metals

Article

An improved correlation for the estimation of the yield
strength from small punch testing

Eberhard Altstadt

Citation: To be added by editorial

staff during production.

Academic Editor: Firstname Last-

name

Received: 16 September 2023
Revised: date

Accepted: date

Published: date

Copyright: © 2023 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/licenses

Joy/4.0/).

Metals 2023, 13, x. https://doi.org/10.3390/xxxxx

Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrasse 400, 01328 Dresden, Germany
* Correspondence: e.altstadt@hzdr.de

Abstract: This study aims at improving the empirical correlation for estimating the yield strength
from small punch tests. The currently used procedure in the European standard EN 10371 to deter-
mine the elastic-plastic transition force —based on bi-linear fitting — involves a dependency not only
on the onset of plastic flow but also on the work hardening of the material. Consequently, the yield
strength correlation factor is not universal but depends on the material properties and on the geom-
etry of the small punch set-up — leading to a significant uncertainty in the yield strength estimation.
In this study, an alternative definition of the elastic-plastic transition force is proposed, which sig-
nificantly less depends on the work hardening of the material and on the small punch geometry.
The approach is based on extensive elastic-plastic finite element simulations with generic material
properties, including a systematic variation of the yield strength, ultimate tensile strength, and uni-
form elongation. The new definition of the transition force is based on the deviation of the force-
deflection curve from the analytical elastic slope derived by Reissner's plate theory. A significant
reduction of the uncertainty of the yield strength estimation is demonstrated.

Force #

Deflection u

Keywords: Small punch test; yield strength; empirical correlation; finite element simulation; plate
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1. Introduction

The small punch (SP), see Figure 2a, test has been established as a small specimen
test technology supporting development and screening of structural materials, see e.g. [1-
3]. It provides estimations of mechanical properties with small amounts of material and
received much attraction as high throughput characterization method. For example, this
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RpOZ = Pys - Fe/hz

is of major interest for irradiated and activated materials [4,5]. The primary output of the
quasi-static SP test is the punch force as function of the punch displacement — force-dis-
placement curve F (v) — or as function of specimen deflection — force-deflection curve F (u).
A comprehensive discussion on the stages and properties of the force-deflection curve is
provided in [3]. In case of SP creep tests, the punch force is kept constant and the displace-
ment and/or deflection is measured as function of time. Recently a European standard has
been published [6]. So far, the SP test has been successfully used to estimate (i) the ductile-
to-brittle transition temperature where SP tests at different temperatures are used to de-
rive the SP energy as function of test temperature [1,2,7], (ii) tensile properties — in partic-
ular the yield strength (YS) and ultimate tensile strength (UTS) [8-12], (iii) fracture and
damage parameters [3,13,14] and (iv) creep properties [15-21]. In the European standard
[6], the associated methods are described in informative, non-mandatory annexes. The
current study is related to (ii), in particular to the estimation of the yield strength from the
quasi-static force-deflection curve F(u). Recent developments are focused on the involve-
ment of machine learning [22,23].
The following correlation was proposed for the YS [24]:

M

with h being the initial specimen thickness, F, the elastic-plastic transition force and
Bys an empirical factor. The transition force is determined by a bi-linear fit [6], see Figure
1. Kameda and Mao [24] found Bys = 0.36 for specimen thicknesses of 0.25 mm and 0.5
mm irrespective of the geometrical parameters of the SPT set-up. In contrast, the European
standard suggests a value of fys = 0.52. The application and detailed analysis of these
empirical correlations shows that the correlation factor for the yield stress depends on the
geometrical parameters of the SP test (punch diameter, die diameter, size of die edge ra-
dius or chamfer, specimen thickness) and on the material properties.

Up Ug

Figure 1. Bi-linear fit to obtain the transition force F,. The graph represents the early stage of the SP
test (u < h).

In [25] it was demonstrated that the maximum plastic strain in the sample is already
around 0.1 when the transition force F, is reached. Therefore, F, is not only a function of
the flow stress but is also significantly affected by the work hardening of the material (i.
e. the slope of the stress-strain curve). Hahner et al. [26] addressed this problem by means
of a self-consistent data reduction scheme for the determination of o,, which was based on
the curvature K of the force-displacement curve rather than a single F, force level. The
curvature was estimated from the offset forces at displacement offsets of 10, 50 and 90 pm.
Based on systematic FE simulations with a Holomon hardening law (o = C - ™) they
could relate the hardening exponent n to the curvature K of the force-displacement curve
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(C is a material constant). This relation facilitated the establishment of the correlation fac- 65
tor Bys as a function of n, which led to a significant reduction of the uncertainty for the 66
yield strength estimation. In this approach, the correlation factor fys is material depend- 67
ent through its dependence on the hardening exponent n. 68

Another method was proposed by Calaf Chica et al. [9]. Based on FE simulations and 69
experimental SP results, they derived an exponential expression for the yield stress as 70
function of the slope at the first inflection point of the force displacement curve. It was 71
shown that the uncertainty for the yield strength estimation could be reduced as com- 72
pared to the methods based on equation (1). Nevertheless, the very accurate determina- 73
tion of the slope at the first inflection point is crucial because of the exponential nature of 74
the correlation. In view of measurement accuracy and the compliance of the test set-up, 75
this required accuracy could be problematic in practice. 76

Yet another method was proposed by Zhong et al. [27]. It is based on extracting true 77
stress—strain curves from SP test data using iterative finite element simulations. The ex- 78
tracted true stress—strain curves were used in FE simulation of tensile tests to obtain the 79
tensile parameters. In this way, a database was created to predict tensile parameters from 80
SP force-deflection curves by means of data mining. The above-mentioned findings in 81
[9,25-27] demonstrate, that the current procedure for the yield strength estimation as es- 82
tablished in the standard [6] exhibits a large uncertainty. The motivation of the current 83
work is to identify a possibility for an improvement of the reliability of the YS estimation, 84
while keeping the procedure as simple as possible for the practical application. Therefore, 85
the study still relies on the simple correlation equation (1) — but proposes an alternative 86
definition of the elastic-plastic transition force, which is significantly less dependent on 87
the work hardening of the material. The approach is based on the deviation of the force- 88
deflection curve F(u) from the analytical elastic slope derived by Reissner's plate theory. 89
Moreover, it will be shown that the new definition of the transition force leads to signifi- 90
cantly reduced dependence of the correlation factor fys on the geometry of the SP set-up. 91

2. Modelling of the small punch test 92
2.1. Finite element modelling 93

The basic geometry of a SP set-up is shown in Figure 2. The geometrical parameters 94
are listed in Table 1. For h = 0.5 mm, this parameter set represents the default geometry 95

according to the EN standard [6]. 96
Table 1. Geometry parameters of the analyzed SPT set-ups. 97
Punch diameter =~ Receiving hole diame- Specimen Edge size Edee tvpe
d =2r (mm) ter D (mm) thickness h (mm) (mm) ge typ
2.5 4.0 02...0.6 0.2 Chamfer

The finite element simulations were done with an axisymmetric model including con- 98
tact and friction. The commercial code ANSYS®2021.R1 was used. Axisymmetric elements 99
with 8 nodes, elastic-plastic material and large deformation and finite strain capability 100
were used for the SP specimen. The element size was 10 um. The lower die, the punchand 101
the downholder were modelled by means of rigid lines interacting with the contact ele- 102
ments attached to the specimen surface. In [11], it was shown that the assumption of rigid 103
punch and die has no significant effect on F(u) as compared to an elastic model of punch 104
and die. The friction coefficient for the contact areas between disc and punchwasp = 0.2. 105
The SP disc was fully clamped, i.e., relative motion between SP disc and lower die was 106
prevented. 107
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Figure 2. (a) Scheme of a SP test setup the edge of the receiving hole can either be a chamfer ora 108

radius; (b) FE mesh (right). 109
The plastic deformation was based on the following constitutive equation: 110
oy(e”) = 0yo + 1, - [a - e”' + 1 — exp(—neP!)] ()

where ¢ is the true equivalent stress and &?' the true plastic equivalent strain. gy, 7y, 111
a and n are material parameters. The parameter a represents the ratio of linear and expo- 112
nential hardening. In this study @ = 1 was chosen. The corresponding uniaxial engineer- 113
ing (nominal) stress-strain curve o (g) is obtained by: 114

Fto _ exp[gpl + eel] —1=-exp [Epl + %] -1 (3)
c=0/(1+%)

with E being the elasticity modulus. The overbar indicates engineering (nominal) val- 115
ues. An in-house fitting algorithm was used to determine g,,4, 1; and n from given values 116
of Rpo2, Ry and Age. The specimen plate is loaded by a stepwise increasing displacement 117
of the punch, v, up to a final value of 1 mm. For the purpose of this investigation, larger 118
displacements are not needed. Consequently, the constitutive equations do not include 119
ductile damage as this develops only at higher displacements [5]. In the postprocessing, 120
two types of SP curves are generated: the force-displacement curve F(v) (reaction forceat 121
the pilot node of the punch versus punch displacement) and the force-deflection curve 122
F (u) (reaction force at the pilot node of the punch versus the central bottom deflection of 123
the plate). The difference between v and u equals to the thickness reduction of the discat 124
the center. 125

2.2. Analytical equations for the linear elastic phase of the SP test 126

The analytical description of plate bending is useful for the for determination of the 127
initial slope of the load-deflection curve of a SP test. Figure 3 shows the relevant parame- 128
ters of a fully clamped circular plate: a - plate radius (D/2 + rg), p, - contact pressure be- 129
tween punch and SP specimen, b - radius of the contact area. The contact pressure is sim- 130
plifying assumed to be independent of the radial position. This assumption is justified by 131
the fact that the contact area is very small (b « 0.1mm for F < 100N, cf. equation (4) be- 132
low). 133

134
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Po

2b
2a

Figure 3: parameters of a circular plate model, figure not to scale

The contact radius b is obtained by Hertzian contact theory [28]: 135

St 4
B E E, B E @

3-F-n\" 1 1-v? 1-v2 1 1
b=< ) = + =

with E, v, Ep, vp being the elasticity modulus and Poisson ratio of the SP specimen and 136
of the puncher respectively. The indentation depth of the puncher into the SP specimen 137
(without plate bending deflection) is: 138

oy 5)

According to Reissner's plate theory, the linear-elastic solution for the central deflec- 139

tion of a fully clamped circular plate is given by [29-31]: 140
T (B) (3= am (D)) - e (B) (1= 2 (2
Yo = ganN <a) ( n (a)) 5(1—v) <a> < n (a))
(6)
F = b2 N= ER°
= P T 1200 -2

where h is the plate thickness and p, the contact pressure. The rightmost term ac- 141
counts for the shear deformation of the plate. Despite of the consideration of the shear 142
rotation of the cross section, equation (6) relies on the assumption of thin plates, i.e. h << 143
a. Comparing FE calculations with equation (6), it was found that the elastic slope is un- 144
derestimated for higher thicknesses of the plate (see Figure 4). 145
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Figure 4. Comparison of the F(u) slope according to equation (6) (dashed lines) with FEM simula- 147
tions for different sample thicknesses (200, 400, 500, 600 pm). 148

It was concluded that the h/a dependence of shear term in equation (6) has to be 149
modified. A systematic variation of the shear term and comparison with elastic FE solu- 150
tions for different plate thicknesses was performed. A very good approximation is ob- 151

tained by the following equation (see also Figure 5): 152
_ e O o an(P)) 4 10565 hy*7? L ”
"0 = Gann (E) ( H(Z)) a-v @ ( n(E))
The modified elastic slope is defined as: 153
5 = F  64nN
“Tu @ fb/a)
4/3 ®)

FD=[C) @) a5 () (-2n ()

154
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Figure 5. Comparison of the F(u) slope according to equation (7) with FEM simulations for different 156
sample thicknesses (200, 400, 500, 600 pum). 157

The reference force for the elastic slope is chosen based on the plate stiffness as fol- 158

lows: 159
a? N
Frgr=torer=001:a = Frg=001-— > Fe h®/a )
The combination of equations (9) and (4) gives: 160
E R r V3
b(Fref) = brer = [m] (10)

For the standard geometry with the parameters F.;= 104N, a=22mm, E = 161
200 GPa, Ep = 565 GPa, v = 1 = 0.3, r = 1.25 mm, and h = 0.5 mm, one obtains the initial 162
slope of the F(u) curve as Sg; = 16.1 kN/mm. It has to be mentioned, that the calculation 163
of the contact radius and indentation depth by equations (4) and (5) is a rigorous simpli- 164
fication. In contrast to this elastic approach, there is an immediate plastic deformation at 165
the upper surface of the sample in the contact region, section 3. Nevertheless, the deflec- 166
tion of the plate according to equation (7) is rather insensitive to the contact radius b as 167
long as b << a holds. Therefore, the analytical calculation of the elastic slope works sur- 168
prisingly well. 169

2.3. Systematic variation of the tensile parameters and specimen thickness 170

A generic material behavior was used for the FE simulations. Three levels of YS (300, 171
600 and 900 MPa) and for each YS three different yield ratios were applied to generate the 172
stress-strain curves according to equations (2) and (3). The uniform elongation was varied 173
for the medium yield stress and yield ratio by Ag = 3,6 and 12% and was kept constant 174
at 6% otherwise. The range of these material properties is typical for various classes of 175
steel. An iterative fitting algorithm was used to obtain the constitutive parameters oy, r1 176
and n as used in equation (2), section 2.1, for a given set of R,)y,, Ry and A,,. The parameter 177
variations are listed in Table 2. The nominal and true stress-strain curves for selected pa- 178
rameter combinations are shown in Figure 6. 179
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Table 2. Material parameters for the investigation of the yield strength correlation, see equation
).
Code Sy0 (MPa) 1 (MPa) n Ryo2 (MPa) R,, (MPa) Rin/Ryoz Age (%)
3106 296.3 60.8 35.4 300 333 1.11 6
3306 285.3 135.1 59.2 300 400 1.33 6
3506 2752 193.9 69.1 300 450 1.5 6
6106 592.2 121.2 275 600 667 1.11 6
6303 504.2 311.3 185.9 600 800 1.33 3
6306 569.0 270.0 62.6 600 800 1.33 6
6312 587.7 298.6 22.1 600 800 1.33 12
6506 547.5 388.8 734 600 900 1.5 6
9106 887.9 179.2 394 900 1000 1.11 6
9306 851.0 404.9 66.2 900 1200 1.33 6
9506 816.3 585.3 78.3 900 1350 1.5 6
1400 1400
- 1200 1200 : I il
£ 1000 £ 1000 _____________,___.....-—/ —
£ 800 2 L 7oB00
f; 600 % 600 ﬁ {
= e |
g 400 £ 400 t
= 200 200 : |
0 oo . ]
5 10 15 20 25 0.0 0.2 0.4 0.6 0.8 1.0
Nominal Strain (%) True plastic strain

Figure 6. Generic stress-strain curves for Rpoz=600 MPa and varying Rm/Rpo2, codes 6106 (green),
6306 (blue), 6506 (red); left: nominal stress vs. total nominal strain; right: true stress vs. true plastic
strain.

In addition, FE simulations are executed with different thicknesses of the SP disc, in
particular h = 200,400,500, 600 pm. In order to discriminate the multitude of simula-
tions, a simulation-ID is defined as follows: xxxx-hy, where xxxx stands for the material
code (see Table 2) and y for the thickness (2 for h = 200 pm etc). For example, 6306-h4
refers to parameter set Ry, = 600 MPa, R, = 800 MPa, Ay, = 6%, h = 400 pm. In total, 20
simulations were carried out, see Table 3 in section 3.

3. Results

Selected force-deflection curves for the chamfer geometry are shown in Figure 7. Both
yield strength variation at constant yield ratio and variation of yield ratio at constant yield
strength produce significant effects in the curves. While in the first case an effect can be
observed right at the onset of plastic deformation, the curves start to deviate somewhat
later in the latter case. In the right figure, the range of transition forces F, (obtained by the
currently used bi-linear fit, see Figure 1) is indicated. Form this it becomes clear, that the
plastic deformation in the sample is already well advanced when the deflection u, is
reached.
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Figure 7. Force-deflection curves for different flow parameters (material codes xx06 from Table 2, h
=500 um); left (a): complete curves; right (b): zoom into the lower deflection range with indication
of the elastic slope and the range where the transition forces Fe from the bi-linear fits are located.

These results straightforwardly suggest a modified definition of the elastic-plastic

transition force. A disjunctive combination of the horizontal and the vertical distance of
F(u) from the elastic slope is proposed:

Vo F@) <Sa(u-500) (an

with S, being the elastic slope as defined in equation (8). The first fulfilment of equa-
tion (11), whichever criterion is reached earlier, marks the modified transition force F,. An
example of this procedure is shown in Figure 8.

300
250
200

150

Force F (N)

100 |

—9306-h4

50 —6306-h4
—3306-h4
--=-ElSIp
0
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Deflection u (mm)

Figure 8. Force-deflection curves for simulation-IDs x306-h4 with transition forces F, marked by
diamonds.

It should be mentioned that the agreement of the analytical elastic slope and the very
first stage of the FE solution is only existing for the force-deflection curve F(u), not for the
force-displacement curve F (v). This is due to the indentation process between punch and
upper specimen surface, which takes place immediately after the contact, see Figure 9.
Therefore, the proposed transition force F, can only be determined from F(u) measure-
ments, not from F(v).
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Figure 9. Force-displacement curves F(v) and elastic slope with parameters as in Figure 7 (left);
plastic equivalent strain distribution at ¥ = 0.0104 mm for simulation-ID 6306-h5 (right).

The summary of all simulation results is listed in Table 3. Both methods for the eval-
uation are included (F, based on bi-linear fitting [6] vs. F, based on equations (4), (5) and

(8)-(11).

Table 3. Transition forces and obtained correlation factors.

Simulation-ID Fy (N) Fe (N) Bys(Fy) Bys(Fe)
3106-h5 81.9 196.4 0.916 0.382
3306-h2 13.3 24.8 0.900 0.484
3306-h4 55.8 124.7 0.860 0.385
3306-h5 85.5 202.5 0.877 0.370
3306-h6 120.1 301.0 0.899 0.359
3506-h5 88.5 209.6 0.848 0.358
6106-h5 164.2 370.6 0.914 0.405
6303-h5 178.8 401.8 0.839 0.373
6306-h2 259 423 0.927 0.567
6306-h4 111.4 232.7 0.862 0.413
6306-h5 174.7 392.8 0.859 0.382
6306-h6 244.5 586.7 0.884 0.368
6312-h5 167.4 381.1 0.896 0.394
6506-h5 179.5 407.1 0.836 0.368
9106-h5 250.6 539.6 0.898 0.417
9306-h2 38.5 55.4 0.935 0.650
9306-h4 168.4 335.8 0.855 0.429
9306-h5 264.0 563.3 0.852 0.399
9306-h6 369.2 850.2 0.878 0.381
9506-h5 269.9 578.5 0.834 0.389

The resulting correlation factors for the yield strength are obtained from (see also
equation (1)):
RPOZ ° hZ

Bys(Fe, E)) = TFy) (12)

4. Discussion

The modified transition force F, is essentially different from the one obtained from
bilinear fitting, F, (see section 1). As shown in Figure 10, F; is associated to a significantly
earlier stage of the SP test as compared to F,. Therefore, it can be expected that F, is mainly
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governed by the onset of plastic flow. In contrast, F, is significantly affected by the work

11 of 14

hardening of the material and thus less representative for the onset of plastic flow.

500
450

0.00

0.02

0.04

0.06

Deflection u (mm)

0.08

Figure 10. Force-deflection curve with transition forces Fy (according to section 3 and F from bi-

linear fitting); simulation-ID 6306-h5.

This reasoning is underpinned by the plastic strain fields associated with F, and F,
respectively. The equivalent plastic strain is shown in Figure 11.

equivalent plastic strain

ID 6306-h5, same scale in both plots.

BInim] |

L8

equivalent plastic strain

06
07 Bl
08 =

Figure 11. Equivalent plastic strain fields in the sample associated with Fy (left) and Fe (right), Sim-

E000NECNN

In Table 4, the simulation results, as listed in Table 3, are analyzed from a statistical
point of view. Various data sets are selected and for each selection the average correlation
factors [_3YS are listed along with their coefficients of variation cy (standard deviation di-
vided by mean value).

Table 4. Average correlation factors and coefficients of variation (standard deviation divided by

average).
Data set Bys(Fe) EYS(Fy) cy(Fe) Cv(Fy)
All data 0.41 0.88 17.4% 3.7%
Sets h = 600 um 0.37 0.88 2.5% 1.9%
Sets h = 500 pm 0.39 0.87 4.4% 3.8%
Sets h = 400 pm 0.41 0.86 4.4% 0.3%
Sets h = 200 pm 0.57 0.92 12.0% 1.1%

-11 -

231
232

233

234
235

236
237

238
239

240
241
242
243

244
245

246



Metals 2023, 13, x FOR PEER REVIEW 12 of 14

From these data it is obvious that the scatter of the correlation factor values obtained
by the F, approach is significantly larger as compared to the new F, approach. Therefore,
it can be expected that the estimation of the yield strength based on F, is more precise.
Moreover, the F, based correlation factor exhibits a significant dependence on the sample
thickness. This effect is much less pronounced in the F, based correlation factor. This is
understandable, as the estimation of the elastic slope S (section 2.2) explicitly considers
the sample geometry, in particular the sample thickness in relation to the plate diameter
(h/a) and the punch radius r. In conclusion, fys(F;.) is to a much larger extent dependent
on the geometry and the flow properties of the material. On the other hand, the Bys(F,)
correlation factor can be used for different geometrical set-ups, e. g. the so-called TEM
geometry (r = 0.5 mm,
D = 1.75 mm, h = 250 um) which is also mentioned in [6]. For this geometry and material
code 6306, one obtains the following transition forces and correlation factors:

Sim-ID Fy (N) F.(N) Bys(Fy) Bys(Fe)
6306-D175-h250 42.7 95.5 0.88 0.39

The correlation coefficient Byg (Fy) agrees well with the one obtained for the standard
geometry.

5. Conclusions

The effect of flow properties and SP geometry on the lower range of the force-deflec-
tion curve F(u) was analyzed by a systematic finite element study. Reissner’s plate theory
was employed to develop an analytical set of equations for the elastic slope of the force-
deflection curve. A correction of the shear term was proposed. The results can be summa-
rized as follows:

e The analytical elastic slope agrees very well with the finite element simula-
tion.

e A modified elastic-plastic transition force F, was proposed for the empirical
yield strength correlation, which provides a significantly reduced uncer-
tainty as compared to the elastic-plastic transition force F, defined in the Eu-
ropean standard.

e With the new definition of F, (equation 11), the yield strength correlation is
widely independent of the SP geometry and the flow properties of the mate-
rial.

The presented work provides an improvement for the estimation of the yield strength
from force-deflection curves of small punch tests through a significant reduction of uncer-
tainties and a better independence of the small punch geometry. At the same time the
procedure is kept as simple as possible for practical application. The new definition of the
elastic-plastic transition force can be considered in future revisions of the related standard
EN-10371.
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E Elasticity modulus

F Punch force

F, Elastic-plastic transition force

Fref Reference force for the analytical calculation of the elastic slope

E, Modified elastic-plastic transition force

FE Finite element

h Specimens thickness

n Hardening exponent of the true stress-plastic strain curve

N Plate stiffness

r Puncher radius

R? Coefficient of determination

n Parameter of the true stress-plastic strain curve

Rpoz Yield strength

R Ultimate tensile strength

Sel Elastic slope of the small punch plate (analytical calculation)

SP Small punch

UTS Ultimate tensile strength

u Central deflection at the specimen bottom (opposite to punch tip)

v Punch tip displacement

Yind Indentation depth of the punch as calculated by Hertzian contact theory

YS Yield strength

Bys Empirical factor for the estimation of yield stress

€ True strain

B Nominal strain

v Poisson’s ratio

o True stress

o Nominal stress

Oyo Elasticity limit, true initial flow stress
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