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Abstract 
Finite element simulations of the small punch test are performed in order to critically 
evaluate and improve empirical correlations for the estimation of the ultimate tensile 
stress from force-deflection and force-displacement curves. For this purpose, generic 
elastic-plastic material properties are used. A systematic variation of the ultimate tensile 
stress and total uniform elongation is performed to investigate the effects of these 
parameters of the uniaxial stress-strain curve on the characteristics of small punch test 
curves. It is shown, that the maximum force Fm of the small punch test curve is not the 
appropriate parameter for the estimation of the ultimate tensile stress. Instead, the force 
Fi at a punch displacement of 1.29 times the specimen thickness (or alternatively at 
bottom deflection of 1.1 times the specimen thickness) should be used. This force is 
associated with the onset of plastic instability. A correlation between the force Fi and the 
ultimate tensile strength is proposed and validated by more than 100 small punch tests 
of nine different steel heats. 
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Nomenclature 
Agt  total uniform elongation (percentage) 
d punch diameter 
D  diameter of the receiving hole in the lower die 
E elastic modulus 
F punch force 
Fi  punch force at onset of plastic instability 
Fm  maximum punch force 
h0 initial thickness of the small punch specimen 
n  material parameter 
Rm ultimate tensile stress 
Rp02  yield stress (0.2% proof strength) 
R² coefficient of determination 
r1  material parameter 
T  temperature 
u central bottom deflection of the small punch specimen 
ui  central bottom deflection at onset of plastic instability 
um  central bottom deflection at maximum force 
v  punch displacement 
vi  punch displacement at onset of plastic instability 
vm  punch displacement at maximum force 
 
  material parameter 
Rm  correlation factor for the estimation of Rm 
ε  nominal strain 
 true strain 

elε  true elastic strain 
plε  true plastic strain 

σ  nominal stress 
  true stress 
 y0 material parameter (initial flow stress) 
 
 

1 Introduction 

The small punch (SP) test has long been recognized as a supportive means for the 
development and monitoring of structural materials [1–6]. As a screening procedure, the 
SP test is intended to provide estimations of the material properties with as small 
amounts of material as possible, allowing for example a quick evaluation of ageing 
mechanisms such as radiation induced hardening and embrittlement or thermal ageing.  
The SP test has been used to estimate the ductile-to-brittle transition temperature 
[1,2,4], yield stress [7,8], ultimate tensile stress (UTS) [9,10], fracture toughness [11,12] 
and creep properties [13–17]. Detailed analyses of stress and strain in the SP disc have 
been performed by means of analytical elastic-plastic modelling [18,19] and by finite 
element calculations to underpin the empirical correlations [8,11,20]. A combination of 
finite element modelling, SP testing and neural networks was used to identify the 
parameters of the Gurson–Tvergaard–Needleman model for ductile damage [11] and of 
the Beremin model for brittle fracture [12]. A code of practice on SP testing was 
established in order to harmonize the various test set-ups and to achieve a better 



comparability of the results of different labs [21]. An EN standard on SP testing of 
metallic materials is currently being developed under the auspices of ECISS TC 101 WG1. 
The following correlations have widely been used for the estimation of the ultimate 
tensile strength Rm [8,9,22–24]: 
 

 
2
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with Fm being the maximum force and um the corresponding deflection (measured at the 
centre of the surface of the SP disc opposite to the punch), h0 the initial specimen 
thickness and βRm an empirical coefficient. Instead of um the corresponding punch 
displacement vm can be used in Eq. (2). An analysis of the differences between 
displacement v and deflection u can be found in [25]. A large number of comparative 
studies showed that Eq. (2) is more reliable as compared to Eq. (1), cf. e. g. [23,24,26,27]. 
Moreover, Kumar et al. [23] recently suggested that points of the force-deflection curve 
prior to (um, Fm) are even more suitable for the estimation of Rm.  
 
In our paper, we follow this idea and present the results of finite element analyses with a 
systematic variation of the underlying plastic material properties. An improved 
correlation is proposed and validated with experimental data from nine different steels 
heats. 
 

2 Finite element (FE) simulations 

2.1 Details of the FE-models 

The basic geometry of a SP set-up is shown in Figure 1. Two sets of geometrical 
parameters were used, G1 and G2 (cf. Table 1).  
 
Table 1: Geometry parameters of the analysed SPT set-ups 
Set 
No. 

Punch diameter 
d = 2r (mm) 

Receiving hole 
diameter D (mm) 

Specimen  
thickness h0 (mm) 

Edge size 
(mm) 

Edge type 

G1 2.5 4.0 0.5 0.2 Chamfer 
G2 1.0 1.75 0.25 0.2 Chamfer 

 
The finite element simulations were done with models including contact and friction. 
The commercial codes ANSYS® 14.5 (HZDR) and ABAQUS® (JRC) were used. In case of 
HZDR simulations, axisymmetric elements with 8 nodes, elastic-plastic material and 
large deformation and finite strain capability were used for the SP specimen. The 
element size was 50 µm. The lower die, the punch and the downholder were modelled 
by means of rigid lines interacting with the contact elements attached to the specimen 
surface. The friction coefficient for the contact areas between disc and punch was 
µ = 0.2. The SP disc was fully clamped, i.e. relative motion between SP disc and lower die 
was prevented. 
 



 
  (a) 

 
 
  (b) 

Figure 1: (a) Scheme of a SP test setup the edge of the receiving hole can either be a chamfer or a 
radius; (b) FE mesh (right). 

 

 
Figure 2: FE-mesh of JRC 

 
JRC used a full 3D mesh with a quarter symmetry as shown in Figure 2. It was checked, 
that both the axisymmetric and the 3D mesh provided comparable results. The 
maximum difference of the simulated force-deflection curves was less than 5% for the 
maximum force Fm and less than 1% for the deflection at maximum force um. In section 
2.2, the results for geometry set G1 are based on HZDR calculations and the results for 
set G2 are based on JRC calculations. 
 
The plastic deformation was based on the following constitutive equation:  
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where σ is the true equivalent stress and εpl the true plastic equivalent strain. σy0, r1, α 
and n are material parameters. The parameter α represents the ratio of linear and 
exponential hardening. In this study α = 0 was chosen. However, it was double-checked 



that the conclusions of the simulations also hold for α > 0. The corresponding uniaxial 
engineering (nominal) stress-strain curve )(εσ is obtained by: 
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with E being the elastic modulus. The overbar indicates engineering (nominal) values.  
In our simulation we used a generic material behaviour with a constant initial flow 
stress σy0 = 570 MPa, constant elastic modulus E = 212 GPa, and a systematic variation of 
the hardening. In particular, the parameters r1 and n were varied in such a way that 

specific values for the ultimate tensile stress,  )(m εσMaxR  , and the total uniform 

elongation, 
m

gt Rσ
εA


 , were obtained. The parameter variations are listed in Table 2. 

There are four levels of ultimate tensile stress (Rm = 650, 700, 800, 900 MPa) and for 
each Rm four levels of total uniform elongation (Agt = 3%, 6%, 10%, 20%). The stress-
strain curves for Rm = 900 MPa are shown in Figure 3. In addition, the non-hardening 
case was analysed (ideal plasticity), i.e. Rm = σy0 = 570 MPa. In this case, the true stress 
vs. true plastic strain curve is a horizontal line at 570 MPa. 
 
Table 2: Material parameters  

Code r1 (MPa) n Rp02 (MPa) Rm (MPa) Agt (%) 

UTS_00 0 n. a. n. a. 570 0.27 

UTS_11 103.7 106.1 589 650 3 

UTS_12 133.3 34.62 578 647 6 

UTS_13 189.6 15.18 575 650 10 

UTS_14 391.5 4.22 572 650 20 

UTS_21 154.3 126.0 603 700 3 

UTS_22 186.3 43.85 584 700 6 

UTS_23 236.3 19.62 578 700 10 

UTS_24 406.6 5.982 574 700 20 

UTS_31 256.3 149.7 635 800 3 

UTS_32 290.4 53.72 598 800 6 

UTS_33 341.5 24.94 585 800 10 

UTS_34 501.8 8.230 577 800 20 

UTS_41 358.6 165.1 669 900 3 

UTS_42 395.6 59.77 613 900 6 

UTS_43 450.4 28.19 594 900 10 

UTS_44 615.9 9.649 581 900 20 

 
 



  
Figure 3: Generic stress-strain curves for Rm=900 MPa and varying Agt (cases uts_4x); left: nominal 
stress vs. total nominal strain; right: true stress vs. true plastic strain 

 
2.2 Simulation results 

The force-deflection curves F(u) and force-displacement curves F(v) for the two 
geometry sets G1 and G2 are shown in Figure 4 and Figure 5. For each curve in a single 
diagram, the ultimate tensile stress Rm and y0 are the same, while the Agt is varying 
(Agt  = 3%, 6%, 10% and 20%). It can be seen that the maximum forces Fm are 
significantly different, while the deflections at maximum force um are in a similar range. 
It can also be noticed that the curves in a single diagram exhibit a common pseudo 
intersection point. This intersection point, however, depends on the ultimate tensile 
stress Rm and also on the curve type (force-displacement or force-deflection). The 
locations of the intersection points ui and vi are summarized in Table 3.  
 
Table 3: Parameters of intersection points  
 Standard geometry (set G1) Miniature geometry (set G2) 
Rm (MPa) ui (mm) F(ui) (N) vi (mm) F(vi) (N) ui (mm) F(ui) (N) vi (mm) F(vi) (N) 
650 0.447 762 0.535 819 0.206 171 0.239 178 
700 0.509 875 0.598 940 0.263 207 0.302 217 
800 0.600 1107 0.686 1173 0.314 262 0.353 271 
900 0.651 1318 0.759 1423 0.346 312 0.386 320 
Average 0.552 -- 0.645 -- 0.282 -- 0.320 -- 

 
 



  

  

  

  
Figure 4: Force-deflection curves (left) and force-displacement curves (right) obtained from FE 
simulations, standard geometry (set G1) 
 



  

  

  

  
Figure 5: Force-deflection curves (left) and force-displacement curves (right) obtained from FE 
simulations, miniature geometry  (set G2) 

 
 



2.3 Simulation based correlations 

In view of the results in section 2.2 it seems reasonable to use the force Fi instead of Fm 
for the correlation with the ultimate tensile stress in order to avoid a strong dependence 
of the correlation factor βRm on the tensile properties of the material. We propose the 
following equations to estimate the ultimate tensile stress: 
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The average locations of the pseudo intersections in the SPT curves, 3u  and 3v , shall be 

used to obtain the force Fi (cf. Table 3). For the sake of clarity it should be mentioned, 
that the division by h0² is performed in order to get a dimensionless coefficient βRm. It 
does not mean that that we would get the same βRm for specimen thicknesses other than 
h0 = 0.5 mm or h0 = 0.25 mm respectively; βRm is a function of all geometry parameters of 
the SPT set-up, including the specimen thickness. The correlation of the intersection 
force Fi with the ultimate tensile stress is shown in Figure 6. The resulting correlation 
factors and coefficients of determination are listed in Table 4. 
 
Table 4: Coefficients for the estimation of ultimate tensile stress from numerical simulations 
according to Eq. (5)  
Geometry Curve type ui | vi βRm R² 
Standard (set G1) F(u) ui = 0.55 mm 0.192 0.97 
Standard (set G1) F(v) vi = 0.65 mm 0.179 0.97 
Miniature (set G2) F(u) ui = 0.28 mm 0.205 0.96 
Miniature (set G2) F(v) vi = 0.32 mm 0.197 0.96 

 

  
Figure 6: Correlation between intersection force Fi (from numerical simulations) and Rm, left: for 
bottom deflection, right: for punch displacement (set G1) 

 
Now we analyse the thickness reduction in the specimen centre, h = v - u. It can be 
expected that the thickness reduction depends on the yield stress ratio s = Rp02/Rm and 
the uniform strain unε . In Figure 7, the thickness reduction is shown in dependence on 

the punch displacement v for the cases UTS_4x and UTS_x3. It can be seen that h(v) 
exhibits a steep slope in the beginning of the test which is due to the indentation of the 
punch into the SP specimen. After the initial increase the slope of h(v) is small until the 
displacement reaches a value v  0.6 mm. At this point the slope is significantly 
increasing again. The position of this point is approximately the same as vi (cf. Table 4). 
This means, that at the intersection point (vi, Fi) the onset of necking of the SP specimen 
occurs. 
 



  
Figure 7: Central thickness reduction as a function of punch displacement for cases UTS_4x (left) 
and UTS_x3 (right), standard geometry (set G1) 

 
 

3 Experimental validation 

3.1 Materials 

Three ferritic-martensitic (f/m) Cr-steels and two bainitic reactor pressure vessel steels 
were used for the experimental validation of the correlations Eqs. (2) and (5). 
Information on the materials and product forms are given in Table 5. The chemical 
compositions and the uniaxial tensile properties are listed in Table 6 and Table 7 
respectively. The P92 was available in the as received condition and in four different 
heat treatments. In Table 7, the exponential fits are valid for the temperature 
range -200 °C < T < 300 °C, while the polynomial fits hold for  300 °C < T < 650 °C. 
 
Table 5: Materials overview 
Material Type Product form Heat treatment Reference 
P91 f/m steel hot rolled pipe 

360 x 50 mm 
normalization 1040-1100 °C / 30 min 
tempering 730-780 °C / 60 min 

[28] 

P92 f/m steel hot rolled pipe 
219 x 22 mm 
 

AR: standard normalization + tempering 
HT1: AR + 800 °C / 2h 
HT2: AR + 760 °C / 2h 
HT3: AR + 750 °C / 2h 
HT4: AR + 740 °C / 2h 

[29] 

Eurofer97 f/m steel hot rolled plate  
14.5 mm 

normalization 980 °C/27 min/air cooling 
tempering 760°C/90 min/air cooling 

[30,31] 

22 NiMoCr 3 7 bainitic steel reactor pressure vessel 
Biblis C 

890°C/4h/water quenching 
650°C/7h/air cooling 

[32] 

15Kh2MFA bainitic steel reactor pressure vessel 
Greifswald unit 8 

original RPV manufacturing technology [33] 

 
Table 6: Chemical compositions in wt% 

Material C Si V Cr Mn Ni Mo Al P S Cu Nb W 

P91 0.116 0.464 0.23 9.50 0.507 0.09 0.91 0.0195 0.0085 0.0006 n.a. 0.09 n.a. 

P92 0.12 0.24 0.19 8.56 0.53 0.13 0.43 0.009 0.012 0.009 0.050 0.062 1.63 

Eurofer97 0.11 0.04 0.2 8.82 0.47 0.02 n.a. n.a. 0.005 n.a. 0.0016 n.a. 1.09 

22 NiMoCr 3 7 0.215 0.20 0.007 0.42 0.91 0.88 0.53 0.018 0.008 0.007 0.04 n.a. n.a. 

15Kh2MFA 0.15 0.30 0.31 2.86 0.45 0.10 0.79 n.a. 0.008 0.009 0.05 n.a. 0.01 

 



Table 7: Tensile properties at room temperature and temperature fit of Rp02 and Rm 
Material Rp0.2 

(MPa) 
Rm  

(MPa) 
Agt  

(%) 
At  

(%) 
Rp0.2(T) (1) 

(MPa) 
Rm(T) (1) 

(MPa) 
P91 538 686 9.4 19.9 466+658*exp(-0.0072*T) 557+675*exp(-0.0054*T) 
P92-AR 679 808 6.1 18.0 polynomial (2) polynomial (3) 
P92-HT1 502 675 11.4 26.8 n.a. n.a. 
P92-HT2 541 707 9.6 24.4 n.a. n.a. 
P92-HT3  574 726 7.8 21.4 n.a. n.a. 
P92-HT4 584 733 7.7 21.6 n.a. n.a. 
Eurofer97 544 662 6.6 25.1 456+644*exp(-0.0067*T) 413+485*exp(-0.0022*T) 
22 NiMoCr 3 7 424 591 10.9 23.9 349+571*exp-(0.0069*T) 515+572*exp-(0.0068*T) 
15Kh2MFA 532 649 7.2 20.3 512+2026*exp(-0.0159*T) 553+770*exp(-0.0071*T) 
(1) T in K 
(2) -118 + 2.92*T - 2.91*10-3*T2 + 1.56*10-7*T3 (valid for 573 K  T  923 K) 
(3) 678 + 0.269*T + 2.69*10-4*T2 - 1.06*10-6*T3 (valid for 573 K  T  923 K) 

 
3.2 Small punch tests 

A number of 115 small punch tests were performed at HZDR with the standard 
geometry (Table 1, set G1). The test data for P92 is stored in an online database [29]. 
Additional sixteen high temperature SP tests on the P92-AR steel were performed at JRC. 
The specimens were cut to a thickness of 0.6 mm by means of an electrical discharge 
machine and subsequently ground with grit 2500 to final thickness. The individual final 
thickness of each specimen was measured. The maximum accepted thickness tolerance 
was ±5 µm. All tests were performed at a displacement rate of 0.5 mm/min. The 
displacement v was measured by an inductive sensor with an accuracy of ±1 µm. A 
correction for the compliance of the punch was applied (Cp = 4.9810-5 mm/N). 
 
Table 8: Overview of small punch tests 
Material Number of tests Test temperatures (°C) 
P91 23 -177 … +331 
P92-AR 3 + 16 room temperature, 300 … 650 
P92-HT1 5 room temperature 
P92-HT2 4 room temperature 
P92-HT3  3 room temperature 
P92-HT4 5 room temperature 
Eurofer97 8 -24 … +250 
22 NiMoCr 3 7 31 -151 … +332 
15Kh2MFA 33 -150 … +332 

 
The force-displacement curves F(v) of SP tests at room temperature are shown in Figure 
8 (one curve per material as listed in Table 8). The F(v) curves of the material P91 for 
different temperatures are shown in Figure 9. The curve for T = -173 °C represents a 
brittle failure, the other test curves represent ductile failure. By using 9 different 
materials and heats, and by testing selected materials at different temperatures, a wide 
variation of tensile properties is obtained. 
 



 

Figure 8: Force-displacement curves 
from SP tests at room temperature 
for the materials listed in Table 8 

 

 

Figure 9: Force-displacement curves 
from SP tests at different 
temperatures for the material  P91 

 
 

3.3 Results and correlations 

The evaluation of the SP tests is based on the force-displacement curves F(v). The 
characteristic parameters vm, Fm and Fi were determined for all tests. This is illustrated 
for a test of material 15Kh2MFA in Figure 10. In accordance with the given geometry 
and the curve type, the location of Fi is vi = 0.65 mm (cf. Table 1 and Table 4). 
 

 

Figure 10: Force-displacement 
curve of the material  15Kh2MFA 
tested at room temperature (test 
no. 06) with indication of the 
characteristic parameters 
Fi = 831 N (at vi = 0.65 mm) 
vm = 1.67 mm 
Fm = 1727 N 

 
Based on this analysis, we correlate the ultimate tensile stress from the uniaxial tensile 
tests Rm (cf. Table 7) with Fm/(h0*vm) and Fi/h02 from the SP tests. This provides 



experimental values for the correlation factor βRm. The coefficient of determination R2 
gives a quantitative measure of the goodness of the SP based estimation of the ultimate 
tensile stress. Moreover, in case of the Fi based correlation Eq. (5), the experimental 
correlation factor βRm can be compared with the one obtained from the FE simulations 
(cf. section 4). The correlations are shown in Figure 11 and Figure 12. The slopes of the 
regression lines (with forced intercept at zero) correspond to the coefficient βRm in Eq. 
(2) and Eq. (5) respectively. This regression analysis includes all SP tests (all materials). 
We also analysed these correlations per material. The results are listed in Table 9. 
 
Table 9: Slopes βRm and coefficients of determination R² per material 
 Rm versus Fm/(h0*vm) Rm versus Fi/h0

2 

Material βRm R² βRm R² 

P91 0.277 0.706 0.193 0.958 

P92 (AR, HT1-HT4) 0.287 0.951 0.171 0.964 

Eurofer97 0.299 0.555 0.181 0.728 

22 NiMoCr 3 7 0.254 0.528 0.175 0.875 

15Kh2MFA 0.291 0.661 0.193 0.913 

All materials 0.278 0.747 0.183 0.870 

 

 

Figure 11: Correlation between Rm 
from uniaxial tensile tests and 
Fm/(h0*vm) from the SP tests 
according to Eq. (2) 

 

 

Figure 12: Correlation between Rm 
from uniaxial tensile tests and Fi/h0

2 
from the SP tests according to  
Eq. (5) 

 
Figure 13 shows an example of the central thickness reduction h(u) for P92-AR 
obtained from simultaneous measurements of displacement v and deflection u. The 
displacement value of vi = 0.65 mm proposed in the correlation Eq. (5) is also included in 
the figure. It can be seen, that this value is close to the onset of plastic instability (rapid 
increase of the slope the curve) which is the phenomenon linked to Rm in uniaxial tensile 
tests. 



 

 

Figure 13: Central thickness 
reduction, h, as a function of  
punch displacement, v, for the 
P92-AR steel 

 

4 Discussion 

As shown in section 2.2, the maximum forces Fm strongly depend on the hardening 
behaviour of the material. For generic materials with identical ultimate tensile stress Rm, 
the Fm values significantly increase with increasing uniform strain, while the deflections 
at maximum force um are in a similar range. This is due to the fact that the plastic strain 
in the SP specimen at maximum force is by far larger than the uniform strain in a tensile 
test [11,23,27]. This means that neither Eq. (1) nor Eq. (2) are appropriate for the 
estimation of Rm. This is additionally substantiated by the work of Foulds et al. [34]. 
They found that the “crack initiates well in advance of the peak load, undergoing stable 
growth up to the peak load”. In contrast, the force Fi can be associated with the onset of 
plastic instability and is therefore better suited for a correlation with the ultimate tensile 
stress Rm of the uniaxial tensile test. The correlations between Rm and Fm/(h0*vm) on one 
hand and between Rm and Fi/h02 on the other hand, which are based on experiments on 
five different steels (nine heats), confirm the findings of the FEM simulation with generic 
material properties. We put emphasis on the fact that the Fi based correlation coefficient 
βRm obtained from the experiments (0.183) agrees very well with the one obtained from 
the simulations (0.179) even though the tensile properties of the real materials (section 
3.1) and those of the generic materials (section 2.1) are different. This underpins the 
assumption that the correlation Eq. (5) is only weakly dependent on the tensile 
properties of the investigated material. Finally, the Fi based correlation Eq. (5) is also 
valid for brittle failure in the SP test since the specimen fails at a displacement v > vi (cf. 
Figure 9, test at -173 °C). In contrast, the Fm based correlation Eq. (2) leads to a 
systematic overestimation of Rm as it can be seen from Figure 11 where the three 
rightmost data points originate from SP tests with brittle failure. 
 

5 Conclusions 

Correlations based on the maximum force Fm of the small punch test and the uniaxial 
ultimate tensile stress cannot be independent of the material properties.  
 
In contrast, correlations based on the small punch force Fi are only weakly dependent on 
the tensile properties and should therefore be preferred for the estimation of the 
ultimate tensile stress. 
 



The location of the characteristic force Fi depends on the geometry of the small punch 
test set-up and on the curve type (force-deflection or force-displacement). 
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