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Abstract 
Validating alternative techniques for accurately determining true mechanical 
properties—particularly yield stress, which cannot be reliably derived from 
hardness testing—remains a significant challenge. In this work, we investigate 
the anisotropy of the mechanical properties of the CMSX-6 Ni-base super-
alloy single crystal using both the Profilometry-based Indentation Plastom-
etry (PIP) and the Small Punch Test (SPT). The obtained results are compared 
with each other and with values reported in the literature. This study examines 
the complex interpretation of mechanical property data obtained from three 
experimental approaches and explores how these results can be correlated. 
One of the main challenges addressed is the characterization of a highly ani-
sotropic material—a nickel-based single crystal—in its three principal crystal-
lographic orientations, <001>, <101>, and <111>, to assess the accuracy of the 
employed techniques. The results demonstrate that the combined use of the 
PIP and SPT methods provides consistent and reliable measurements, with an 
estimated deviation of less than 12% in the yield stress obtained. 
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1. Introduction 

Over the past two decades, the need to simplify the testing of mechanical proper-
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ties in metals has become increasingly important—particularly for acceptance 
processes, post-service life assessment, irradiated materials, and additively manu-
factured components. Validating alternative techniques to accurately determine 
true mechanical properties—especially yield stress, which cannot be reliably ob-
tained from hardness testing—remains a significant challenge. The initial motiva-
tion for developing small specimen testing arose at the beginning of the 1980s in 
the nuclear industry, due to the limited number of irradiated standard specimens 
[1]. Small specimens could be extracted from the fragments of the already tested 
standard specimens in such a way that properties can be compared and evaluated. 
(SPT)/Ball Punch Test (BPT) [2] [3] or Disk Bend Test (DBT) [1], as well as Shear 
Punch Test [4]-[8] and others, are techniques developed to characterize the me-
chanical behavior of small or thin specimens. The SPT concept involves two dies 
clamping a thin sample foil, typically around half a millimeter thick, while a hard 
ball presses against it, deforming it into a spherical shape until failure occurs. The 
displacement of the hard ball during thin foil deformation under increasing load 
is plotted concurrently, up to the point at which the load drops because of foil sam-
ple failure. Different empirical correlation functions were used to extract the main 
mechanical values, such as yield and ultimate stress, from the SPT plot described 
above. It is possible to consider that the best estimation for the yield and ultimate 
stress can be obtained by [9]: 
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where σy is the yield stress, Fe is the applied load in the bending assumed as a metal 
yield, σUTS is the ultimate tensile stress, and Fmax is the maximum applied load in the 
plot. Here, δm is the maximal punch deflection at maximal load and t is the thick-
ness of the sample. The coefficients α1 and α2 provide a good approximation for 
the yield stress and β1 and β2 are the ultimate tensile stress of many of the tested 
materials.  

Finite element simulations of the SPT were used to understand the sensitivity 
of the specimen thickness variations [2]. A review and assessment of the ongoing 
development of the Small Punch Test (SPT) highlights its strengths and existing 
knowledge gaps and emphasizes the need for further optimization and standardi-
zation to enhance its effectiveness in characterizing the mechanical properties of 
materials [10]. 

On the other hand, a highly advanced technique known as Profilometry-based 
Indentation Plastometer (PIP) utilizes the pile-up deformation produced by a ball 
indentation to extract tensile stress-strain characteristics. The PIP method involves 
measuring the full indentation profile and applying automated, iterative Finite El-
ement Modeling (FEM) to simulate the indentation process, enabling the accurate 
determination of the complete true stress-strain curve. Southern et al. [11] exam-
ine the application of various approaches to different alloys, comparing the inferred 
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stress-strain characteristics with those obtained through tensile testing. The study 
offers insights into the contrasting levels of detail and reliability provided by each 
method. In their work, they conclude that the Ultimate Tensile Strength (UTS) is 
a nominal stress value meaningful only within the context of uniaxial tensile test-
ing. While it may correlate with Brinell hardness in some cases, it provides no 
information about the onset of yielding or any characteristics of the true stress-
strain curve. In mechanical engineering, one of the most critical material proper-
ties is the yield stress. This value is essential for predicting how components or 
structures will respond to loading conditions that may lead to inelastic (plastic) de-
formation. The proposed PIP technique leverages the complete indentation pro-
file, which contains detailed quantitative information about work hardening be-
havior influenced by the yield stress. Using iterative FEM simulation, the yield stress 
and other stress-strain curve properties can be automatically extracted from this 
profile [11]. CORSICA, a software developed by Plastometrex© (Cambridge, Eng-
land), is used to calculate stress-strain curves from indentation test data collected 
using the Indentation Plastometer©. It employs an accelerated inverse finite ele-
ment method to rapidly and accurately extract material properties. The software 
outputs both true and nominal (engineering) stress-strain curves and infers key 
plasticity parameters, including yield stress, Ultimate Tensile Strength (UTS), uni-
form elongation strain, and strain hardening behavior, which is characterized us-
ing the Voce hardening law [12]. One disadvantage of the PIP is that the indenta-
tion occurs in a very small region of the sample, involving only a limited number 
of grains beneath the indenter. In some cases, the interface may lie within a single 
grain. When this happens, the anisotropy of the crystallographic structure can sig-
nificantly affect the accuracy of the results. In contrast, anisotropy effects are not 
expected in the Small Punch Test (SPT), as a much larger number of grains are in-
volved in the deformation process. 

In the present work, we examine the anisotropy of the mechanical properties of 
the CMSX-6 Ni-base single-crystal superalloy using both the Profilometer Inden-
tation Plastometer (PIP) and the Small Punch Test (SPT), and we compare the re-
sults obtained from these techniques. The main contribution of this study is the use 
of PIP-derived data to calibrate the empirical correlation used in SPT analysis by 
exploiting the intrinsic anisotropy of a single-crystal metal. 

2. Experimental 

A single-crystal Ni-based CMSX-6 superalloy rod was grown using an ALD direc-
tional solidification furnace along the <001> direction, with an orientation accu-
racy better than 10 degrees. The 12 mm rod was sectioned into flat samples with 
a thickness of 0.7 mm along the <001>, <011>, and <111> crystallographic direc-
tions, as shown in Figure 1. These samples were polished using 600-grit silicon 
carbide abrasive paper and prepared for Small Punch Testing (SPT). Additionally, 
three separate samples with a thickness greater than 3 mm were prepared for PIP. 
To ensure reliable results, at least three indentations were carried out and the val-
ues were averaged using the PIP technique. The SPT experiments were conducted 

https://doi.org/10.4236/jmmce.2026.141002


D. Moreno et al. 
 

 

DOI: 10.4236/jmmce.2026.141002 18 J. Minerals and Materials Characterization and Engineering 
 

using a custom-designed puncher equipped with a 4.763 mm diameter chromium 
steel (AISI 52100) ball, as shown in Figure 2. The load was applied using a stand-
ard Instron testing machine operating in stroke-controlled mode. Load-displace-
ment data were acquired automatically, and the resulting data were analyzed ac-
cording to the methodology reported in ref. [2] [13]. The PIP test was conducted 
using a PLX-Benchtop device, a commercially available system that employs a Pro-
filometry-based Indentation Plastometer (PIP), as shown in Figure 3, to generate 
the stress-strain behavior of the samples. 
 

 

Figure 1. The cut CMSX-6 single crystal rod after cut at <001>, <011> and 
<111> crystallographic directions and cold mount of cut samples for the 
PIP test (a), slide examples for the STP (b), and metallographic microstruc-
ture of the sample at 3 crystallographic direction, respectively (c). 

 

 

Figure 2. SPT device: (a) Schematic concept punch, (b) the punch used 
(the ball signed by an arrow), and (c) the measurement configuration un-
der the load machine and the attached extensometer. 
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Figure 3. PLX-Benchtop device, a commercially available system that employs a Pro-
filometry-based Indentation Plastometer (PIP) [11] [12]. 

3. Results 

A representative displacement–load curve corresponding to the punch deflection 
obtained from the SPT is shown in Figure 4. The empirical procedure used to de-
termine the yield load and maximum load from each plot follows the methodology 
described in [13]. Two sets of data were used for the empirical forced correlations 
to establish the α and β coefficients: one set derived from literature data, and an-
other obtained using the PIP technique in this study. The coefficients determined 
in this work were obtained by correlating the calculated Fe/t2 and Fmax/t × δ experi-
mental values with the corresponding σyield and σUTS values, obtained either from 
the literature or from PIP experiments, respectively. This forced graphical corre-
lation—from smaller to larger values—assumes the existence of a valid empirical 
relationship, although it is not necessarily a direct mathematical one. The slopes 
of the forced linear regressions, adapted to the reported values in [14]-[17] for the 
first dataset and to the PIP data for the second, are shown in Figures 5-8. The α and 
β coefficients were extracted by linear regression, respectively. Using these coeffi-
cients, the yield stress and ultimate tensile stress for each crystallographic direction 
were calculated according to Equations (1) and (2), and the results are summarized 
in Table 1. For comparison, the PIP results obtained from samples prepared from 
the same rod and crystallographic directions as those used in the SPT, along with 
equivalent values reported in [14] [15] [17], are also summarized in Table 1. Frac-
tographic analysis of the punched samples in each crystallographic direction was 
carried out using Scanning Electron Microscopy (SEM), and the results are presented 
in Figure 9. The micrographs reveal the presence of multiple slip planes associated 
with the [111] <101> slip system, characteristic of the FCC phase of the Ni-base 
single crystal. This multi-slip deformation is particularly evident in the [111] sam-
ple, as shown in Figure 9(c), and is also observed in the [101] sample, shown in 
Figure 9(b). 
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Figure 4. Left, displacement vs. load obtained the SPT technique and, right, the Fe load obtained by the t/10 shifted line parallel to 
the elastic range in displacement vs. load curve. 

 

 

Figure 5. The α coefficients were determined from the empirical slope of the linear regression of Fe/t2, forced to be adapted to the 
σyield reported elsewhere [14]-[17]. Fe is the yield load from the SPT curve, and t is the sample thickness. The regression analysis yielded 
a value of α1 = 0.1647, α2 = 537. 
 

 

Figure 6. The β coefficients were determined from the empirical slope of the linear regression of Fe/t2, forced to be adapted to the 
σUTS reported elsewhere [13]-[16]. Fe is the yield load from the SPT curve, and t is the sample thickness. The regression analysis yielded 
a value of β1 = 0.0955, β2 = 600. 
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Figure 7. The α coefficients were determined from the empirical slope of the linear regression of Fe/t2, forced to 
be adapted to the σyield obtained by the PIP experiments in this work. Fe is the yield load from the SPT curve, and t 
is the sample thickness. The regression analysis yielded a value of α1 = 0.2033, α2 = 433 (The square boxes show 
the yield obtained by PIP for each direction). 

 

 

Figure 8. The β₁ coefficient was determined from the empirical slope of the linear regression of Fe/t2, forced to 
be adapted to the σUTS obtained by the PIP experiments in this work. Fe is the yield load from the SPT curve, and 
t is the sample thickness. The regression analysis yielded a value of β1 = 0.0394, β2 = 946 (The square boxes show 
the UTS obtained by PIP for each direction).  

 
Table 1. Summarized yield stresses and UTS for each crystallographic direction, obtained by SPT, PIP and standard tests. 

Orientation 

SPT α1=0.1647, α2 = 535 
(R2 = 0.8908) 

β1 = 0.0955, β2 = 600 
(R2 = 0.8563) 

[13]-[16] 

SPT α1 = 0.203, α2 = 432 
(R2 = 0.8036) 

β1 = 0.0394, β2 = 946 
(R2 = 0.8563) 

based on PIP in this work 

PIP 
Standard 

Stress-Strain 
[13] [14] 

Higher to 
 ∆% 

Lower 
Remarks 

Properties 
Syield  

[MPa] 
SUTS  

[MPa] 
Syield  

[MPa] 
SUTS  

[MPa] 
Syield 

[MPa] 
SUTS 

[MPa] 
Syield 

[MPa] 
SUTS 

[MPa] 
SUTS 

[MPa] 
 

<001> 928 ± 22 1060 ± 43 917 ± 27* 1135 ± 18* 889** 1117** 
847+ 

835++ 
905+ 

1220++ 
1135 ± 18* 

3 - 5 tests* 
Average of 

3 tests** 
CMSX6+ [13] 

N4++ [14] 

<011> 863 ± 14 1012 ± 46 839 ± 18* 1116 ± 19* 859** 1121** 840++ 850++ 1116 ± 19* 

<111> 1006 ± 20 1109 ± 50 1015 ± 24* 1155 ± 20* 1020** 1117** 1220++ 1600++ 1155 ± 20* 

The symbol * for the YIELD stresses and UTS stresses, said that the value was obtained by 3 up to 5 reported experiments presented 
with the standard deviation of them. The symbol ** as well, but the average was presented. Symbol + are singular reported values 
obtained from ref. [13] and symbol ++ from ref. [14] 

https://doi.org/10.4236/jmmce.2026.141002


D. Moreno et al. 
 

 

DOI: 10.4236/jmmce.2026.141002 22 J. Minerals and Materials Characterization and Engineering 
 

 

 

Figure 9. SEM images of cracks formed during SPT failure after application of the maximum load (Fmax) for sam-
ples oriented along (a) [001], (b) [101], and (c) [111], all shown at the same magnification. Pronounced slip planes 
are observed in the [101] and [111] orientations. 

4. Discussion 

The present work investigates the complex interpretation of mechanical property 
data obtained from three experimental modes and explores how these results can 
be correlated with one another. Standard alloy data sheets and previously pub-
lished reports were used as primary references for establishing these correlations. 
In many cases—particularly when the material is unknown, it has undergone met-
allurgical changes, or has been subjected to long-term service—performing a stand-
ard tensile test becomes impossible due to the insufficient amount of material 
available to prepare a standard specimen. The newly developed Profilometry-based 
Indentation Plastometry (PIP) technique offers a valuable alternative in such sit-
uations, provided that the sample has a minimum thickness of 3 mm and that 
sufficient material is available. In many situations, this is not the case. Often, we 
only have a thin piece of metal (such as blades), which makes the use of the PIP 
technique impractical. In such cases, the STP technique can be applied instead. 
Although this method does not provide yield or Ultimate Tensile Strength (UTS) 
values, it can still produce results that are useful for comparison with similar spec-
imens tested in the standard metallurgical condition. Despite the standard tensile 
test, both the PIP and SPT techniques have certain limitations related to factors 
such as the number of grains within the indented zone, material anisotropy, multi-
axial stresses and strains, and geometric constraints like minimum sample thick-
ness. The PIP test, which typically uses a 0.5 - 1 mm ball diameter, probes a very 
small region—sometimes encompassing only a single grain. In contrast, the SPT 
technique offers an advantage when characterizing thin foils, as the tested area 
includes a larger number of grains, providing more representative results. Never-
theless, in this work, we eliminate grain‐boundary effects by using single-crystal 
samples of different orientations, allowing us to highlight the intrinsic anisotropy 
of the mechanical properties in each direction. Both techniques, PIP and SPT, are 
not included in the world standards and are not widely recommended for use 
when sufficient material is available to prepare standard samples and when there 
is enough time to fully characterize the metal. Instead, they are typically applied 
only when such options are not available. Another noteworthy application is in 
the characterization of anisotropy in additively manufactured metals [18]. One of 
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the main challenges of the present work is to characterize a highly anisotropic 
material—specifically, a nickel-based single crystal—in its three principal orien-
tations <001>, <101> and <111>. The goal is to investigate how the mechanical 
properties of the same metal vary with orientation, to assess the sensitivity of the 
applied characterization techniques. In this case, the effect of grain boundaries is 
neglected; however, as expected, consistent variations in yield stress and Ultimate 
Tensile Strength (UTS) are observed depending on the crystallographic orienta-
tion. This sensitivity demonstrates that the applied techniques are suitable for 
characterizing additively manufactured materials using very small samples, pro-
vided that proper calibration is performed through a reliable correlation of re-
sults to obtain the α and β coefficients required for production quality control 
and repeatability. The results presented in Table 1 show fair agreement among 
the three techniques, even though the comparison was based on a forced corre-
lation between the values obtained through empirical regression. In some cases, 
the ultimate stresses reported in other sources are excessively high and widely 
scattered, preventing an accurate calculation of the deviation. These variations 
in the reported values can be attributed to differences in the metallurgical con-
dition of the samples, which limit direct comparison with the results obtained 
in this work. Nevertheless, from an engineering perspective, the most critical 
parameter is the yield stress as mentioned above. In this study, a deviation of 
approximately 10% was achieved using the PIP empirical correlation. The in-
dependent correlation presented in Table 1 between the results obtained using 
the PIP technique—performed on the same rod, material, and orientation as 
the SPT measurements—and those derived from data sheets and reports, pro-
vides strong confidence in the combined use of PIP and SPT methods. This 
combined approach has proven to be highly valuable from a technological stand-
point, particularly in cases where PIP and SPT are the only feasible techniques 
for determining the yield stress when standard tensile testing cannot be per-
formed. 

5. Conclusions 

In the present work, the SPT technique was used to estimate the yield stress and 
UTS of an anisotropic Ni-based single crystal in the three principal orientations 
<001>, <101>, and <111>, showing trends consistent with well-established results 
reported in the literature. 

The SPT technique is not an independent technique and forced empirical regres-
sion with results obtained somewhere else is needed.  

Empirical regression by using PIP results presents good agreement and α and β 
coefficients can be subtracted from the forced empirical correlation that can be used 
for future SPT measurements in similar materials. 
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