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INTRODUCTION  
 

aterial used in nuclear reactors, power generation, or chemical processing plants are exposed to critical conditions 
like high temperatures, pressure, radiation, and corrosive environments. The high temperature components made 
from these materials suffer from various damage mechanisms such as aging, creep, corrosion, embrittlement, and 

swelling, which can greatly degrade their properties, especially during prolong exposure. This degradation leads to 
microstructural damage that may expand to a macroscopic level over the service time and eventually hamper the operation 
of the entire facility [1]. Proper regular inspection of these components is required to identify any unintended damage and 
monitor its progression. Mechanical testing, such as uniaxial tensile tests, compression tests and creep tests are common 
practices to determine the remaining lifespan of these materials. However, the abovementioned tests typically require robust 
equipment, which is expensive and complex especially when long-term duration is necessary, as in creep test [2] 
Furthermore, conventional test procedures require a larger material sample, usually obtained from the extraction of the real 
component in service. In this context, a relatively new technique called the small punch (SP) test can potentially address the 
aforementioned issues. The small punch test apparatus is relatively simple and inexpensive, requiring minimal resources for 
setup and operation. Moreover, the small punch test typically offers faster testing times, making it more suitable for rapid 
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material screening or quality control applications. Interestingly, the small punch test requires relatively small specimens and 
causes negligible damage after extraction from the components.  
In the small punch test, the specimen is clamped between two circular upper and lower dies, and force is applied at the 
center of the specimen by means of the punch. As the punch moves vertically, the specimen is subjected to punch’s load 
and deforms. This deformation process continues until a fracture occurs as the punch penetrates the specimen. The 
deformation process of the material under the small punch load can be divided into five distinct zones, namely: (a) linear 
elastic bending (Zone I), (b) plastic bending (Zone II), (c) membrane stretching (Zone III), (d) plastic instability (Zone IV), 
and (e) fracture (Zone V) [1]. Linear elastic bending (Zone I) is the zone where the deformation is directly proportional to 
the applied load. The stress and strain are within the elastic limit, and the material will return to its original shape once the 
load is removed. In plastic bending of Zone II, the material undergoes significant bending and plastic flow, resulting in 
permanent deformation. In membrane stretching of Zone III, the plastic deformation continues, and the material 
experiences bending under biaxial stress states. As the force is further applied, the material enters plastic instability in Zone 
IV. In this deformation zone, the material reaches a critical stress level, resulting in a local reduction of the material’s 
thickness or necking. Fracture (Zone V) is the final zone that represents the complete failure of the material, typically 
resulting in separation of the specimen. Prior to fracture, cracks initiate and then progress under the load. From the load vs. 
displacement curve, several mechanical properties like yield strength, ultimate tensile strength, ductility, fracture toughness, 
creep properties and fatigue data and can be determined [1]. 
Although the small punch test is a relatively simple method and offers several advantages over conventional mechanical 
testing, its results can be influenced by various factors. Among them, friction is a main concern reported by researchers [3]. 
When a load is applied on the specimen through the punch, a friction force is induced at the contact surface between the 
punch and the specimen. Additionally, friction can also be induced between the die and the specimen. These frictions can 
significantly affect the result obtained from the small punch test. Alang et al. [4] reported that the fracture behaviour of the 
specimen and the strain distribution are influenced by friction. In another study, Campitelli et al. [5] claimed that the friction 
effect becomes apparent when displacement is greater than 0.5 mm. The maximum load that can be sustained by the material 
is higher under friction compared to the case where friction is negligible. Similarly, Yang et al. [6] found that the friction 
coefficient between the punch and specimen controls the initiation and crack propagation in the material. When the friction 
coefficient increases, the necking starts earlier, eventually leading to crack initiation. Cortellino et. al. [7] applied Leu’s friction 
model in numerical simulation and observed a significant change in the load-displacement curve. In contrast, Arunkumar 
et al. [8] reported that the load-displacement curve remains nearly similar under both dry and lubricated conditions. The 
deformation mechanism under the influence of friction is not well understood due to its complexity and is currently still in 
debate among researchers.  
Another important factor that may influence the deformation response of the material is plastic hardening. The plastic 
hardening varies by the heat-to-heat variation as well as the manufacturing processes. Plastic deformation significantly 
increases the number of dislocations in the material structure. These dislocations eventually increase the strength of the 
deformed materials [9]. Yang et al. [10] studied the plastic hardening behaviour of a Fe-16Mn-10Al-0.86C-5Ni high-specific-
strength steel during uniaxial tensile deformation. They found that when this steel is stretched, the force and stretch are 
distributed among the grains. Some grains stretch first, followed by others, until all of them stretch together. In another 
study, Choudhary et al. [11] investigated the plastic hardening behaviour of 9Cr-1Mo steel. They applied the Voce equation 
and Kocks-Mecking approach which demonstrated that plastic-hardening behaviour varies significantly with temperature 
and strain rate. Hence, understanding the deformation response of plastic hardened material is necessary. Tantideeravit et 
al.  [12] conducted Finite Element (FE) simulations on the SP test of plastic-hardened SM490A carbon steel and claimed 
that the yield and ultimate strength are influenced by plastic hardening. This observation is further strengthened by Calaf-
Chica et al [13], who conducted FEM analysis on plastic hardened materials and found that yield strength and ultimate 
tensile strength increases with hardening. Sánchez-Ávila et al. [14] performed SPT on hardened and annealed 316L stainless 
steel and demonstrated that hardening significantly affects localized thinning and strain rate evolution during punching. 
Similarly, Peng et al. [15] employed coupled plastic hardening with damage evolution models like Swift-Voce and 
demonstrated that how hardening influences deformation uniformity in SPT. In another study, Kuna et al. [16] investigated 
the effect of hardening parameters on different steel under small punch load and found that hardening parameters have 
significant effects on SPT results. They employed two axisymmetric FEM models during finite element analysis: a) a 
comprehensive model incorporating all apparatus components to account for elastic compliance b) a simplified model 
focusing solely on the elastoplastic deformation of the specimen, treating the punch and die as rigid bodies. The simplified 
model provided a better agreement with the experimental results compared to the comprehensive setup, with errors 
remaining below 10%. Moreover, the material was modeled as elastoplastic with isotropic hardening, to capture realistic 
mechanical behavior during loading. Study by Maier et al. [17] allows precise calibration of hardening parameter like isotropic 
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hardening modulus, facilitating a characterization  of material's plastic hardening under small punch  loading. Clearly, FEM 
can be a reliable method for analyzing and validating small punch tests.  
Under small punch test, the load is applied locally at center point of the specimen. Upon load application, higher deformation 
occurs at the center while other regions experience less deformation depending on the stress distribution in the specimen. 
In fact, the upper surface of the sample tends to deform more than the bottom surface. As a result, the so called ‘thinning’ 
phenomenon, characterized by the reduction of thickness, is observed. Thinning can be measured as the displacement 
difference between the top and bottom points of the specimen in the through-thickness direction and can be expressed as 
in Eqn. (1)  
 

  UN LNT                                             (1)    
 

where,  UN  and LN  are the nodal displacement of top and bottom nodes, respectively.  
Researchers continuously explore thinning behaviour observed in SPT using advanced measurement systems. Egan et al. 
[18] used optical measurement to precisely track the height and width changes of specimen. This approach allows direct 
observation of thinning during punching. While the approach reduces deviation between experimental observations and 
material property, however, it remains susceptible to errors, particularly under complex stress states. Later, an alternative 
approach was proposed which uses the full field deflection of the specimen mapped through in-situ digital image correlation 
[19]. Continuous monitoring of thinning, as demonstrated by Janca et al. [20] integrates advanced instrumentation to directly 
track deformation during testing. This allows for better understanding of thinning behaviour during SPT. Furthermore, 
Kuna and Abendroth [21] demonstrated the role of ductile damage models in capturing necking and thinning behaviour in 
SPT, incorporating finite element analysis. This will help with further research on thinning behaviour.  
Even though thinning phenomenon may occur throughout the specimen, the effect is more obvious at the center of the 
specimen under low friction force. This location appears as a region with less constraints and thus higher deformation. This 
observation was verified by Cakan et al. [22] who developed a numerical model to investigate how the Grade P91 steel 
would deform during the small punch test. Later, Lee et al. [23] proposed a numerical model to simulate the thinning and 
fracture of a cracked pipe material using the small punch test. The model employs damage analysis based on the multi-axial 
fracture strain energy density. While some work has been performed to investigate the thinning phenomenon during the 
small punch test, insufficient data is available in literature to conclude the observation. Based on the author’s knowledge, 
the mechanism of how friction controls the thinning process is also not well discussed and understood.  
This study aims to investigate the influence of plastic hardening and surface friction on the deformation and fracture 
behaviour of Grade 91 steel, considering the thinning process. The numerical modelling-based FE is developed, and the 
results are validated against experimental data from the literature. Various bi-linear stress-strain slopes are employed to 
represent the hardening value. Friction coefficients value is varied to manipulate the contact surface condition. 
 
 
CONSTITUTIVE MATERIAL MODELS 
 

ote that high temperature material such as 9Cr-1Mo, 9Cr-0.5Mo-1.8W-VNb steels typically exhibit Power’s law 
plastic hardening. In the present study, however, the material is assumed to deform into elastic and plastic manners 
following Hooke’s law and linear hardening (see Eqn. (9)) relations, respectively. The slope, H varies from zero 

(perfectly-plastic) to 6500 with intervals of 2000. The material constants of these relations are tabulated in Tab. 1. 
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where, E is the Young’s modulus, ε is the strain, Sy is the yield strength, H is the slope of plastic hardening curve and εf is 
the fracture strain. 
The friction between contacting surfaces (puncher-to-specimen and die-to-specimen) is modelled according to Coulomb 
friction theory [5]. This theory states that the shear stress is proportional to the contact pressure and can be mathematically 
expressed by Eqn. (3):  

N 



 
 
 

S. C. Pandit et alii, Frattura ed Integrità Strutturale, 72 (2025) 46-61; DOI: 10.3221/IGF-ESIS.72.05 
 

49 
 

 
  P                                                           (3)                                 

 
where, τ is the shear stress, μ is the coefficient of friction, and P is the contact pressure. In the present study, the value of 
friction coefficient, μ varied from zero to 0.7. A zero-friction coefficient indicates that no shear forces is induced on the 
contact surface, therefore, these surfaces are free to slide. Meanwhile, a coefficient value of 0.7 implies frictional contact 
surface. The value of each parameter employed in the FE simulation is summarized in Tab. 1. 
 

Parameter (unit) Value 

E (GPa) 213 

υ 0.3 

Sy (MPa) 512 

H 0, 2500, 4500, 6500 

 f (%) 8.5 

 0, 0.2, 0.7 
 

Table 1: Material constants employed in present study. 
 

Fig. 1 shows the bi-linear stress-strain curve of the material employed in this study. The experimental stress-strain data [24] 
of Grade 91 steel, which obeys Power’s Law relation during plastic deformation, is also included in the figure for direct 
comparison. The yield strength, Sy and fracture strain are kept constant at 512 MPa and 8.5 %. The hardening slopes, H of 
2500 and 4500 are chosen so that the curve lies between the experimental data. To account for variations in mechanical 
properties due to batch-to-batch and service conditions of the material, a perfectly plastic hardening (H = 0) and slightly 
higher hardening of H = 6500 are also simulated.  
 

 

Figure 1: Effect of H parameter on the plastic hardening curve employed in the present study 

 
FINITE ELEMENT MODELLING OF SMALL PUNCH TEST 
 

ommercial finite element (FE) software of Abaqus v6.14 was employed to model the small punch test. The FE 
model comprises rigid upper and lower dies for specimen positioning and clamping, a rigid puncher (with a nose 
radius of 1.25 mm), and a deformable disc-shaped specimen. The specimen has a diameter and thickness of 8 mm 

and 0.5 mm, respectively. Considering the disc-shaped of the specimen, circular test rig and load symmetry, a 2-dimentional 
axis-symmetric model was constructed. While the axisymmetric model offers computational efficiency, it should be 
acknowledged that the model may not accurately capture the thinning behaviour particularly during the necking due to 
numerical regularization. The bi-linear constitutive material model with varying plastic slope, H (as shown in Fig. 1) was 
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employed. Furthermore, the friction coefficient,  ranged from 0 (frictionless or smooth surface) to 0.7 (rough surface) was 
assigned to the interface between the puncher, upper/lower dies, and the specimen. Surface-to-surface contact was selected, 
and finite sliding model was chosen for sliding formulation. The axis-symmetric FE model of the small punch test setup 
including detailed dimensions, is illustrated in Fig. 2(a), while Fig. 2(b) presents the employed boundary conditions. The 
horizontal translation and z-rotational motion of the punch were constrained to zero, while a predefined displacement of 
2.5 mm was imposed in the y-direction. Additionally, the lower die was constrained in all directions, and the upper die was 
constrained in the same manner as the puncher, except for predefined displacement. Instead, a clamping force of 500 N 
was applied to the upper die to simulate the tightening torque during experimental setup. 
 

 
(a) 
 

 
(b) 

 

Figure 2: Small punch test setup: (a) detail dimension and (b) FE model. 
 

The simulation was performed in two stages. In the first stage, a clamping force was applied to the disc specimen through 
the upper die. The obtained results for deformation and stress state were then exported to the second stage of the simulation 
using an initial predefined option in Abaqus software. In the second stage of simulation, the predefined displacement was 
applied to the disc specimen through the rigid semi-circular nose puncher. Continuum axis-symmetric 4-nodes with reduced 
integral elements (CAX4R) scheme were assigned to the specimen. A mesh sensitivity analysis was performed to determine 
the optimum mesh size. For the present study, the number of nodes and elements were 2617 and 1903, respectively. The 
simulation accounted for geometric nonlinearity and the automatic stabilization option was activated to minimize 
instabilities problems that could lead to non-convergence issue.  
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RESULT AND DISCUSSION 
 

ig. 3 shows the comparison of the force-displacement curve between experimental data [24] and FE prediction with 
various hardening levels. The displacement value is the vertical translation measured from the bottom centre of the 
specimen. Note that the FE results in Fig. 4 are obtained by incorporating friction coefficient of 0.2. This value has 

been reported to yield a good prediction for 9Cr steels [7]. However, for other materials, the friction coefficient value can 
be further calibrated. It can be observed that the curve exhibits several deformation stages including elastic and plastic 
bending deformation, membrane stretching, plastic instability, and fracture. Furthermore, the experimental data lies between 
the curve H = 2500 and H = 4500 (see Fig. 3). It is worth noting that better prediction can be achieved by calibrating the 
hardening slope, H. 

 
Figure 3: Comparison of load-displacement curve between experiment and FE. 

 
Fig. 4 illustrates the deformation response under different hardening slopes and friction. Note that the curve is plotted up 
to 20 % force drop, which represents the failure point [1]. In general, the material exhibits a higher maximum load at higher 
hardening, H. This implies an increase in material resistance against deformation. This is due to the phenomenon that the 
dislocation density increases, and interactions between dislocations result in a higher stress required for further plastic 
deformation, leading to an increase in the material's strength and hardness. As shown in Fig. 4, both upper and lower node 
displacements are plotted to investigate the thinning of the material. The upper node (UN) and lower node (LN) at 
specimen’s center which the displacement data is extracted are illustrated in Fig. 5. Thinning is then estimated using Eqn. 
(1). Thinning is observed to occur instantly as the load is applied and this process increases steadily up to fracture. Due to 
the thinning, less displacement at the lower node compared to the upper node is expected at a similar load level. Interestingly, 
the thinning of the material at maximum force, Tm remains unchanged under variation of H. However, there is evidence 
that thinning at fracture, Tf  is affected by the hardening as shown in Fig. 4(b). Under the presence of friction, insignificant 
thinning at the specimen’s center occurs as the surface friction increases. Considerable thinning is observed under smooth 
or frictionless surfaces. For frictionless surface contact, material slides freely under the application of punch load. In 
contrast, material deformation is restricted under rough surfaces at both contact surfaces i.e., puncher-specimen and die-
specimen, consequently slowing down the thickness reduction rate at the center of the specimen. The thinning at this surface 
condition, is thus negligible (see Fig. 4(c)). However, friction leads to the development of necking at the contact surface 
between punch and specimen and affects the value of total displacement at fracture. Therefore, any attempt to evaluate the 
deformation of the material must consider this phenomenon. Further discussion on this phenomenon will be provided in 
the next section of the article. 
A direct comparison of force-displacement curve between different values of the friction coefficient, ranging from 0 
(frictionless) to 0.7 is shown in Fig. 7. At small punch displacement, the force-displacement curve remains almost identical 
for different µ values until a certain point of approximately 0.75 mm displacement. This is because, at this stage, the 
deformation of the specimen is predominantly controlled by bending and is less influenced by sliding, therefore the 
additional resistance due to friction on the contact surface is negligible. Since the material yield strength is usually estimated 
based on the maximum load during elastic bending, the value is unaffected by the friction. However, as the puncher moves 
further into the specimen, the curve starts to deviate from each other. A higher maximum force value is simulated as the 
friction coefficient increases. This implies the sliding took place and was influenced by the friction. For the case of µ = 0, 
the specimen is free to deform without any constraint in the sliding direction. However, as the value of µ becomes non-
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zero, additional resistance is observed due to friction between the contact surface of puncher-to-specimen and die-to-
specimen.  

 
          (a) 

 

 
   (b) 

 

 
                                                                                            (c) 
 

Figure 4: Effect of plastic hardening on force-displacement curve (a) µ = 0 (frictionless), (b) µ = 0.2 and (c) µ = 0.7 
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Figure 5: Upper and lower nodes in which the nodal displacement is extracted. 

It is also observed in Fig. 6 that µ affects the maximum force. When µ = 0, the simulated maximum force is 1.66 kN, while 
at µ = 0.2 and 0.7, the maximum force increases by approximately 14% and 25%, respectively. It is worth noting that the 
corresponding displacement at maximum force exhibits a similar increasing behaviour. The estimated displacement obtained 
from the simulation is 1.43 mm, 1.57 mm, and 1.64 mm at µ = 0, µ = 0.2 and µ = 0.7, respectively. Furthermore, at higher 
values of µ, a slightly steeper force reduction is observed as the force reaches its maximum value. This is attributed to the 
faster evolution of necking in the material.  

 
Figure 6: Effect of contact friction on displacement response at constant H = 4500. 

 
As observed in the simulation results, the thickness of the specimen gradually decreases under the small punch load. This 
thinning phenomenon is further investigated to evaluate its role in fracture and deformation mechanisms. Fig. 7 shows the 
thinning evolution of the specimen under the influence of friction coefficient. The effect of plastic hardening on the thinning 
process is also included in Fig. 7. Note that upon load application, higher deformation occurs at the center while the value 
remains low at other regions depending on the stress distribution in the specimen. In fact, the upper surface of the specimen 
tends to deform more than the bottom surface. As a result, the reduction of thickness is observed as well as the thinning. 
Thinning can be determined as the displacement difference between the top and bottom surface (of the specimen) in the 
through thickness direction. In the present study, thinning is estimated at the center of the specimen. This point is usually 
used to measure the displacement of the material during experimental work. Additionally, the thinning is also estimated at 
the necking location to better understand its contribution towards fracture.  
As seen in Fig. 7, the specimen with µ = 0 suffers significant thinning at the center position. Up to the fracture point, the 
thickness of this specimen reduces by approximately 72%. At the early stage of elastic and plastic deformation, the rate of 
thinning is low regardless the value of µ. The thinning rate then increases rapidly during the membrane stretching stage for 
µ = 0 and 0.2 (see Fig. 7 and Fig. 8). The thinning process continues at the same rate until fracture for the specimen with µ 
= 0. In contrast, the thinning evolution of the material with µ = 0.7 (see Fig. 9) remains at a lower rate starting from the 
beginning of deformation until fracture. Once the maximum force point is reached, no further thinning is observed for the 
specimen with µ = 0.2 and 0.7. This is due to the necking that developed at the position offset from the specimen center. 
The deformation mostly occurred at the necking area. and other locations remain undeformed. Therefore, no further 
thinning progress is observed at the center. The friction caused additional slipping constraints at the parallel plane of the 
contact surface. As a result, the specimen with higher µ yields the lowest thinning. It is found that the percentage of thinning 
for µ = 0.2 and 0.7 are 42% and 10%, respectively.  
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The close-up of the small deformation region of the SP specimen is also drawn in Figs. 7 to 9. The figure indicates material 
thinning at the same rate until approximately 450 N punch load. At this stage, material deforms elastically. Depending on 
various intercept techniques [13] it has been reported that the yield load of P91 steel material lies at approximately 250 - 
450N. Note that the yield strength of the specimen is usually estimated using the yield load value during elastic deformation 
stage. As the thinning during the elastic deformation remains constant regardless of the magnitude of friction and hardening, 
therefore, this observation is also valid for the yield strength. However, as the material deforms plastically, the data of 
thinning start to deviate from each other. This behaviour continues until the fracture point. The ultimate tensile strength 
value, which is usually derived based on the maximum load at the onset of tensile stability stage, may be affected by friction. 
Furthermore, it is also observed that the magnitude of plastic hardening mostly affects the thinning process during 
membrane stretching and plastic instability regions. 
 

 
 

Figure 7: Effect of hardening on thinning at constant μ = 0. 
 

Fig. 8 illustrates the graph of thinning against punch displacement for μ = 0.2 under the influence of plastic hardening. At 
the beginning of deformation, approximately between 0 mm and 0.04 mm, the material deforms in an elastic manner. No 
significant thinning is evident, similar to the case with a frictionless surface. As the deformation progresses further, between 
0.04 mm and 0.5 mm, the plastic bending region initiates. Here, thinning continues to develop slowly but at a constante 
rate. Once punch reaches 0.5 mm to 1.1 mm displacement, the membrane stretching region begins. Thinning starts to 
increase more noticeably as the punch moves further. At this stage, thinning reaches its maximum value. As the punch goes 
beyond 1.1 mm, the plastic instability region initiates, and the thinning remains at its maximum value. As the deformation 
progresses, necking starts to initiate, and eventually the material breaks apart. Clearly, thinning increases with hardening, 
and its influence is obvious in the membrane stretching and plastic instability region. 

 

 
 

Figure 8: Effect of hardening on thinning at constant μ = 0.2. 
 

Fig. 9 shows the graph of thinning against punch displacement at a friction coefficient of 0.7 under varying hardening slope. 
In the elastic region (0 mm to 0.04 mm punch displacement), thinning is very minimal, at around 0.02 mm. In the plastic 
bending region (0.04–0.6 mm punch displacement), thinning slightly increases, however, the impact is somewhat negligible. 
A similar trend is evidenced during the membrane stretching region (0.6 to 1 mm punch displacement). Furthermore, it is 
also found that thinning behaviour follows the same trajectory from H = 0 to H = 6500. This trend can also be true in 
plastic instability and fracture zones. Observation from Fig. 7, Fig. 8, and Fig. 9 indicate that increase in hardening slope 
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leads to a higher thinning value, particularly during membrane stretching and plastic instability regions. Under the presence 
of friction, the thinning at the center of specimen reduced according to the friction level. In Fig. 10, thinning is plotted 
against punch force at a constant hardening slope of H = 4500 and varying friction coefficient. During the initial 
deformation stage, the thinning has a linear relationship with punch force. However, the increase in thinning is very minimal. 
For instance, when punch force increased up to 450 N the thinning increased just to 0.025 mm. The thinning rate then 
remains constant up to 1000 N. Further to this point, there is a significant rise in thinning until reaching the maximum load. 
The overall thinning behaviour is similar across all friction coefficients; however, specimens with lower friction or 
frictionless conditions exhibit a more significant reduction in thickness compared to those with higher friction. However, it 
is worth noting that using the current approach, the results obtained may over-/underestimate the thinning value during the 
final deformation stages of necking due to numerical regularization of axisymmetric model. 

 
Figure 9: Effect of hardening on thinning at constant μ = 0.7. 

 

                            
 

Figure 10: Evolution of thinning under the influence of friction at constant H = 4500: (a) full view and (b) close up at initial deformation 
stage. 

 
Fig. 11 shows the evolution of deformation and thinning of specimen under small punch test. Here, the value of hardening 
parameter, H is 2500 and the friction coefficient between punch and specimen and die and specimen is zero. The image 
denotes the end of each deformation zone. Initially, the specimen deforms elastically, with both upper and lower surfaces 
showing small deformation, and thinning is not clearly observed. As the puncher further moves towards the specimen, local 
deformation occurs at the contact region between the sample and punch. Both upper and lower surfaces deform at almost 
similar rates. Under the membrane stretching deformation, the upper and lower surfaces at the contact region deform 
differently, possibly due to the variation of material constraint throughout the specimen’s thickness. Thinning is observed 
particularly at the contact region. A similar observation is also found during the plastic instability region. In this zone, 
thinning significantly occurs and leads to final fracture of the specimen. With friction-free surface, the fracture is predicted 
to occur at the centre of the specimen.  Fig. 12 shows an illustration of the direction of stress that controls the deformation 
and thinning. 
 

 
(a) 

(b) 
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Figure 11: Evolution of deformation when friction coefficient, μ = 0. 
 

 
Figure 12: An illustration of the direction of the stress-controlled deformation with µ = 0. 

 
Fig. 13 displays the evolution of deformation at different zones under the influence of surface contact friction. The 
hardening slope of the material and friction coefficient are 2500 and 0.2, respectively. The deformation shape of the 
specimen at the end of each distinct deformation zone is presented. In the first two deformation zones, the specimen’s 
deformation remains similar to the case with no friction, with insignificant thinning observed. However, as the deformation 
enters zone III of membrane stretching, the thinning rate at the specimen’s centre slows down compared to the frictionless 
specimen, while necking develops at a location offset from the centre. The necking becomes significantly exposed in zone 
IV as the puncher moves towards the bottom of lower die. At the centre of the specimen, thinning is still observed, but its 
rate decreases and finally stops before entering zone V of deformation. Due to necking, the load-bearing capacity of the 
material drops, leading to fracture. It is worth highlighting that the contribution of thinning to fracture control diminishes 
as the necking starts to induce in the material.  

  
 

 

  
Figure 13: Evolution of deformation when friction coefficient, μ = 0.2. 
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Fig. 14 illustrates the deformation and necking processes observed for hardening slope H = 2500 and a friction coefficient 
of 0.7. Each image in Fig. 14 indicates the evolution of the specimen’s shape at distinct stage of deformation. Increasing the 
 from 0.2 to 0.7 does not notably change the overall deformation and thinning behaviour of the specimen, except for the 
early development of necking. Due to this reason, the progression of thinning slows down even at an early stage of 
deformation. Thinning at the centre of the specimen remains unchanged until the fracture point. Under  = 0.7, thinning is 
still dominant in the membrane stretching zone, similar to other levels of friction. Fig. 15 displays the direction of stress-
controlled deformation, leading to thinning and material instability of necking. 
 

  
 

 

  
 

Figure 14: Evolution of deformation when friction coefficient, μ = 0.7. 
 

 
Figure 15: An illustration of the direction of stress-controlled deformation with µ = 0.7. 

 
To summarize, at μ = 0, necking does not occur, and thinning progresses from the initial deformation until fracture zone. 
Thinning is more obvious at the contact zone between puncher and the specimen. However, under the presence of friction 
force, necking overrules thinning and is responsible for further deformation behaviour of the material in small punch tests. 
This observation suggests that as the load applies to the specimen, the frictional force obstructs the punch deformation of 
the contact zone. This high frictional force is favoring sticking the punch to the material rather than deforming it, which 
hinders further deformation and promotes additional constraints at the contact areas. As a result, necking is observed at the 
contact region, where the stress difference is high. Chen et al. [25] describe this phenomenon in microstructural scale 
behaviour. They found that the voids and recovered grains align in a certain direction and elongate after achieving maximum 
load.  
Fig. 16 (a) and (b) depict the effect of hardening on thinning at the necking region, with the friction coefficient set at µ=0.2 
and 0.7, respectively. The results clearly show that the thinning behaviour at the fracture point differs from the behaviour 
found at the center of the specimen (see Figs. 7 to 9). Thinning occurs at all deformation stages regardless of the hardening 
slope value. Under perfectly plastic and low hardening conditions, thinning is higher compared to cases with higher 
hardening. Interestingly, this phenomenon is not consistent as deformation progresses.  Higher hardening values yield higher 
thinning at displacement of 1.25 mm and 0.6 mm for µ=0.2 and 0.7, respectively. Comparing Fig. 16 (a) and (b), the presence 
of higher friction drives greater thinning at the necking regions. This observation can be explained based on the necking 
behaviour. As the load continues, the region with the smallest cross-sectional area (the neck) experiences higher stress than 
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the surrounding areas. The higher stress concentration at the necking leads to increased thinning, especially under higher 
friction conditions.  
 

Figure 16: Effect of hardening on thickness reduction at necking region: (a) at μ = 0.2 and (b) μ = 0.7 

Fig. 17 shows the stress distribution on the specimen obtained from FE simulation with different hardening parameters and 
friction coefficient values. The contours are plotted at fracture point, approximately 20 % of the load drop [1]. It is observed 
that the von-Mises stress distribution is almost the same for both H = 2500 and H = 4500. However, the magnitude of 
stress is higher for H = 4500. At the center of the specimen with μ = 0, the stress reached 730 MPa and  
885 MPa for H = 2500 and H = 4500, respectively. The lowest stress occurs at the clamping area, at approximately 500 
MPa, where the material remains elastic.  

 

 

 
Figure 17: von-Mises stress contour: (a - c) H = 2500 and (d - f) H = 4500 
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For the case μ = 0, the stress distribution at the punch area is more uniform. As the friction coefficient on the contact 
surface increases, stress becomes more complex due to the contribution of shear stress along the meridional direction of 
the specimen. Thinning is observed under frictionless conditions at the center of the specimen. As the punch penetrates, it 
stretches and thins the material, consistently reducing the thickness of the specimen, particularly at the center position of 
the indentation. This process continues, causing the cross-sectional area to drop along with the load-bearing capacity of 
material. This behaviour persists up to the fracture point. The fracture occurs at the center of the specimen, which is 
inconsistent with the one found in the experiment [25]. This suggests that friction between the puncher/specimen and 
die/specimen existed and significantly influenced the fracture behaviour. In contrast, the specimen with contact friction 
exhibits different behaviour. Friction caused additional resistance to deformation in the meridional direction from both 
contact regions of puncher and dies. Consequently, necking is observed, and the effect becomes more pronounced as the 
friction increases. It is also observed that when friction coefficient is 0.7, the fracture occurs at approximately 45°, measured 
from the vertical (y-axis) of specimen center. This location corresponds to the middle location between puncher edge or the 
boundary between contact-to-non-contact region and specimen’s center. However, when the coefficient reduces to 0.2, this 
angle is simulated to occur at slightly less than 45°. This implies the contribution of prior thinning before the initiation of 
the necking. 
 
 
CONCLUSION 
 

he influence of plastic hardening and surface contact friction on the deformation response of materials under small-
punch load has been studied. The role of thinning in determining the overall deformation and fracture behaviour is 
also discussed. It is found that plastic hardening insignificantly controls the thinning process but adds internal 

resistance to the deformation. Consequently, a higher maximum load is observed in the force-displacement curve of the 
small-punch test. In contrast, surface contact friction controls the thinning process and deformation of the material, 
particularly at low friction values. Furthermore, it is observed that thinning is dominant during the membrane stretching 
and plastic instability stage of deformation. Due to additional force induced by friction, necking initiates at the contact 
surface between the punch and the specimen, offset from the center point. This necking slows down the progression of 
thinning at the center of the specimen, resulting in a lower thinning value. Furthermore, the thinning evolution is found to 
behave differently depending on the specific location of the specimen. This discrepancy is due to the complex stress 
distribution and the influence of the necking on the adjacent area. Clearly, the common practice of deformation 
measurement at the center bottom surface of the specimen leads to errors when thinning is present.  
The use of axisymmetric modeling in this study, while computationally efficient, introduces inherent limitations in 
representing non-axisymmetric behaviors. As mentioned earlier, these limitations may influence the accuracy of the results, 
particularly during the last stages of deformation. Despite this, the findings provide novel insight into the mechanics of 
small punch test by addressing the interdependence of plastic hardening, surface friction, and thinning behaviour.  To 
further validate the current simplified axisymmetric model, future work should incorporate a 3-dimensional (3D) modeling 
approach that could minimize the limitation of axis-symmetric space due to numerical regularization and provide realistic 
modeling particularly during necking. 
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