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Abstract: The Small Punch Test (SPT) is a miniaturized test to characterize the mechanical properties of the
materials. The load-displacement curve obtained by this test does not directly provide the material parameters, and
linear correlations between data obtained from SPT curve and each mechanical property are necessary. The main
difficulty of these correlation methods is the high level of scattering showed when analyzing a wide set of materials
in the same study. In this paper, a finite element analysis focused on steel alloys was performed to understand the
specimen behavior in the early stages of the SPT. Present methods to correlate the material yield strength with the
data obtained from the SPT curve were also analyzed via this FEM study to discover the meaning of the current
correlation scattering for this mechanical property. This numerical research also proved the accuracy of the
proposed correlation method for the yield strength via the SPT. The maximum slope of zone | (Slopeini) of the
SPT curve showed an accurate correlation with this mechanical property. Focusing on steel alloys, experimental
tensile tests and SPT’s were performed to validate the numerical analysis and to demonstrate the suitability of the
proposed Slopeini versus yield strength correlation method.

Keywords: Small Punch Test; SPT; yield strength.

1. Introduction

In the early 1980s an innovative Miniaturized Disk Bend Test (MDBT) was developed as a cost-effective
method to test the post-irradiated state of materials used in thermonuclear reactor applications [1-2]. Many
researchers have investigated and improved this test, developing the Small Punch Test (SPT) as a test method for
characterization. It consists of a punch which deforms a firmly gripped specimen between two dies until fracture
(see Fig. 1(a)). Research and investigation in the SPT were focused on the evaluation of material properties,
including the elastic modulus, yield strength and tensile strength [3-5], ductile-brittle transition [6], fracture
properties [7-10], etc. The significant interest shown by researchers in this testing procedure motivated the
development of a CEN Code of Practice for the application and use of the small punch test method for metallic
materials [11].

Results data recorded during SPT are the load/displacement curves (see Fig. 1(b)). Zones distinguished in this
curve are [12]:

Zone I: elastic bending.

Zone 1l transition between elastic and plastic bending.

Zone |11 plastic hardening.

Zone 1V: softening due to material damage initiation.

Zone V: crack growth with a circular shape around the center of the specimen until failure.
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Figure 1. (a) Small Punch Test geometry; (b) Main behavior zones in the SPT curve.
Nowadays, there are four different methods to obtain the yield strength from the SPT curve:

a. Mao’s method [7]. Also referred to as the “two tangents” method, the yield load Py is obtained from
the intersection between two lines: a tangent to the elastic zone | of the SPT curve and another tangent
to the plastic zone Il of the SPT curve. Both zones | and Il do not show any linear behavior so, the
tangent to zone | is calculated for the point with the maximum slope, and the tangent to zone 11l for
the point with the minimum slope.

b. Modified Mao’s method [13]. The point obtained from the previous “two tangents” method is
projected vertically to the SPT curve to obtain the yield load Py.

c. /10 method [14]. The yield load Py is obtained in a way that is similar to oy (offset: 0.2%) in standard
tensile tests. A parallel line with the tangent to the elastic zone | of the SPT curve is drawn with an
offset equal to t/10 in the displacement axis. The intersection of this line with the SPT curve is
identified as the yield load Py.

d. CWA method [11]. Also referred as the “two secants” method, it is like the “two tangents” or Mao
method, except for the use of secants instead of tangents. Yield load Py is calculated by the intersection
of two linear functions (two secants), which are calculated minimizing the error between these
functions and the SPT curve. CWA [11] recommends the vertical projection of this intersection point
to the SPT curve to obtain the most reliable Py value via this method.

In the early days of SPT research, the SPT curve was performed with the displacement measured using an
extensometer installed between upper and lower arms of the assembly (hereinafter referred to as Jex). Later, an
LVDT (Linear Variable Differential Transformer) sensor installed in contact with the lower face of the specimen
was used to obtain the displacement data (hereinafter referred to as diower). The main differences between these two
displacements are:

a. The plastic indentation between the punch and the upper face of the specimen in the initial stages of
the zone | of the SPT curve is suppressed in 6lower. Thus, zone | becomes a pure elastic region.

b. Non-linear contact deformations between all parts involved in the punch configuration influence the
displacement measurement dext.

Point (b) is solved with a correction in the extensometer measurement. The lower die of the SPT is substituted
by a tungsten cylinder with an outer diameter and height equal to the lower die dimensions. After a first loading
step to a maximum load, which should not be surpassed in the subsequent SPTs, some unloading-loading cycles are
performed until the stabilization in the load-displacement Jex curve is reached. The last loading step of this
calibration test is recorded, and a 5th order polynomial regression from this data is established as a calibration
function. This curve is used to correct the dex; Obtained from the SPT tests, and it results in a new displacement Jupper
equal to the displacement of the upper face of the specimen.

Point (a) is considered by some researchers as the main reason to consider diower a5 more reliable data than
Oupper 10 measure the displacement for the SPT curve [13]. The non-linear behavior of the initial stages of zone | of
the SPT curve when dypper is Used is the main reason to discard this method.
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2. Materials and Methods

In this article, a first investigation is focused on FEM analyses to:

a. Demonstrate that the accuracy of the correlation obtained from both displacements (Jdupper and Jiower) IS

similar.

b. Perform a detailed analysis of the dependency of the yield load Py of the SPT curve with more than one
plastic property to demonstrate the arbitrary character of the current Py - oy correlations.

¢. Validate numerically an alternative method for obtaining the yield strength o, with the SPT which shows
a high level of dependency on the yield strength of the material and no significant alterations with the rest

of the plastic properties.

Finally, as a second part of this investigation, experimental tests (uniaxial tensile tests and SPTs) were
performed to demonstrate the suitability of the previous numerical study.
FEM simulations were performed with Abaqus FE software, taking into consideration 36 hypothetical
materials. The plastic behavior for all materials was simulated with an isotropic hardening model following the
Ramberg-Osgood equation (see Equations 1 and 2 [15]):
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where &oftset = 0.002 is the offset strain used to calculate the yield strength.
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The elastic properties of all these materials were fixed to E = 200000 MPa and » = 0.3, and plastic properties
were selected to have nine families (M1.y to M9.y) with different yield strengths (100, 250, 400, 550, 700, 850,
1000, 1200 and 1400 MPa). Each of these families had four different Ramberg-Osgood coefficients n (6.95, 8.95,
14 and 35). Table 1 shows the plastic properties assigned for each hypothetical material.

Table 1. Plastic properties of the hypothetical materials

Material oy (MPa) n* Material oy (MPa) n*
M1.1 100 6.95 M5.3 700 14
M1.2 100 8.95 M5.4 700 35
M1.3 100 14 M6.1 850 6.95
M1.4 100 35 M6.2 850 8.95
M2.1 250 6.95 M6.3 850 14
M2.2 250 8.95 M6.4 850 35
M2.3 250 14 M7.1 1000 6.95
M2.4 250 35 M7.2 1000 8.95
M3.1 400 6.95 M7.3 1000 14
M3.2 400 8.95 M7.4 1000 35
M3.3 400 14 M8.1 1200 6.95
M3.4 400 35 M8.2 1200 8.95
M4.1 550 6.95 M8.3 1200 14
M4.2 550 8.95 M8.4 1200 35
M4.3 550 14 M9.1 1400 6.95
M4.4 550 35 M9.2 1400 8.95
M5.1 700 6.95 M9.3 1400 14
M5.2 700 8.95 M9.4 1400 35
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Material oy (MPa) n* Material oy (MPa) n*
(*) Hardening coefficient of equations (1) and (2)

In FEM simulations, the specimen thickness was set at 0.5 mm. The rest of the geometric parameters were:
R¢=2.0 mm, Ry=1.25 mm and r=0.5 mm (see Fig. 1).

In the experimental tests, six different steels were selected to obtain a wide range of yield strengths from 160
MPa to 1215 MPa. Table 2 shows the mechanical properties of these materials.

Table 2. Mechanical properties of the experimental materials

Material E (MPa) oy (MPa) o6ueng (MPa) &fract (MmM/mm)
DC04 (1.0338) 203000 160 288.00 0.47
HC300LA (1.0489) 206000 322 411.00 0.31
DCO1 (1.0330) 208000 229 353.00 0.35
F1110 (1.0401) 216430  550.60 615.60 0.19
F1140 (1.1191) 204910 745.00 922.67 0.10
15-5PH H900 (1.4545) 194926  1215.00 1310.00 0.16

3. Results

3.1. Numerical analyses

Abaqus was the software selected to perform the numerical analyses for this research. SPT simulation was
done with an implicit method in an axisymmetric model (see Fig. 2). The specimen was meshed with quadrilateral
elements with reduced integration and hourglass control (CAX4R) and with a global size of 0.025 mm per cell. The
spherical punch and upper and lower dies were simulated as analytical rigid bodies. Interaction between each part
was simulated with the standard surface-to-surface contact algorithm with a friction coefficient of x = 0.18 (typical
value for steel-steel contact). Elastic and plastic material properties used for each analysis are shown in Table 1.

Figure 2. SPT FE model.

Thirty-six hypothetical materials M1.1 to M9.4 (see Table 1 for the mechanical properties of these materials)
were simulated with the same FE model used in the previous section. Fig. 3 represents the load-displacement SPT
curves for four hypothetical materials M1.1 to M1.4. Two types of SPT curves are shown: left graphs represent the
displacement of the punch vs. load; right graphs represent the displacement of the lower face of the specimen vs.
load (typical measurement obtained from an LVDT placed in this location).
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Figure 3. SPT curves, (a) with displacement of the punch, and (b) with specimen lower face displacement.

The four methods currently used to obtain the elastic limit of the material via the SPT curves (Mao, Mao-
projected, /10 and CWA methods) were applied in all of the previous hypothetical materials. Two types of
displacement were used: upper (the displacement of the upper face of the specimen center); and lower (the
displacement of the lower face of the specimen center).

Figs. 4 and 5 show the correlation between the normalized yield loads (Py/t%; where t is the specimen thickness)
and the yield strength oy of the material.
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Figure 4. (a) Py mao correlation; (b) Py maoprojected COrrelation.
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Figure 5. (a) Py 10 correlation; (b) Py cwa correlation.
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The SPT specimen showed a high level of plasticization in the numerical analyses for punch displacements
between 0.1 mm and 0.5 mm (values used for Py calculation in the correlation methods seen before). Thus, the
hardening coefficient n had an important role in the behavior of the SPT specimen.

In zone | of the SPT curve, the FEM analysis showed that the beginning of the plastic zone was located just
below the punch on the upper face of the sample. The yielded volume grew until reaching the lower face of the SPT
specimen. This event matched with the maximum slope of the zone | of the SPT curve (Slopeini). Thus, Slopeini could
show a high dependence on the yield strength and low deviations due to the hardening coefficient n.

Fig. 6 shows the correlation between the normalized Slopeini (Slopeini /t; where t is the thickness of the
specimen) and the yield strength of each material.
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3.2. Experimental analyses

Six steels, DC01, DC04, HC300LA, F1110, F1140 and 15-5PH H900 were tested using standard tensile tests
(ASTM E8M) and small punch tests to confirm the numerical results previously shown. Table 2 shows the
mechanical properties for all tested materials, and Fig. 7 shows the SPT curves obtained from the experimental tests.
The geometry and the setup of the SPT were the same as the one analyzed in the previous numerical calculations.
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Figure 7. SPT curves of the experimental tests.

Figs. 8 to 10 show the correlation for each method with the yield strength of each alloy (obtained from the
tensile tests). Fig. 11 shows the deviations between the calculated yield strengths from the experimental correlation
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equations and the yield strengths obtained from the tensile tests. The most precise and reliable method was the
proposed Slopeini method, with the CWA and t/10 methods following far behind.
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4. Conclusions

A numerical analysis and a set of experimental tests (uniaxial tensile tests and SPTs) were performed in this

research obtaining following conclusions:

a.

There are two methods for measuring the displacement data for the SPT curve: the upper and the lower methods.
This research demonstrated numerically that both had the same accuracy level for the yield strength correlation.
The upper method is the best method for obtaining the SPT curve considering its simplicity (lower method
needs the installation of an LVDT supported in the lower face of the specimen).

Current methods to correlate the yield strength with the SPT curve showed numerically an important
dependency on the hardening coefficient n. Only the Mao’s method showed in FEM calculations less
dependency compared to the other methods, but the reason for this accuracy was based on a geometrical
coincidence and not on the mechanical properties of the material. Experimental tests showed that Mao’s method
had a deviation level similar to the rest of the current methods. Thus, Mao’s method was not more accurate than
the rest of the correlation methods.

An improved correlation method for the yield strength o, was obtained using the Slopein; of the SPT curve. This
method showed, both numerically and experimentally, a lower level of deviations and standard error compared
with the current methods (Mao, Mao projected, t/10 and CWA). The “Slopeini method” only needs the load-
displacement data from zone | and the initial part of zone 11 of the SPT curve to be obtained. This is much less
information compared with the current methods, which need data from zones I, 1l and 111 of the SPT curve. This
adds another advantage for the proposed method for materials which show brittle behavior and premature
failures.

The “Slopeini method” depends on the elastic properties of the material. This investigation shows the correlation
equation for steel alloys but other materials with different elastic properties should be correlated with its own
correlation parameters obtained in a similar way of this research.
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