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Abstract: As a commonly used material in the petrochemical, nuclear and aerospace fields, Inconel
625 has excellent strength and corrosion resistance. The accurate evaluation of material properties
with small specimen volume is of great significance to ensure in-service equipment safety. To realize
reasonable estimations of tensile strength based on the small punch test, load—displacement and
slope-displacement curves of Inconel 625 were discussed in this study. The results prove that the first
inflexion point can be used in the yield strength analysis based on the empirical correlation method
and plate bend theory. Meanwhile, the lowest point of the elastic and plastic deformation stages in the
slope-displacement curves were compared. A new deformation energy method was established to
realize yield strength estimations. To analyze the ultimate tensile strength, a small punch deformation
feature was discussed based on the geometric deformation model and microstructure analysis. The
relationship between stress and displacement was obtained. F;,/d;;ty was proven to be a more
appropriate parameter in ultimate tensile strength estimations.
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1. Introduction

Tensile properties of materials are fundamental parameters when estimating the
strength degradation and structural integrity of practical facilities. In recent years, many
works have been made to analyze material properties— based on miniaturized speci-
mens [1,2]. Small material requirement means that miniature tests can be applied in
mechanical properties analysis during the service lives of components. Meanwhile, they
are applicable to degradation evaluations of uniform damage regions and local structures,
such as welded joints and hydrogen embrittlement material [3]. Take the small punch test,
for example, which permits a specimen thickness of about 0.5 mm [4]. The diameter of
circular specimens or the side length of square specimens utilized is generally not greater
than 10 mm [5]. Meanwhile, the feasibility of small punch analysis has been demonstrated
in different temperature environments to obtain creep and low temperature strengths [6,7].
Due to this advantage, how to estimate material properties using the small punch test with
small specimen volumes instead of traditional tests has attracted more and more attention.

Different to the stress—strain curve obtained from uniaxial tensile tests, the output of
the small punch test is a load—displacement curve. Thus, small punch results should be
further processed to realize materials properties” estimations [8,9]. The most widely used
method is the empirical correlation method [10]. Based on the deformation feature and load-
displacement curve analysis, a lot of empirical correlations have been established between
small punch load parameters and tensile properties [11,12]. As shown in Figure 1, the initial
slope of the elastic zone (S,), yield load (F,), maximum load (Fy,) and the displacement
corresponding to the maximum load (d;;) are obtained in load-displacement curves. The
traditional empirical correlations can be expressed as follow [13,14]:

E= a1? 1)
0
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where E is the elastic modulus, oy, is the yield strength, 0y is the ultimate tensile strength, A
is the elongation, tj is the initial specimen thickness, and a1, a, a3, a4 and as are coefficients
related to the material and fixture sizes. Yet, it is worth noting that the demarcation point of
elastic deformation and plastic deformation phases is not obvious due to the non-uniform
deformation characteristics. Thus, how to determine yield load has always been the focus
of attention in previous studies. The crossing point of two tangents (or two fitted lines)
of elastic and plastic stages was defined as yield load (Fy.p140) [15]. The small punch load
corresponding to the displacement of a crossing point has also been used (Fy.cpn) [16].
Some researchers drew a straight line parallel to the initial slope of the elastic region through
a point at the x-axis such as /10 and t7/100. The crossing point of the small punch curve
and straight line was defined as yield load (Fy.;/19 or Fy.¢/100) [17]. Jose Calaf-Chica et al.
pointed out that the influence of strain hardening should not be ignored in the traditional
yield load analysis [18]. Thus, an optimized offset correlation method was proposed based
on the minimum slope of the small punch plastic deformation region [19]. Different to
yield load, the maximum load of a load—displacement curve is easy to determine. Thus, it is
widely used in ultimate tensile strength analysis. Considering that the distribution of stress
and strain is not uniform during the small punch deformation, Altstadt et al. believed
that small punch load parameters at the onset of plastic instability were also suitable for
estimating ultimate tensile strength [20].
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Figure 1. Small punch parameters obtained from load—displacement curve.

Based on the deformation feature analysis of small punch specimens, some direct
calculation methods were also proposed in previous studies. Isselin and Shoji found that
small punch elastic energy was proportional to the square of yield strength. Thus, an
energy method was proposed based on the elastic energy determined by loading and
unloading processes [21]. With the development of computer technology in recent years,
finite element simulation has been gradually used in small punch deformation analyses and
tensile properties prediction [22]. Husain et al. compared the experimental and simulation
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load—displacement curves to describe the constitutive materials behavior by inverse finite
element procedures [23]. Pan et al. realized the prediction of Hollomon parameters and
ultimate tensile strength by different machine learning models [24].

Compared with other methods, the advantages of the empirical correlation method
are its simplicity and convenience. Thus, it has drawn lots of attention. However, as
material changes, the fitting coefficients may change with it. The applicability of the
fitting formula needs to be improved based on a large number of experimental data. As a
typical nickel-based alloy, Inconel 625 is widely used in aerospace, petrochemical, nuclear
power and other fields due to its excellent strength at high temperature and in corrosive
environments. However, it is not clear whether previous relationships can be used in the
tensile strength estimation of Inconel 625 directly. A similar issue is also found in machine
learning. Data volume is a key role which can affect prediction accuracy. In this study,
the load parameters and deformation energy of Inconel 625 were discussed. A tensile
strength evaluation method based on the small punch test was established. The results may
provide a reference for the in-service properties and fracture feature analysis of Inconel 625
in practical engineering.

2. Experimental

In this study, all experimental materials were taken from the same alloy plate with
12 mm in thickness. The microstructure of Inconel 625 used here is shown in Figure 2. The
geometrical shape and size of the specimens are shown in Figure 3. It is easy to find that
the volume and size of a small punch specimen is far smaller than that of traditional tensile
specimens. Before the test, the surfaces of small punch and tensile specimens were sanded
by abrasive papers with various degrees of roughness firstly. When the specimen thickness
was close to the set value, the surfaces were further polished by metallographic sandpaper
to avoid surface effects.

} l100 qu

Figure 2. Microstructure of Inconel 625.

Because of the small thickness, size effect can not be neglected in the small punch
analysis. Thus, several small punch specimens with different thicknesses from 0.4 mm to
0.65 mm were used here. The schematic diagram of a self-designed small punch fixture
is shown in Figure 4. The diameter of the lower die hole was 4 mm. In the experimental
preparation process, the specimen was clamped between the upper die and lower die.
Then, the fixture was installed on an Instron 5869 universal testing machine. During the
test, the load was transferred onto the specimen by a hemispherical punch that was 2.4 mm
in diameter. Along with the increase in deformation, load and displacement data were
recorded up to failure, which was indicated by an obvious drop in the load. In addition to
the small punch fracture test, interrupted test was also completed here to obtain the small
punch deformation feature at different displacements. Finally, the interrupted and failure
specimens were cut along the center line and observed by a scanning electron microscope.
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Figure 3. Schematic diagram of small punch specimen and uniaxial tensile specimen.
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Figure 4. Schematic diagram of small punch fixture.

To obtain the tensile properties of Inconel 625 and verify the analysis results of the
small punch test, tensile tests were also completed on the Instron 5869 universal testing
machine. As described above, the specimens were polished to ensure that the thickness in
the gauge length was uniform. Then, one side of the tensile specimen was fixed and the
other side was stretched. An extensometer was used to measure the strain in the stretching
direction and obtain the stress—strain curves. The tensile rate of the uniaxial specimen
was 1 mm/min. Meanwhile, three displacement rates (0.05 mm/min, 0.25 mm/min and
0.5 mm/min) were selected in the small punch test to discuss the effect of the deformation
rate on the tensile strength estimation method.

3. Tensile Strength Estimation Based on Characteristic Load
3.1. Yield Strength Estimation Based on the First Inflection Point

The small punch and uniaxial tensile results of Inconel 625 are shown in Figure 5. In
the initial stage, elastic deformation is produced during the contact process of the specimen
and the punch. Similar to the stress—strain curves, the load—displacement curve is also a
straight line at this stage. Thus, this stage is widely defined as the elastic deformation stage.
With the increase in deformation, plastic deformation occurs in different areas. The slope of
the load—displacement curve changes gradually in this stage. The remarkable thing is that
the yield platform cannot be found in the small punch curve even if the uniaxial tensile
curve has this characteristic. Then, the small punch deformation enters the membrane
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stretching stage with the increase in displacement. Different to the hardening stage of the
uniaxial tensile curve, the membrane stretching stage of the load-displacement curves
is an approximate line. It is hard to calculate the strain hardening parameters directly
based on small punch characteristic parameters using the empirical correlation method. On
approaching the highest point, the slope decreases gradually. At this stage, a crack grows
along with apparent necking phenomenon. Finally, failure of specimen happens when the
small punch load declines from the maximum value. It should be noted that the rate of
decline may change with thickness and material characteristics. For ductile material such
as Inconel 625, the rate of decline may be slower. Meanwhile, an apparent arc is presented

in the fracture stage.
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Figure 5. Small punch and uniaxial tensile results of Inconel 625 (a) load—-displacement curves with
different displacement rates, (b) load—displacement curves with different specimen thicknesses at
0.5 mm /min, (c) stress-strain curves.
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To estimate the tensile strengths of Inconel 625 reasonably, load—displacement curves
were studied via variations in the deformation rate at room temperature as shown in
Figure 5a. The results indicate that the load—displacement curves with different deformation
rates have a high consistency. This means that there is not an apparent strain rate sensitivity
during the small punch deformation of Inconel 625 at room temperature. The small punch
displacement rate does not play an important role in the tensile strength estimation of
Inconel 625 in this study. On the other hand, small punch tests with different specimen
thicknesses were completed at 0.5 mm/min and are shown in Figure 5b. Different to the
deformation rate, thickness is a key factor that cannot be neglected in the tensile strength
analysis [25]. With the increase in specimen thickness, larger small punch parameters were
obtained along with a higher curve. To describe the influence of specimen thickness clearer,
small punch characteristic parameters obtained in the load—displacement curves were
compared here. The evolutions of Fy.cen, Fy+/100 and F,; along with the change in thickness
are shown in Figure 6a. Different to Fy,.cen and Fy, /100, Fy; is the load corresponding to the
first inflexion point obtained in the elastic deformation stage. Thus, the advantage of the
first inflexion method is that it is less affected by strain hardening parameters.
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Figure 6. The relationship between small punch characteristic parameters and specimen thickness
(@) Fycen, Fyoty100 and Fyi, (b) Fy-cen/to?, Fye100/t0® and Fy /o2

As shown in Figure 6a, the yield load increases with increasing specimen thickness.
This is because this yielding process first happens in the upper surface [26]. With the
increase in the small punch displacement, the yield area grows. A larger load is needed to
make the lower surface of the specimen yield when specimen thickness increases. Consid-
ering the influence of specimen thickness, Fy_CEN/toz, Fy_t/l(]o/toz and Fy_i/ifo2 are compared
in Figure 6b. It can be found that there is not a significant change in Py_CEN/tOZ, Fy-t/loo/to2
and 1—"y_i/1f02 with increasing thickness. The ratio of yield load and initial specimen thickness
is an approximate constant. This means that the ratio of yield load and the square of the
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initial specimen thickness can be used to estimate the yield strength of Inconel 625 based
on the empirical correlation method.

The other notable thing is that the there is a significant difference between the yield
loads obtained by different methods. This is because that small punch deformation is a
non-uniform process. The stress at different deformation regions will not reach yield values
at the same time. This is also one reason that part of the small punch yield load cannot
be used in theoretical models to calculate yield strength directly. José Calaf Chica et al.
indicated that yielded areas could be found in the specimen center under punch firstly in
the elastic deformation region [26]. When the yield area grows from the upper surface to
the lower surface along the thickness direction, a complete yielded area in the specimen
center is found. It is important to note that the corresponding location is close to the first
inflection point. Meanwhile, the parameters at the corresponding displacement are mainly
related to yield strength and less affected by strain hardening parameters. Thus, the first
inflection point in the load—displacement curve may be an appropriate parameter used in
yield strength calculations based on empirical correlation and direct calculation methods.
To test the idea, the plate bend theory is used here. In the elastic deformation region, the
variation in specimen thickness is not obvious. Thus, the thickness is assumed to be a
constant and uniform. On the basis of the geometrical shape of the flat circular plate, the
relationship between the equivalent contact radius and displacement can be described
as follows:

Prr(r—d)? =12 (5)

where d is the displacement, r is the ball radius, and 7’ is the equivalent contact radius.
Then, the equivalent contact radius can further be obtained:

' =2rd — &2 (6)

The yield strength calculated by the small punch load is expressed as follows [27]:

_ 3Py—i<1 -+ 1/) In B
27t3 v

)

Oy

where R is the lower hole radius, and v is the Poisson ratio.

Equation (7) shows that the yield strength is proportional to the yield load, which is
also the basis of previous empirical correlation analyses. Based on Equations (6) and (7),
Fy_i/ifo2 was used to calculate the yield strength. The small punch calculated results and
uniaxial tensile results are shown in Figure 7. It is shown that there is a high consistency
between the tensile result and calculated value based on the plate bend theory, which
indicates that the yield load at the first inflection point is suitable to estimate the yield
strength of Inconel 625.
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Figure 7. Calculated results of yield strength based on plate bend theory.
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3.2. Ultimate Tensile Strength Estimation Based on the Maximum Load

The maximum stress of the stress—strain curve is defined as the ultimate tensile strength
of material. Thus, the maximum load at the load-displacement curve is widely used to
estimate the ultimate tensile strength in small punch analysis. As shown in Figure 5b, an
apparent increase in the maximum load is presented with increasing specimen thickness.
A simple linear relationship between F,/F;,.05 and specimen thickness is obtained and
expressed as follows:

Fn/Fyo05 = 2.33t) —0.174 ®)

where F, 5 is the maximum load when the specimen thickness is 0.5 mm. Another concern
is the thickness variation. The deformation feature of small punch specimens at different
displacements is observed by a scanning electron microscope and shown in Figure 8. An
apparent thickness reduction is presented due to large deformations in the membrane
stretching and instability stage. Meanwhile, the necking phenomenon can also be found at
the contact boundary. Finally, failure will happen in this region along with apparent ductile
fracture characteristics. The ductile fracture feature can also be found in the uniaxial tensile
results [28], which proves that the small punch test can be used to estimate the tensile
strength of Inconel 625.

SEl  15kV WD42mm  SS45 SEl  15kV WD40mm  SS45

SEI  15kv WD40mm  SS45 SEI  15kV WD42mm  SS45 x100 100pm  —

Figure 8. Small punch deformation features at different displacements (a) in the membrane stretching
stage (b) at maximum load point, (c) failure specimen, (d) fracture morphology.

Due to the cone feature in the non-contact region, Hyde et al. derived the relation-
ship between current thickness t and deformation angle « based on the constant volume

assumption [29]:
t=ty/V1+1/tan?« 9)

As shown in Figure 9a, the maximum stress 0, at the contact boundary is calculated

as follows:
F V1+1/tan«

~ 2mrtycosa cos &

(10)

Om
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In Equation (10), F is the load. The value of « decreases with the increase in displacement:

R r
d= - 11
tana  sina tr (11)

Based on Equations (10) and (11), the variations in /1 + 1/ tan?a/ cos?« can be
described as shown in Figure 9b. An approximate linear relationship can be found between
V1+1/tan? &/ cos? a and the reciprocal of the maximum displacements along with the
change in specimen thickness. The small deviation is because of the assumption that
uniform thickness is not suitable in the failure stage due to the necking phenomenon. As a
whole, it is seen that that small punch stress is inversely proportional to the displacement
and initial specimen thickness. Thus, the initial specimen thickness and displacement
corresponding to the maximum load should be considered in the ultimate tensile analysis
of Inconel 625. With the increase in the initial specimen thickness, a larger specimen
thickness at the maximum load point is found. Considering the consistency of the unit of
strength and small punch characteristic parameters [30], F;,/d,to and Eu/to? are used, and
the results are shown in Figure 10.

Ball or hemispherical punch |
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3
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e .
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Figure 9. Small punch deformation analysis. (a) Small punch geometric deformation model. (b) The
relationship between /1 + 1/ tan2 a/ cos? « and 1/d.

It can be found that F,,/d,,tg is an approximate constant with the increase in specimen
thickness. By comparison, the apparent change in F,,/ty? is shown in Figure 10, which
proves that F;,/d;,t) is a more suitable choice. In this study, small punch results with four
specimen thicknesses (0.4 mm, 0.45 mm, 0.5 mm, 0.55 mm) were used to establish the
relationship between the ultimate tensile strength and F;,/dt. The fitted result is shown
in Equation (12).

Fin
=0318— 2 12
out = 0.318 It (12)
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Based on Equation (12), the ultimate tensile strength of Inconel 625 can be predicted
by the small punch maximum load and the corresponding displacement. The predicted
results of other small punch results are 892.54 MPa (0.6 mm in thickness) and 860.02 MPa
(0.65 mm in thickness). Compared to the ultimate tensile strength obtained by the uniaxial
tensile test (878 MPa), the error is small. Meanwhile, Equation (12) is also used to estimate
the ultimate tensile strength of Inconel 617 based on our previous experimental results [31].
The predicted value of the small punch results is 843.05 MPa, and the uniaxial tensile result
is 816.67 MPa. It can be found that F;,/d,,ty is an appropriate parameter to estimate the
ultimate tensile strength of a nickel-based alloy at room temperature.

14000 -
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Figure 10. The influence of specimen thickness on F,/d;;ty and Fm/toz.

4. Yield Strength Analysis Based on Deformation Energy

As small punch deformation increases, the area under the load—displacement curve
increases, and a larger deformation energy is obtained. An attempt was made by Singh
et al. to analyze the mechanical strength of Cr—-Mo grade steel based on energy parame-
ters [32]. The deformation energy calculated by area was proven to be closely related to
the mechanical work acting on the specimen and has the potential to estimate material
strength in small punch analysis. Compared to the load method, energy parameters were
less affected by experimental errors such as the small change in the elastic and plastic
deformation curves. However, the yield load point determined by the load method was
also used in the previous research to calculate small punch deformation energy parameters.
The deviation in the yield load analysis will also affect the accuracy of deformation energy
evaluations. To overcome this, a new deformation energy estimated method is proposed in
this section.

In this study, the load—displacement curves are divided into many intervals to calculate
the slope. Each interval contains about fifty data points to avoid the influence of individual
discrete data. When the slope changes rapidly, less data points are contained to guarantee
that the load-displacement curve is an approximate line in this interval. The analysis
result is shown in Figure 11. As a function of displacement, Pandey et al. found that the
slope of load-displacements curve can be divided into four different deformation regions
affected by mechanical behavior [33]. It can be found that a linear decrement appears
in the elastic deformation stage. With the increase in small punch displacement, the
descent rate slows down and an arc curve is presented due to the non-uniform deformation
feature. As the curve enters the plastic deformation stage, the material in the center zone
has yielded. Meanwhile, part of the material not in specimen center is still in the elastic
deformation stage. The lowest point of the elastic and plastic deformation stages in the
slope—displacement curve is obtained. Most of the material in the contact region has
yielded at this time. Beyond this stage, the slope—displacement curve rises slowly along
with the influence of strain hardening and uniform thickness reduction. When thickness
reduction dominates the deformation process, the curve decreases again and reaches zero
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at the displacement corresponding to the maximum load of the load—displacement curve.
This also proves that the load at this point can be used in ultimate tensile estimations as
discussed in the previous section.
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Figure 11. Comparison of load-displacement and slope-displacement curves.

To investigate the influence of specimen thickness, the slope-displacement curves of
Inconel 625 with different thicknesses were studied and are shown in Figure 12. The results
indicate that a higher slope—-displacement curve is obtained with the increase in specimen
thickness. Meanwhile, the displacement corresponding to the zero point increases, as
shown in Figure 13. This is because more mechanical work is needed to make material
yield when thickness increases. Thus, the lowest point of the elastic and plastic deformation
stages in the slope—-displacement curves was found to be an approximate parameter to
estimate the yield strength of Inconel 625. To verify the conclusion, the deformation energy
corresponding to this point (E,) was calculated and is shown in Figure 14a. It is observed
that the deformation energy increases with the increase in specimen thickness. To eliminate
the influence of specimen thickness, the evolution of E, / dyto2 was analyzed and is shown
in Figure 14b. d, is the displacement corresponding to the lowest point in the elastic and
plastic deformation stages. It can be found that there is no apparent change in deformation
energy parameters along with the variation in thickness. Thus, yield strength and small
punch deformation energy parameters with four specimen thicknesses (0.4 mm, 0.45 mm,
0.5 mm, 0.55 mm) were fitted and are listed here:

Ey

o, = 0.391
dyt§

(13)

Based on Equation (13), the calculated results of other small punch deformation energy
parameters are 498.90 MPa (specimen thickness is 0.6 mm) and 474.07 MPa (specimen
thickness is 0.65 mm). The yield strength obtained by the uniaxial tensile test is 445.88 MPa.
Meanwhile, Equation (13) is also used to calculate the yield strength of Inconel 617. The
small punch calculated result is 438.44 MPa and the uniaxial tensile result is 403.97 MPa [31].
It can be found that the prediction accuracy of yield strength is lower than that of ultimate
tensile strength as discussed in the previous section. This is because the material of the
small punch specimen will not enter the plastic deformation stage simultaneously. As a
whole, E, /dyty* can be used in the yield strength analysis of Inconel 625 considering the
influence of geometrical size.
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stages, (a) 0.4 mm, (b) 0.45 mm, (c) 0.5 mm, (d) 0.55 mm, (e) 0.6 mm, (f) 0.65 mm.
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Figure 14. The change in deformation energy parameters along with the increase in specimen
thickness (a) Ey, (b) E,/ dytoz.

5. Conclusions

Compared to the uniaxial tensile test, the small punch test is a more appropriate choice
in the tensile strength analysis of in-service structure due to the small specimen size. In this
study, the small punch test and the uniaxial tensile test of Inconel 625 were completed. The
influence of specimen thickness and the displacement rate was discussed. Different tensile
strength estimated methods were established. The following conclusions were drawn:

(1) The first inflection load obtained in the load—displacement curve is a suitable
parameter to calculate the yield strength of Inconel 625 based on the empirical correlation
method and plate bend theory.

(2) The maximum stress is found to be proportional to the maximum load and inversely
proportional to maximum load-displacement based on the geometric deformation model
analysis. Fj,/dytg is an appropriate parameter in the ultimate tensile strength analysis.

(3) A new yield strength estimation method based on the small punch deformation
energy parameter and slope—displacement curve is established.
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