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Abstract

In an effort to better understand the plasticity of tempered martensitic steels, uniaxial tension and compression tests
were carried out. The temperature dependence of both the yield stress and the post-yield stress behavior were compared,
and it was shown that a good correspondence exists between tensile and compressive behavior. The strain-hardening of
EUROFER 97 steel was examined in terms of dislocation mechanics. A simple strain-hardening law was established
within the framework of a model accounting for dislocation storage and annihilation. Moreover, an analytical con-
stitutive equation was derived which describes the overall post-yield curve. While the equation predicts the flow stress
should reach a saturation stress with strain, this could not be verified by the mechanical tests due to deformation in-
stabilities such as necking in tension or side-slip buckling in compression. Additional tests will have to be devised and

applied to investigate these predictions.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

This study was performed as part of an international
investigation on the 7-9Cr tempered martensitic steels,
which are among the main candidate structural materi-
als for the first wall and blanket of commercial fusion
reactors [1]. We report on the mechanical properties
investigated by uniaxial tension and compression tests of
the European tempered martensitic steel EUROFER 97.
The objectives are several. First, the results presented are
motivated by the need for a better understanding of the
plasticity of tempered martensitic steels. The relation-
ship between the constitutive behavior and the initial
microstructure as well as its evolution with strain still
requires in-depth investigations. Second, the tensile
properties are often related to other mechanical prop-
erties determined by using more complex modes of
loading. For instance, hardness testing obtained from
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ball indenters imposes a multiaxial loading state (e.g.
[2,3]). One goal of this paper is to verify whether the
tensile and compressive properties are similar enough to
be considered interchangeable. Finally it is of interest to
establish the overall constitutive behavior with com-
pression tests on irradiated materials. On the one hand,
this would permit the study of deformation to strain
levels much higher than those reachable by tensile test-
ing due to necking instability. On the other hand, when
fracture toughness studies are undertaken, it is quite
reasonable to envisage extracting small compression
specimens from tested fracture specimens to locally as-
sess the constitutive behavior of a given specimen. Thus
material variability and/or inhomogeneities in irradia-
tion temperature or fluence within a capsule could be
tracked.

This paper aims only at presenting preliminary re-
sults on the differences and similarities of mechanical
properties obtained in compression and tension of an
advanced tempered martensitic steel. Efforts have also
been made to model the post-yield behavior; but, due to
space limitations, a more detailed description of the
modeling of the constitutive behavior in relation to the
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initial dislocation structure and its evolution is given
elsewhere [4].

2. Experimental

The alloy in this study is the reduced activation
EUROFER 97 steel, heat E§83697, 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) [5].

Tensile tests were performed on round specimens 3
mm in diameter and 18 mm in gauge length. The tests
were carried out on an electro-mechanical RMC100
Schenck machine at constant piston velocity corre-
sponding to a nominal strain rate of 5 x 107 s~! at 293,
423 and 623 K under vacuum. Compression tests were
performed with cylindrical specimens 3 mm in diameter
and 5.5 mm in length on another RMC100 Schenck
machine under the same nominal strain rate and tem-
peratures as those of the tensile tests, but under a helium
environment. The stresses, ¢ and strains, ¢, reported in
this paper are the true stresses and true strains.

3. Results and discussion

The yield stresses, o902, measured at a plastic strain
&, = 0.002 are plotted in Fig. 1. The yield stresses de-
termined in compression were found to be slightly, but
systematically lower than those in tension. While the
largest difference (29 MPa) was obtained at room tem-
perature, this difference represents less than 6% of the
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Fig. 1. Temperature dependence of g, in tensile and com-
pression mode.
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Fig. 2. Deformation curve o—¢, at 423 K in tensile and com-
pression mode.

absolute value of the yield stress. Thus, it can be con-
sidered that g, in both deformation modes are rea-
sonably comparable.

The post-yield behavior was studied as follows. As an
example of the comparative stress—strain behavior in
tension and compression, Fig. 2 shows the results of two
tests performed at 423 K. For the tensile test, the de-
formation curve is plotted only up to the strain at which
necking starts. The overall shapes of the two curves look
quite similar to one another, with a parabolic type of
strain-hardening previously observed for this kind of
steel [6,7]. A significantly larger strain was obtained for
the compression test, and a maximum true stress of 650
MPa was attained at g, = 0.8. After testing, observa-
tions of the deformed specimen shape revealed that the
specimen underwent a slight side-slip buckling as de-
scribed in [8]. For this reason and in the following, we
analyzed only the beginning of the compression curve up
to 5% of plastic strain to avoid incorporating the above
mentioned compression instability into the analysis of
the strain-hardening. The post-yield behavior was then
investigated by decomposing the total flow stress into
the yield stress and a post-yield component as

0(6,6,T) =0y(&T) + op(e, & T). (1)

The strain-hardening is defined as do/de, = day,/de,.
Investigations of the strain-hardening for this class of
steel have been performed previously [6,7]. However, it
has not been possible so far to establish an integrated
relationship between the stress and strain for the whole
deformation curve from the yield stress up to the neck-
ing instability in the case of tensile testing. In a recent
study [9], strain-hardening analysis was performed by
using the total dislocation density equation evolution
with strain, based on the storage and annihilation of
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dislocations. It is well known that the storage proba-
bility of a dislocation is inversely proportional to an
effective mean free path Ly (e.g. [10]). Assuming that
different processes acting in parallel limit the mean free
path of the dislocations, the inverse of Ly is the sum of
the inverse mean free paths of each process. In [9], we
made the assumption that L.y was the result of two
mechanisms occurring in parallel. The first one was as-
sociated with the mean free path prescribed by the cell
size, which can be considered as the lath size for tem-
pered martensitic steels. The second one was related to
the average spacing between the dislocations; this spac-
ing being proportional to p'/2. The annihilation term
was taken to be proportional to the total dislocation
density. With the previous hypotheses, a strain-harden-
ing law could be obtained that was found to describe
properly the calculated strain-hardening versus stress.
Motivated by the search for a compact integrated
relationship between oy, and ¢,, we assumed hereafter
that the storage process associated with the lath size is
the dominant one so that the mean free path is taken as
the average lath size D. In this case, the dislocation
density evolution can be written as, [11,12]
dp dp™ dp
d—%—d—%+d_%—M(k1_k2p)» (2)
where k;, determined by a constant mean free path D, is
equal to (bD)fl, kyp accounts for the dynamic annihi-
lation of dislocations and M is the Taylor factor. Con-
sidering that oy arises from an increase of stored
dislocations and represents dislocation—dislocation in-
teraction, gy is then related to the total dislocation
density p by the usual equation:

oo = MaGb,/p, 3)

where o is dimensionless constant, G is the shear mod-
ulus, b is the amplitude of the Burgers vector and p is the
total dislocation density. Using the definition of the
strain-hardening dop,/de, and Egs. (2) and (3) above,
the strain-hardening as a function of stress becomes

P

doy/de, = 0,(0p) = a—ll — Pyoy. (4)
P!

P, and P, are equal to M3(«G)*b/2D and Mk,/2, re-

spectively. The last equation can be analytically inte-

grated to obtain

P, — (P, — Pyo?, ) exp(—2Ps (e, — &,
O_pl:\/l (P 2 p]‘z) p( (& p<). (5)

P

The origin of the o) was chosen at ¢,; = 0.001, at which
op1 = 0pi; and the analysis of the curves which follow
was done from ¢, = 0.002. It is worth noting here that in
Eq. (5) as ¢, tends to infinity, o5, approaches a saturation

stress, g, that is equal to (P /Pz)l/z. Fig. 3 shows the fit
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Fig. 3. gy—¢, with fit as Eq. (5).

to Eq. (5) of experimental data at 423 K for a tensile test.
Fits of that quality were obtained at the other investi-
gated temperatures and also for the compression de-
formation conditions. In order to pursue the comparison
between tension and compression, we report the tem-
perature dependence in Figs. 4 and 5 of the parameters
P, and P, and oy, respectively. It can be seen that the
parameters P; and P, follow the same trend with tem-
perature for both deformation modes. P, exhibits a
slight decrease above 450 K while P, clearly increases,
reflecting the thermally activated nature of the dynamics
of annihilation of dislocations. Interestingly, neither
significant nor systematic discrepancies are observed
between the values of P, and P, obtained in compression
and in tension. The temperature dependence of the sat-
uration stress of ¢, defined by (P /Pz)l/ % shows a
monotonic decrease from about 200 MPa at room
temperature down to 100 MPa at 623 K. This decrease is
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Fig. 4. Temperature dependence of the strain-hardening pa-
rameters P, and P>.
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Fig. 5. Temperature dependence of the saturation stress.

the direct consequence of the increase of P, as discussed
above.

4. Summary

A series of tension and compression tests was un-
dertaken on the advanced tempered martensitic steel
EUROFER 97 between 293 and 623 K. The yield stress
and strain-hardening parameters obtained from both
deformation modes show quite comparable values as
well as similar temperature dependencies. The strain-
hardening law is based on a dislocation dynamics model
taking into account the storage and annihilation of the
dislocations. For the storage term, the mean free path of
the dislocations is prescribed by the lath size and is
considered constant to a first approximation. The dy-
namic annihilation is assumed to be linear with total
dislocation density. The strain-hardening law was inte-
grated to yield a new analytical relationship between the
plastic component of the flow stress and the plastic
strain, allowing construction of the whole tensile curve
from the yield point up to necking. Similarly, the com-
pression deformation curves could be reconstructed but
up to a larger strain level with the same relationship. A

saturation stress is predicted by this analytical constit-
utive relation that could not be reached during the
compression because side-slip buckling was observed to
occur before the predicted saturation stress was reached.
Additional tests will have to be devised and applied to
further investigate this.
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