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Abstract: The small punch testing technique under quasi-static loading was examined in the view of punch 

eccentricity role. It might arise especially when the ball is used as the penetrating tool, instead of hemispherical-

ended punch. The austenitic stainless steel AISI 316L was chosen to execute several various “large scale” tests in 

order to calibrate the multi-linear stress–strain relationship along with the ductile fracture criterion KHPS. All the 

calibration procedure was performed without using the small punch testing. Then, the model was applied to small 

punch tests to observe the prediction ability when compared to real small punch experiments. Consequently, a 

numerical study was conducted to see the role of eccentricity in the case of 2 and 2.5 mm ball diameters used as 

the penetrating tool. The magnitude of eccentricity up to 0.3 mm was numerically tested. The results showed 

negligible role of eccentricity for 2 mm ball diameter and minor role for 2.5 mm diameter and studied material. 

Keywords: pressure vessel; piping steel grade; small sample technique; damage; elastic plastic; finite element 

method; associated flow rule; time independent plasticity; pressure and Lode dependent fracture criterion; nuclear 

industry 

 

 

1. Introduction 

The small sample techniques have been evolved since the second half of the twentieth century [1,2] along with 

the development of more accurate measuring systems, which are capable of assessment of such miniaturized testing. 

The penetration test has several embodiments: the Small Punch Test (SPT); shear punch test; and disc bend test [3–

5]. These have been studied by scanning electron microscopy to reveal the changes in microstructure [6]. This can 

be advantageously used for examination of transition layers or weldments not only for quasi-static loadings but also 

for creep [7]. 

There is a shortage of material usable for testing in energy industry applications such as the turbine rotors or 

cases, pressure vessels and piping, or various components subjected to radiation in the primary circuit within the 

nuclear power plants [8]. Those facts open wide possibilities in miniaturized testing. 

Analytical equations have been formulated in order to describe the states, which the specimen undergoes. 

Various approximations have been proposed to correlate the data to the standardized tensile test to obtain the basic 

mechanical properties, such as the yield stress and ultimate tensile strength [9]. It is crucial to interpret the 

experimental results correctly. This was reflected in using the numerical simulations to obtain more accurate results 

along with more assessment possibilities. One of them may be the flow curve of material estimated by the 

optimization task based on the comparison of experimentally and numerically obtained force–deflection curves [10]. 

Nevertheless, the computations are still complicated by means of numerous uncertainties represented by the 

presence of friction, unknown clamping forces [11] or eccentricity effect, which is studied within the present paper. 

The question of eccentricity may arise especially when using a ball as the penetrating tool instead of well centered 

punch with hemispherical penetrating end.  

 

2. Materials and Methods  

The austenitic stainless steel grade of ASI 316L was chosen because of its wide practical applicability in 

aggressive environments of petrochemical industry for storage tanks with various contents. 

The punch eccentricity effect was numerically studied by means of the finite element method. Abaqus 2017 

was employed together with Vectorized User MATerial (VUMAT) subroutine written in Fortran 77 imperative 

programming language. The VUMAT user subroutine was developed in order to implement the ductile fracture 

criterion, so the displacement at fracture can be tracked as well. 
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The stress–strain relationship was estimated on the basis of a standard tensile test. It was realized through the 

hybrid numerical–experimental approach until the satisfying match between the experimental and computational 

force–displacement curves was reached. Final multi-linear flow curve is depicted in Figure 1. Additionally, elastic 

properties were defined through the Young’s modulus and Poisson’s ratio of 160000 MPa and 0.3, respectively. 

Physical characteristic needed in explicit computations was the density of 7850 kg·m–3. 

 

 
Figure 1. The flow curve in a multi-linear form for AISI 316L. 

 

The ductile fracture was captured by a KHPS criterion with asymmetric weighting function of damage defined 

as [12]: 

𝜖̅𝑓 =
𝑃5
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where 𝜖̅𝑓  is the fracture strain, 𝑃4 and 𝑃5 are the material constants, 𝜉 is the normalized third invariant of deviatoric 

stress tensor, 𝜂 is the stress triaxiality and 𝜂𝑐  is the critical stress triaxiality, which is related to the cut-off region, 

where there is no damage accumulation because of infinite fracture strain: 

𝜂𝑐 = (𝑃2 −
𝑃1−𝑃3

2
− 𝑃3) 𝜉

2 −
𝑃1−𝑃3

2
𝜉 − 𝑃2, (2) 

where 𝑃1, 𝑃2 and 𝑃3 are the material constants of this five parametric failure model. 

The damage parameter was tracked through the equivalent plastic strain 𝜖̅𝑝 as: 

𝐷 = ∫
d𝜖̅𝑝

𝜖̅𝑓

𝜖̅𝐷

0
, (3) 

where 𝜖̅𝐷 is the equivalent plastic strain at fracture for a given loading path at this linear damage accumulation law. 

 

 
Figure 2. The KHPS criterion calibrated for AISI 316L. 
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Various fracture tests were used in order to calibrate the model. Those included the tensile tests of smooth and 

notched cylindrical specimens and notched tubular specimen; tensile–torsional test of notched tubular specimen; 

torsional test of notched tubular specimen; and compression of notched cylindrical specimen. These eight 

independent tests are represented by points in Figure 2 along with the calibrated fracture envelope. The state 

variables cannot be measured directly, so those were obtained from the numerical simulations. The calibration itself 

was realized through the averaged stress triaxiality and normalized third invariant of deviatoric stress tensor within 

MATLAB 2016b. All fracture-related material constants are given in Table 1. 

Table 1. Material constants of a KHPS criterion for 316L. 

𝑃1 [1] 𝑃2 [1] 𝑃3 [1] 𝑃4 [1] 𝑃5 [1] 

0.471 5.416 0.873 1.583 2.980 

 

3. Results 

Real SPTs were performed using the hemispherical-ended punch of 2 mm in diameter. All these experiments 

should represent the case with no eccentricity. On the other hand, the device can work with a ball, too. The centering 

may not be ensured well if the ball is used, so the numerical analysis of three eccentricities of 0.1; 0.2; and 0.3 mm 

was conducted. 

Numerical simulations with two widespread ball diameters of 2 mm and 2.5 mm were carried out. The first 

was directly compared to the experiments (Figure 3a) while the second one only served for observing the influence 

numerically (Figure 3b). The material behavior was only isotropic homogeneous with associated flow rule obeying 

von Mises plasticity, which is dependent on the second invariant of deviatoric stress tensor. 

 

 
(a) 

 
(b) 

Figure 3. The SPT with punch of: (a) 2 mm in diameter within the experiments and numerical simulations; (b) 2.5 

mm in diameter within the numerical simulations. 

 

4. Discussion 

The eccentricity had been assumed to play a negligible role in all previous studies. This was fully confirmed 

for the austenitic stainless steel and quasi-static SPT with 2 mm ball. For the 2.5 mm ball, the punching force is not 

influenced, whereas the displacement at fracture is. Both the eccentricity influence and the fit between the 

experimental and numerical curves of 2mm penetrator could be further improved. It could be interesting to 

incorporate the approach of continuum damage mechanics [13] because of the non-proportionality of the loading, 

which may play a role [14]. Another possibility is to use the plasticity model dependent on the normalized third 

invariant of deviatoric stress tensor [15], or to account for the material anisotropy. It would be useful to conduct a 

similar analysis for creep as well [16]. 

 

5. Conclusions 

The small punch test was numerically studied in the view of punch eccentricity for AISI 316L steel grade. It 

was shown that the presumption of negligible influence of eccentricity is not always justified. 
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The computations revealed that there is almost no influence for ball of 2 mm in diameter, for which the 

experiments with some scatter was available. On the other hand, there is an apparent effect of eccentricity on the 

displacement at fracture for the case of ball of 2.5 mm in diameter. It needs a further study in accounting for more 

complex material description, which could apply to a broader range of metals. 
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