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The effects of the post-yield behaviour on the shape of small ball punch test (SBPT) curves were investi-
gated with finite element simulations from which the load–deflection curves were extracted. We have
shown the general yield load defined on the ball punch curves depends on the post-yield behaviour
and that the usual linear calibration between the yield load and the yield stress may lead to erroneous
estimations of the irradiation hardening. A new calibration procedure has been proposed to determine
the yield stress from a ball punch curve that makes use of empirical parameters that minimizes the
effects of the post-yield behaviour which influence the overall shape of the ball punch test from the very
beginning of the tests.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The tempered martensitic steels are among the most promising
candidate materials for structural applications in a fusion reactor
[1–4]. As the other body-centered cubic metals and alloys, they un-
dergo a ductile to brittle transition in their fracture mode with
decreasing temperature. The small ball punch test technique is a
technique developed with the purpose to study the flow properties
of the alloys in the unirradiated and irradiated condition [5–7] and
to determine the ductile to brittle transition temperature [8]. The
main motivation for using this technique is to minimize the spec-
imen size due to the space limitations of the current irradiation
facilities and of the anticipated high-energy neutron source for fu-
sion materials IFMIF [7].

In this paper we present numerical results obtained with finite
element simulations of ball punch tests and address the effects of
post-yield behaviour on the calibration between the yield load,
measured by ball punch tests, and the yield stress.

2. Finite element simulations

An axisymmetric model for the small ball punch test was devel-
oped using ABAQUS 6.4-1 standard code. ABAQUS models the ef-
fect of the multi-axial stress state using the von Mises stress
potential and associated J2 flow law. The details of the model can
be found in [5]. It includes the ball, the upper die, the lower die
and the sample disk. The ball and dies were implemented as rigid
ll rights reserved.

: +41 56 310 45 29.
bodies. The disk was modelled with 2000 axisymmetric linear re-
duced integrations. A force was applied between the upper and
the lower dies during the deformation; this prevents the specimen
to slip. Friction between these dies and the disk constrains the lat-
ter in the same way as in the actual experimental device. The cal-
culations were run by imposing the vertical displacement of the
ball. Calculations with a friction coefficient equal to 0.05 between
the ball and the disk were considered.

3. Effect of the post-yield behaviour on the yield stress
determination by punch test

Mao and Takahashi performed a series of ball punch tests on
various unirradiated alloys that include tempered martensitic,
reactor pressure vessel and austenitic steels [9]. They defined a
yield load, Py, on the ball punch load–deflection curve as the inter-
section of the two slopes of the load–deflection curve drawn on
both sides of the general yielding zone. They proposed the follow-
ing calibration between the yield stress r0.2, sample disk thickness
t and Py for different materials as

r0:2 ðMPaÞ ¼ 360
Py

t2 ðkN=mm2Þ: ð1Þ

However, a systematic study of the effect of the post-yield behav-
iour (<10% strain) on the yielding load Py or Py/t2 was lacking. A pri-
ori some effects of the initial shape of the rpl(epl) curve could be
expected on Py, since plastic deformation in the disk is introduced
in the disk from the very beginning of the punch test. These effects
must be quantified to be properly accounted for. This point is of
primary importance because it is well known that the irradiation
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Fig. 2. SBPT curves obtained with the constitutive relationship presented in Fig. 1.
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affects the overall shape of the tensile curve. In particular, the
transition between the elastic to plastic regime can be more
pronounced than the usual smooth transition observed in unirradi-
ated metals, like in the tempered martensitic steels [10]. The plastic
regime can also, apparently, be initiated with some strain softening,
which occurs in certain metals depending on the irradiation condi-
tions [11,12]. Therefore, we may have to deal with significant
changes in the constitutive behaviour following irradiation with re-
spect to the unirradiated condition. A well-established calibration
between Py/t2 and r0.2 for a given material in the unirradiated con-
dition is not necessary valid for the same material in the irradiated
condition. To tackle this problem, we have undertaken a numerical
study to investigate the effect of the constitutive behaviour in a sys-
tematic manner. In this way four post-yield behaviours following
three different yield stresses were considered. They are representa-
tive for realistic irradiation hardening of tempered martensitic steel.
Thus, 12 different constitutive behaviours were used for these
simulations.

The constitutive behaviours were constructed as follows: We
started with the experimental constitutive behaviours of the
F82H-mod steel at room temperature represented by the black
curve in Fig. 1. At this temperature the yield stress is 532 MPa.
The black curve is taken as the reference curve since it corresponds
to the experimental data up to epl = 0.06 that are linearly extrapo-
lated at larger strains. In this Figure, we show how the other post-
yield behaviours are actually constructed. Three post-yield behav-
iours are generated by using exactly the same strain hardening law
as that of the experimental curve; in order to vary the shape of the
initial plastic regime, three points have been selected along the ref-
erence curve at plastic strains of about 0.01, 0.02 and 0.05. Then
the rpl(epl) curves were generated by considering the segments
of the reference curve at the right hand side of the three points
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Fig. 1. Four constitutive behaviours, Nr. 0–3, used to investigate the effect of the
post-yield behaviour on the determination of the yield stress by ball punch test.
and by finally shifting these segments to the original point (0.0ep

– 532 MPa). Ultimately, ball punch test simulations were run,
employing the previous rpl(epl) curves starting at a yield stress
of 532 MPa, as shown in Fig. 2, and also with the yield stresses at
632 and 732 MPa (in these cases, the curves are simply shifted in
stress by 100 and 200 MPa). Therefore, in total twelve-ball punch
tests calculations were carried out.

In Fig. 2, the simulated ball punch test curves obtained with the
constitutive behaviours shown in Fig. 1 are plotted. It can be seen
that Py is certainly not independent of the post-yield behaviour.
This point becomes even clearer in Fig. 3, where the yield stress
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Fig. 3. r0.2 versus Py/t2 (t = 0.250 mm). Note the scatter in Py/t2 owing to the post-
yield behaviour.
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Fig. 4. Schematic view showing how P* is defined: P* = Po � Ph.
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Fig. 5. r0.2 versus P*/t2 (t = 0.250 mm). The effects of the post-yield behaviour are
minimized (compare with Fig. 3).
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is plotted against Py/t2 for the 12 simulations (t = 0.25 mm), and
where a large scatter in Py/t2 is found at a given yield stress. This
observation indicates that Py actually reflects a certain average
flow stress level at the beginning of rpl(epl) curve rather than only
r0.2. The Fig. 3 also represents the ‘resolution’ we can expect on the
determination of the yield stress if a calibration obtained with
unirradiated materials is used. The linear fit drawn in the Fig. 3
goes through the Py/t2 points obtained with the post-yield behav-
iour Nr. 0. This fit can be regarded, in a first approximation, as
the fit that would be found for a variety of unirradiated materials,
which usually have a parabolic type of strain hardening with a
rather smooth transition from the elastic to plastic regime. The
fit in Fig. 3 considered as that of the unirradiated material is found
well consistent with the calibration of Mao and Takahashi; the
slope we determined is 388 against 360 (MPa/kN/mm2) for Mao
and Takahashi.

A careful analysis of Fig. 3 is instructive. First of all, it must be
strongly emphasized that using the calibration done on unirradi-
ated material to assess the irradiation hardening may lead to sig-
nificant errors. We recall that the irradiation hardening is defined
as the difference in the yield stress between the irradiated and
unirradiated condition. Let us suppose that we are interested in
evaluating the irradiation hardening at low doses, namely below
1 dpa, in a regime where the irradiation hardening is of the order
of few hundreds MPa. Let us further assume that the irradiation
hardening is 100 MPa, corresponding, in our case, to a yield stress
equals to 632 MPa, and that the irradiation induces a modest
change in the post-yield behaviour, such that after irradiation
the constitutive behaviour of the material correspond to Nr. 2.
Estimating the yield stress by using the calibration between ry

and Py/t2 for unirradiated materials would lead to a yield stress
of 566 MPa, or in other words, to an irradiation hardening of
34 MPa, while 100 MPa are to be measured. This illustrates the
need to establish another calibration for which the effects of
the post-yield behaviour are minimized. This means, to establish
a plot like that of Fig. 3, where the variable is not Py/t2 but an-
other quantity to be derived from the ball punch test curve.
The calibration we are after must have two characteristics: (i)
the three data point sets corresponding to the three yield stress
have to be as compact as possible with respect to the variable
axis and (ii) they must be well separated with respect to each
other.

The major difficulty in correlating Py/t2 to the yield stress
arises from the fact that a significant volume of the disk, in par-
ticular below the ball, deforms plastically from the very begin-
ning of the test. Therefore, Py/t2 should be relate to an
averaged flow stress between 0 and 0.1 plastic strain, rather than
to the yield stress. Thus, it would be more natural to search for a
characteristic point of the punch curve at a lower deflection.
Unfortunately, the punch test curve is extremely rounded from
the very beginning, and no such point can be unambiguously
identified. In a purely empirical way, we sought for a new param-
eter determined from the force–deflection curves that, at least for
the strain hardening behaviour shown by the martensitic steel,
replaces Py and reduces the indetermination in yield stress char-
acteristic of Fig. 3.

The procedure we used is illustrated in Fig. 4 where only the
segments corresponding to the deflection range (0.05–0.2) of the
punch test curves are shown. This deflection range was so selected
since we observed that a linear fitting of the punch curve is quite
satisfactory over it. From the extrapolation of the linear fits back
to a zero deflection we can define a new parameter Po (see
Fig. 4) at the intersection with the y-axis. Clearly, the range of
the scatter in Po is smaller than that of Py, suggesting that an influ-
ence of the initial post-yield behaviour remains even detectable in
Po; influence that we should try to remove from Po. As a matter of
fact, we observed that the larger Po, the larger the slope of the fit of
the punch test curves. This fact is related to an experimental obser-
vation on the proportionality between the SBPT curve slope and
the average flow stress [7,13]. Therefore, it became natural to sub-
tract from Po a quantity proportional to the slope of the fit. After
few attempts, we found that an appropriate quantity to subtract
is Ph, defined by the product slope of the fit with a deflection equal
to 0.05. So we defined P* as (see Fig. 4):

P� ¼ Po � Ph ð2Þ

where Ph = 0.05 * S, with S being the slope of the fit in the plastic
bending regime. By doing so, a plot of ry versus P*/t2 yields a ‘res-
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olution’ on the assessed yield stress much better than the one given
by Py/t2. A plot ry versus P*/t2 (t = 0.25 mm) is presented in Fig. 5.
Again the fit on the plot has been done by taking into account only
the data corresponding to the post-yield behaviour Nr. 0, consid-
ered as representative of the calibration that we would obtain on
unirradiated materials. The scatter in P*/t2 has been significantly re-
duced with respect to that of Py/t2, which makes it reasonably inde-
pendent of the post-yield behaviour while dependent enough on
the yield stress level.
4. Conclusions

Finite element simulations of small ball punch tests were used
to assess the flow properties of tempered martensitic steels. In the
past, calibrations between the yield load Py defined on the SBPT
force–deflection curve was employed to correlate with the alloy
yield stress. However this calibration suffers from the drawback
of being, to some extent, dependent on the post-yield behaviour.
Since the post-yield behaviour of the irradiated condition is in
principle not known, this induces uncertainty in the assessment
of the irradiation hardening. Based on careful analysis of the punch
test deformation as seen by well validated finite element simula-
tions, a new parameter was then proposed, that correlates with
the yield stress and was shown to be much less dependent on
post-yield behaviour, being thus more suited for post-irradiation
examination studies.
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