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Abstract

The ball punch test technique was used to evaluate the conventional tensile and impact properties of the tempered
martensitic steel EUROFER97 from room temperature down to liquid nitrogen temperature. The testing was carried
out on unirradiated material only with small disks, 3 mm in diameter and 0.25 mm in thickness. For comparison, tensile
tests were also performed over the same temperature range. Correlations between the load at the plastic bending ini-
tiation and the maximum load of the punch tests with the yield stress and the ultimate tensile stress of the tension tests
could be established. The temperature dependence of the specific fracture energy of the punch test was used to define a
ductile-brittle transition temperature (DBTT) and to correlate this with the DBTT measured from impact Charpy on
KLST specimens. The results are compared with other available correlations done in the past on other ferritic steels.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The ball and shear punch test techniques have been
developed to extract the tensile properties [1], the so-
called ductile-brittle transition temperature (DBTT) as
measured by Charpy impact [2] and the fracture prop-
erties [3,4]. While the reasons to develop such small
specimen techniques are many, the development of such
techniques has been mainly driven by the need to min-
imize the specimen size due to the space limitation of the
current irradiation facilities but also by the relatively
limited irradiation volume of the anticipated high energy
neutron source for fusion materials. Among the material
candidates for the fusion reactor structures, the tem-
pered martensitic steels are the most advanced materials
[5]. It was already shown that those steels remain stable
under irradiation up to very high doses (200 dpa) [6] but
the effect of the large quantity of gas (H, He) produced
by transmutation on the fracture properties are still
open issues. In conjunction with other small specimen
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techniques, it is planned to use the ball punch test
technique to assess the He effect on fracture by testing
irradiated material containing different He contents but
with the same damage level. One way to achieve that
goal is to perform neutron irradiations in reactor in
parallel to high energy proton (590 MeV) irradiation
with PIREX facility at PSI [7]. Indeed, when irradiated
with 590 MeV protons, the He generation rate in the
tempered martensitic steels is very high, of the order of
100 appm He/dpa, that is about one order of magnitude
more than what will be produced by 14 MeV neutrons.

The work presented in this communication was done
on the reduced activation tempered martensitic steel
EUROFERY97, which belongs to the 7-9Cr class of steel.
The results reported were obtained in the unirradiated
material at low temperature. The objective was to es-
tablish the correlations between, on the one hand, the
tensile data (yield stress, ultimate tensile strength) with
the punch test results and, on the other hand, between
the DBTT obtained from the Charpy tests with the
specific energy of the punch deformation curve. This
preliminary analysis has to be considered as a first step
in the development of a more sophisticated analysis
method making use of finite element calculations to
model the plastic flow and fracture toughness under
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complex multi-axial stress state. The punch test results
reported here represent the general trend for the EU-
ROFERUY7 but this data base need to be extended in the
future to draw more quantitative conclusions on the
mechanical properties.

2. Experimental

The alloy in this study is the reduced activation
EUROFER97 steel, heat E83697, produced by Bohler
AG. This steel contains 8.90 wt% Cr, 0.12 wt% C, 0.46
wt% Mn, 1.07 wt% W, 0.2 wt% V, 0.15 wt% Ta and Fe
for the balance. The steel was heat-treated by normal-
izing at 1253 K for 0.5 h and tempering at 1033 K for 1.5
h. The steel was fully martensitic after quenching. The
prior austenite grain size was about 10 (ASTM) [8].

Tensile tests were performed on round specimens 3
mm in diameter and 18 mm in gauge length. The tests
were carried out on a MTS servo-hydraulic machine at
constant nominal strain rates of 5x 107 s7! in the
temperatures range from 80 to 293 K. Temperature
control was provided by either a liquid-nitrogen-cooled
alcohol bath or a regulated N, gas environment. Small
punch tests were performed on an electro-mechanical
Schenck RMC100 machine. The load was applied to a 3
mm diameter, 0.25 mm thick disk specimen with a steel
ball of 1 mm diameter. In order to control the temper-
ature below room temperature, a bath of ethanol or
methyl butane was used in which the punch die was
immerged. A good temperature stability was achieved
over the temperature range 133-293 K and at 80 K.
However, it was not sufficient from 80K up to 133 K; as
a consequence, no data point are reported here between
these two last temperatures.

3. Results and discussion

A typical load-deflection curve at room temperature
obtained at room temperature is presented in Fig. 1. As
observed previously on other type of steels [9,10], the
curves can be divided in four stages, namely: I elastic
bending, II plastic bending, III, plastic membrane
stretching and IV plastic instability. The nature of the
deformation mechanisms associated to the different re-
gimes was presented in details by Manahan et al. [11].
These four deformation regimes are indicated in Fig. 1
along with the load associated to the initialization of the
plastic straining, P, and the maximum load, Pp.. In
order to establish a mathematical relationship between,
on the one hand, P, and the yield stress o(,, and, on the
other hand, P, and the ultimate tensile strength (UTS),
Py, and Py, were systematically divided by tf), where 7, is
the thickness of the specimen. The temperature depen-
dence of the normalized yield load, P, /2, and the nor-
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Fig. 1. Load-deflection curve at room temperature.

malized maximum load, P, /f> is presented in Figs. 2
and 3 respectively. For direct comparison, gy, is indi-
cated in Fig. 2 while UTS is shown in Fig. 3. When more
than one data point was obtained at a given tempera-
ture, namely 80, 133, 173 and 293 K, the mean value is
reported in the Figs. 2 and 3 with the associated error
bar. It is emphasized that the reported values at 80 K is
the average of three measurements so that the low
Prax /2> value is well established. P, /7> appears to be
strongly temperature dependent below 200 K while re-
maining almost constant above 200 K. This behavior is
consistent with the thermally activated nature of the
yield strength of this class of tempered martensitic steels,
which also exhibits a strong and monotonous increase of
the yield stress below a nominal temperature of about
200 K [12]. It is worth noting that the ratio between
the yield stresses at 200 and 80 K is similar to that of
P,/ between the same temperatures: 692(80 K)/a.»
(200 K) = 1.75 while P,z,%*(80 K)/P,;%(200 K) = 1.9.
The temperature dependence of Py, /f2 presented in
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Fig. 2. Temperature dependence of P, /> and of a(..
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Fig. 3. Temperature dependence of P,y / tg and of UTS.

Fig. 3 differs significantly from that of P, /£ in two ways.
First, Pna/t? increases strongly from room temperature
down to 133 K and second, below that last temperature
it drops to reach a much lower value at 80 K. The
temperature at which the maximum value of is attained
is not yet precisely determined but it can be estimated to
be 105+ 25 K. Another relevant quantity can be de-
duced from the load-deflection curve, which is the spe-
cific fracture energy per unit specimen thickness (SFE),
in mImm~'. The SFE is shown in Fig. 4 as a function of
temperature. The SFE gradually increases by decreasing
temperature down to 133 K and suddenly drops at 80 K,
similarly to Py /f2. Here again the temperature of the
maximum for SFE is not precisely determined from the
currently available data but it is also estimated to be
105+ 25 K.

Based on the temperature dependence of the pa-
rameters presented in Figs. 2-4, empirical relationships
can be established to extract the yield stress, the ultimate
tensile stress and the DBTT as obtained from Charpy
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Fig. 4. Temperature dependence of the specific fracture energy.

impact tests. Following the same methodology as Mao
and Takahashi [10] to evaluate o, and the UTS of a
material by means of ball punch tests, the normalized
yield load P,/# load and normalized maximum load
Prax /2, are plotted in Fig. 5 as a function of ¢y, and
UTS respectively obtained from plain tensile tests. Since
it was observed that the temperature dependence of
Pmax/tg is not monotonous over the whole investigated
temperature range like the UTS, we report in Fig. 5 only
the data in the range (133-293 K) where both P,/ tf)
and the UTS vary similarly. However, as far as P, /¢ and
09> are concerned, it makes sense to plot one value
against the other over the whole temperature range in
the search of a simple relationship between them since
both parameters vary in a similar manner. As can be
seen in Fig. 5, linear relations can be used to predict the
yield stress and the UTS from the ball punch parame-
ters. These linear relationships read:

60> (MPa) = (149 £ 108) + (413 + 68)% (kN/mm2),

80 < T<293 K,

Pmax
5

UTS (MPa) = (218 + 101) + (77 4 15) 2 (kN/mm?),

133<T<293 K.

In the above equations, the =+ values represent the
standard error values of the parameters.

The correlation between the DBTT and the punch
test data was done by using the SFE values shown in
Fig. 4. The plot of the SFE against temperature quali-
tatively exhibits some similar characteristics of the
absorbed energy-temperature curve of a Charpy curve,
even though the SFE decreases in the ductile domain.
Due to the limitations in the cooling capability of the
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testing device, it was not possible to perform tests below
80 K and the value of the lower shelf energy could not be
attained. Therefore, if the DBTT of the ball punch tests
(DBTT)pr is defined as the mean value of the lowest and
highest fracture energies, the (DBTT)pr is estimated
around 100 K or even lower. However, in the following,
we used the same procedure as Moon et al. [13] and we
define the (DBTT)pr at which the SFE is half the max-
imum value. In our case, this corresponds to 105 + 25 K
as discussed above. The DBTT measured by impact
testing on KLST specimens was found equal to 198 K by
Rensmann et al. [14]. For a series of ferritic steels, Ka-
meda and Mao [15] found an empirical relationship
between the DBTTs determined by small punch test
and standard Charpy tests (STC); this relationship is
(DBTT)pr = a(DBTT)ger, where o= 0.4. While we
dealt with KLST specimens in this study, we used the
same type of calibration and we evaluated the parameter
o by considering the above-mentioned values of
(DBTT)pr and (DBTT)kist. In our case, we can write:

(DBTT)p; = (0.52 + 0.12)(DBTT) o1

The value of « is somewhat higher than that found by
Kameda and Mao but the reason is probably due to the
fact that the DBTT measured with KLST specimens is
lower than that of standard specimens. Indeed, if we
take o = 0.4, the (DBTT)scr is about 260 K, or in other
words 62 K higher than (DBTT)kysr. It is worth men-
tioning here that a shift of 50 K in the DBTT was ob-
served between KLST and standard specimens in the
tempered martensitic steel MANET I [16].

4. Summary

In this study, an attempt to assess the tensile and
impact properties of the tempered martensitic steel
EUROFERY7 in the unirradiated condition by means of
ball punch tests was done. The punch specimens were
TEM disks, 3 mm in diameter and 0.25 mm in thickness.
The punch testing was carried out from room tempera-
ture down to liquid nitrogen temperature with a ma-
chine piston velocity of 1 mm/min. The tensile testing
used to compare the punch results to the usual tensile
data were done over the same temperature domain and
at a nominal strain rate of 5 x 10™* s~!. The character-
istic loads associated to the initiation of the plastic
bending domain, Py, and the maximum load, Py,x, were
reported as a function of temperature and then com-
pared to the temperature dependence of the yield stress,
go> and to the UTS obtained from plain tensile test.
Linear relationships were established between, P, /72 and
692 as well as Py, /t2 and UTS. The specific fracture
energy of the punch tests was also determined and re-

ported as a function of temperature. It was observed to
increase by decreasing temperature until a sharp de-
crease happens below 133 K. The DBTT obtained from
the punch tests and defined as the temperature at
which the energy is half the maximum value was com-
pared to the DBTT determined form impact Charpy on
KLST specimens. A fair agreement with previously re-
ported data on other ferritic steels was found.
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