole, r is the radius of the punch indenter and h0 is the thickness of the disc specimen.

This a F

σ
¼ 3:33kSPR

�0:2
r1:2h0 approach has been derived from Chakrabarty’s membrane

stretching theory but remains empirical in nature due to the inclusion of a material constant,

represented here as the kSP value. In situations where no uniaxial creep results are available,

this value is usually referred to as 1. However, in such instances the method is less reliable and

can only serve as a rough approximation of the corrected creep stress.

The kSP method has been successfully applied to several material systems, notably CMSX-4

[21], P91 [33] and P92 [13] steels. Figure 10 demonstrates the correlation obtained from the

technique for P92 steel, both as a base metal and as weld material [13], and for the lightweight

aluminium alloy AlSi9Cu3 [24]. In both examples, the results show good agreement between

Figure 10. Comparison of uniaxial creep and SPC data using the kSP method for a. P92 steel at 600�C [13] and b. AlSi9Cu3

at 473 and 523K [24].
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uniaxial and SPC results but the kSP value was found to change for the base metal (1.035) and

weld material (0.977) in P92. This difference is attributed to the higher yield strength observed

in the base material, which leads to a change in the manner of deformation.

Conversely, the kSP method has been found to be limited to materials with proven ductility and

the correlations for more inherently brittle alloys are not as impressive. Figure 11 presents the

relationship for γTiAl 45-2-2 (XD) [23] at elevated temperatures and a clear breakdown in the

correlation is observed. This is related to the use of the kSP value as a ductility factor, and the

catastrophic manner in which γTiAl 45-2-2 (XD) was found to crack on the onset of loading

during a SPC experiment.

4.2.2. Monkman-Grant

The Monkman-Grant model is a well recognised predictive approach for uniaxial creep data

that can also be observed in SPC. The technique typically considers the relationship between tf

and the minimum strain rate, ε
•

, but can also be modified to account for SPC when considering

the minimum deflection rate δ
•

M, in the form of:

log tf þm log δ
•

M ¼ CS (3)

Figure 11. kSP correlation for uniaxial and converted SPC data for γTiAl 45-2-2 (XD) at 700 and 750�C [23].

Small Punch Creep
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where C and m are material constants typically defined by linear regression. If the rupture

times are equal across the two test types, a correlation may be derived [34] which sanctions a

direct comparison of the two rates, ε
•

and δ
•

M, through the following equation:

ε
•

¼ 10C�Cs=mδ
•

M (4)

Dobes and Milicka [35] used such a relationship to correlate the minimum creep rate from a

uniaxial creep test to the minimum deflection rate from a SPC experiment. Dymáček [36]

applied this methodology to P92 NT steel and found parallel trends in the two data sets,

demonstrating the applicability of the Monkman-Grant relationship to SPC data (Figure 12).

4.2.3. Larson-Miller

The Larson-Miller parameter (LMP) is an established means of predicting the lifetime of

materials subjected to creep damage by using a correlative based approach that incorporates

the Arrhenius equation. The LMP correlates the relationship between temperature (T), stress

and tf using the following equation:

LMP ¼ T Cþ log tf
� �

(5)

where C is a material constant.

Figure 12. Monkman-Grant relationship for SPC and uniaxial creep results on P92 NT steel at 600�C [36].
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A series of researchers [24, 28] have applied the LMP to interpret SPC data, but to also establish

a relationship between SPC and uniaxial creep results. Andrés et al. [24] obtained a LMP

design curve from SPC results on the magnesium alloy AZ31 through linear regression, once

the equivalent uniaxial creep stress was defined. In this research, C was assumed as a constant

value to guarantee matching LMP values in both test approaches. The results are illustrated in

Figure 13 which correlates the two data sets and shows good agreement, confirming the

suitability of the approach.

4.2.4. Theta projection

The theta-projection approach has found extensive use in the life prediction of uniaxial creep

data. The method, developed by Evans and Wilshire [37], has attracted widespread atten-

tion [38] and is capable of obtaining an accurate creep deformation curve with a true represen-

tation of the three dominant stages of creep. This method can be simplified to accommodate

SPC tests via the following expression:

ε ¼ Atþ B eαt � 1
� �

(6)

where t is the creep time, A and B are parameters related to the hardening and weakening of

strain and α is the constant of creep deformation rate, making the equation more applicable to

constant load deformation.

Zheng et al. [39] used this approach to extrapolate the SPC deformation curves of service-

exposed Cr5Mo Steel at 550�C, as presented in Figure 14, and choose 20% of the creep life as

Figure 13. Correlation of SPC equivalent stress to uniaxial creep against LMP for AZ31 alloy [24].
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the starting point for the prediction. As Figure 14 illustrates, this approach shows good

agreement with the generated experimental data

4.2.5. Norton (1/2)

The most important and useful properties from the SPC test are tf and δ
•

M. In an identical

manner to traditional uniaxial creep test approaches, both properties in a SPC test are heavily

dependent on the applied test temperature and load. These parameters directly influence the

controlling creep mechanism which can vary from diffusional creep to dislocation creep, with

dislocation creep more prevalent at higher and intermediary applied stress levels and at

temperatures high enough to activate creep (0.4 Tm).

The relationship between δ
•

M and the applied force F of a SPC test can be described by a power

law in a similar manner to the well established Norton law for uniaxial creep approaches, where:

δ
•

M ¼ AFn (7)

Here, A is a proportionality constant. Gülçimen and Hähner [14] used such an approach to

determine and compare the local creep properties of a P91 weldment across three distinct

zones, namely the base metal, weld metal, and the heat-affected zone. Yang et al [40] also

used a similar approach to establish the relationship between ε
•

and δ
•

M, allowing for an

approximate conversion of the small punch deflection to the equivalent creep strain in

Incoloy880H. Figure 15 shows the Norton relations for the individual zones in P91 and in

Incoloy880H.

Figure 14. SPC time-deflection fitting curves using the theta-projection method on service-exposed Cr5Mo Steel at

550�C [39].
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Zheng et al. [39] used the Norton relationship to determine the correlation between the stable

creep rate and the applied load. This was achieved by using a curve fitting procedure, where

the material’s δ
•

M can be predicted from the value of the applied load. The result of this curve fit

is displayed in Figure 16 for Cr5Mo steel. The authors found the prediction represents a 15%

error compared to the actual value and can be used as an accurate prediction of the remaining

life of the material.

4.2.6. Wilshire equations (1)

The Wilshire equations have been well established over the last few decades and offer the

potential to predict long term creep life based on relatively short term creep data [41–43]. The

principle is based upon the assumptions that tf ! 0 as σ ! σTS while tf ! ∞ as σ ! 0, with

applied stress, σ, related to tf through the following equation:

Figure 15. Norton laws for a. base metal, weld metal, HAZ-FG and HAZ-CG in P91 steel [14] and b. Incoloy880H [40].

Figure 16. Relationship between minimum deflection rate and load for Cr5Mo steel [39].
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σ=σTSð Þ ¼ exp �k1 tf exp �Qc � =RTð Þ
� �u� �

(8)

where σTS is the ultimate tensile strength in MPa, Qc* is the apparent activation energy for

creep in J mol�1 and R is the gas constant (8.314 J mol�1 K�1).Qc*, k1 and u parameters are then

derivable from a comprehensive data set, although it is important to consider an appropriate

explanation for activation energy magnitudes.

In the case of SPC data, the Wilshire equations have been exploited for different means and

approaches. Jeffs et al. [22] compared the creep life predictions as determined by the Wilshire

equations for SPC results, correlated via the kSP and uniaxial data. This relationship is

displayed in Figure 17, with a good agreement between each test type seen.

In a similar nature, the Wilshire equations may be modified such that normalisation is carried

out using loads rather than stresses [44] as shown in Eq. (8) below:

F=Fmð Þ ¼ exp �k1 tf exp �Qc � =RTð Þ
� �u� �

(9)

Here, F is the applied SPC test load and Fm the ultimate load through a constant displace-

ment rate SP test. Using such an approach could provide an effective ranking method of

material types exclusively through SPC. Alternatively, Holmström et al. [15] has utilised

the Wilshire equations to determine a strength correlation factor between weld material

variants.

Figure 17. Wilshire equation predictions of σ vs. tf for uniaxial creep and SPC test types for CMSX-4 [22].
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4.3. Numerical approaches

4.3.1. Finite element analysis (FEA)

Several authors have used FEA to predict the SP creep behaviour in different material systems.

Evans [45] analysed the SP deformation of 0.5Cr0.5Mo0.25V ferritic steel and assumed defor-

mation was viscoplastic with a constant volume, with deformation rates governed by the creep

properties of the material. They used a phenomological constitutive relationship for the creep

properties of the internal variable type, where the variables used include hardening, softening

and continuum damage with an additional creep failure criterion also adopted. They

constructed a model using uniaxial creep data and verified it by comparing the creep curves

and tf from actual SPC tests to those produced through the FEA model, as given in Figure 18.

As can be seen, the results show good correlation with the FEA model.

Lancaster et al. [23] used a constitutive creep model based on the theta-projection method first

developed by Evans [45], which was implemented into Abaqus using a creep derived subrou-

tine. The authors used such an approach to relate creep rate to the accumulation of internal

material state variables, which has been previously shown in Ref. [47] to predict creep behav-

iour better than other strain or time based hardening approaches, for situations where a

transient stress state is present, such as in a SPC test. In this research, an axisymmetric model

was used to predict the material deformation in a SPC test on γTiAl 45-2-2 (XD) with model

geometries replicating those that are used in a SPC experiment, with all features modelled as

rigid bodies and surfaces. The model showed that the Von-Mises stress was found to be high

across the thickness of the disc and as such, the rate of creep deformation was predicted to be

high. However, the maximum principle stress adjacent to the disc was found to be low, but due

to a combination of high radial and hoop stresses, the maximum principle stress on the

underside of the specimen was high in the central region. As specimen deformation increases

with displacement, the stress field is then found to evolve and the peak stress in the disc slowly

decreases away from the centre of the disc, leading to the onset of thinning and steady state

deformation. An additional damage model dependent on maximum principle stress was

incorporated to capture the rupture characteristics of the material and was able to predict

rupture to a high level of accuracy when compared to experimental results [23].

Figure 18. Experimental and modelled SPC results at 848K on 0.5Cr0.5Mo0.25V ferritic steel a. time vs punch displace-

ment for a test performed under 211N and b. failure time vs punch displacement for all simulated and experimental

tests [46].
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Dymáček andMilička [48] utilised two basic creep constitutive models, namely Norton power-law

(‘Model 1’) and the exponential relationship (‘Model 2’), to run their FEA simulations. Model 1

considered only the simple boundary conditions as supports and assumed the pressure of the load

without actually using the specific puncher shape. However, for Model 2, they included contact

elements whilst accounting for the surface frictional contact between contacting surfaces. In either

case, a simplified 2D axisymmetric model was adopted and the numerical findings from each

model were compared with real experimental results, as displayed in Figure 19.

The authors found that Model 1 was somewhat limited due to the absence of a friction

parameter which was deemed necessary from the research. However, Model 1 was capable of

predicting more accurate results under high forces and in general, the values of tf and δ
•

M

showed good agreement with the experimental data in both models.

Other notable contributions are provided by Nakata et al. [49] for their work on F82H ferritic/

martensitic steel; Zhao et al. [13] who simulated the SPC behaviour of P92 steel from several

locations around a welded joint; Kobayashi et al. [50] who used FEA to support research into

the SPC deformation of aluminium alloys from the duralumin series and Jeffs et al. [22] who

adopted ABAQUS to simulate the SPC deformation curves of the single crystal superalloy,

CMSX-4.
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