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Abstract. This paper presents an experimental investigation on the influence of the temperature on the reduced activation steel
Eurofer97 under uniaxial tensile loads at high strain rate. Round undamaged specimens of this material having gauge length
5 mm, diameter 3 mm, were tested in universal machine to obtain its stress-strain relation under quasi-static condition (0.001s−1),
and in modified Hopkinson bar to study its mechanical behaviour at high strain rates (300 s−1, 1000 s−1) respectively. The tests
at high strain rate were carried out at 450 ◦C and at nitrogen temperature. Finally, the parameters of the Zerilli-Armstrong
constitutive material relationship were obtained.

1. Introduction

In a real fusion reactor, plasma disruptions are expected
to occur that will yield disruption stress peaking in
about 1 ms: that represents the typical loading rate of
dynamical tests. Thus, up to now, not enough attention has
been paid to characterize both the dynamic constitutive
behaviour and dynamic fracture toughness behaviour of
the tempered martensitic steels. As a first step to fill that
gap, this study has been undertaken to investigate the
tensile properties, yield stress and strain hardening, from
static to highly dynamic regime of Eurofer97 steel. Those
data are necessary to calculate the stress/strain field around
the crack tip by finite element simulations to model the
toughness-temperature behaviour in the transition region
This paper presents an experimental investigation on
the influence of the temperature of reduced activation
steel Eurofer97 under uniaxial tensile loads at high
strain rate. Round undamaged specimens of this material
having gauge length 5 mm, diameter 3 mm, were tested
in universal machine to obtain its stress-strain relation
under quasi-static condition (0.001 s−1), and in modified
Hopkinson bar to study its mechanical behaviour at high
strain rates (300 s−1, 1000 s−1) respectively. The test at
high strain rate were carried out at 450 ◦C and at nitrogen
temperature.

2. Material

The reduced activation steel Eurofer97 is a tempered-
martensitic stainless steel of the 7–9wt% Cr class. The
concentration of the main alloying elements is (in wt%)
0.1% C, 8.9% Cr, 1% W, 0.2% V and 0.15% Ta. In order to
obtain the reduced-activation behaviour, several alloying
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elements commonly added to commercial martensitic
stainless steels like Ni, Nb and Mo have been either
removed (Ni), or replaced (Nb and Mo) by elements with
shorter half lives (W, V, Ta). Eurofer97 has been selected
by EU as reference structural material and will be used
to fabricate the Test Blanket Modules of the International
Thermonuclear Fusion Reactor (ITER) [1]. The material
has been produced by Bölher AG as rolled plates of 8,
14 and 25 mm. In this work, we have studied the material
coming from the 25 mm plate of the heat 9741. The
final thermal treatment applied consisted of austenitization
during 0.5h @ 980 ◦C+ air cooling followed by tempering
1.5 h @ 760 ◦C+ air cooling. A detailed description of the
microstructure of the Eurofer97 can be found in [2] and
[3]. Here, it suffices to say that the material features small
prior austenitic grains, characterized by a mean intercept
length of about 10 µm. The carbides, mainly M23C6 and
TaC type, are not bigger than 400 µm. This steel is very
clean and its inclusions level is extremely low.

3. Experimental set-up
The high strain rate tests were carried out by means of
a Split Hopkinson Tensile Bar (SHTB) device shown in
Fig. 1. It consists of two cylindrical high strength steel
bars, having a diameter of 10 mm, with a length of 9 and
6 m for input and output bar, respectively and the thin sheet
steel specimen is screwed to the two bars [4–8].

The test with the SHTB is performed as follows: 1) first
a hydraulic actuator, of maximum loading capacity of
600 kN, is pulling part of the input bar (6 m) as pretension
bar with a diameter of 10 mm; the pretension stored in
this bar is resisted by the blocking device; 2) second
operation is the rupture of the brittle bolt in the blocking
device which gives rise to a tensile mechanical pulse of
2.4 ms duration with linear loading rate during the rise
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Figure 1. SHTB device.

time (30 µs), propagating along the input and output bars
bringing to fracture the specimen.

The input and output bars are instrumented with
strain gauges, which measure the incident, reflected and
transmitted pulses acting on the cross section of the
specimen. As pre-tensioned bar is used part of the input
bar. On the basis of the incident (εI), reflected (εR) and
transmitted (εT) records, of the consideration of the basic
constitutive equation of the input and output elastic bar
material, of the one-dimensional wave propagation theory
it is possible to calculate the stress, strain and strain-rate
curves by the following equations [4–8]:

σE (t) = E0
A0

A
εT (t) (1)

εE (t) = −2C0

L

∫ t

0
εR (t) dt (2)

ε̇ (t) = −2C0

L
εR (t) (3)

where: E0 is the elastic modulus of the bars; A0 their cross-
sectional area; A is the specimen cross section area; L is
the specimen gauge length; C0 is the sound velocity of the
bar material.

In order to test the EUROFER97 steel at high
temperature and high strain rate a homemade oven was
used. In Fig. 2 the high temperature set-up is shown.
It consists of an oven, able to maintain constant the
temperature (measured by a thermocouple in contact with
the specimen), and cooling systems to avoid any influence
on the strain gauges.

The low temperature tests were obtained by means of
a system containing nitrogen liquid as shown in Fig. 3.
The test starts when the temperature of the specimen is in
equilibrium with the nitrogen liquid.

4. Results
The results of the experiments carried out at room
temperature (293◦K) are summarized in Table 1 [6]. It can
be noted as the flow stress increases with increasing strain
rate, at room temperature.

The high strain rate results at high and low temperature
are shown in Table 2 and Table 3, respectively.

Figure 2. Set-up for high temperature high strain rate testing.

Figure 3. Experimental set-up for low temperature testing.

Table 1. Strain rate results at room temperature [6].

Strain-rate
[s−1]

R0.2

[MPa]
Rm

[MPa]
Uniform
strain
[%]

Reduction
of area
Z [%]

10−3 560 652 4.8 80.7
5 665 753 8.6 77.2
30 680 783 6.4 78.1
300 716 814 10.0 77.7
600 720 837 11.5 77.3

It can be observed as the strength decrease increasing
the test temperature. The reduction of area increase with
increasing strain rate and temperature as also shown in
Fig. 4, where the stress versus strain curves at high strain
rate and different temperature are depicted.

The true stress and true strain were obtained by:

σtrue = σeng
(
1 + εeng

)
(4)

εtrue = ln
(
1 + εeng

)
. (5)

The true stress vs. strain curves must be regarded
as significant until the point of ultimate tensile stress
where the necking begins; after this point localization
and fracture propagation governs the flow curve, which
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Table 2. Strain rate results @723K.

Strain-rate
[s−1]

R0.2

[MPa]
Rm

[MPa]
Uniform
strain
[%]

Reduction
of area Z
[%]

568 321 473 5.07 86.53
548 383 517 5.57 86.28
1318 463 496 2.31 88.32
1955 404 412 4.00 89.66

Table 3. Strain rate results @77K.

Strain-rate
[s−1]

R0.2

[MPa]
Rm

[MPa]
Uniform
strain
[%]

Reduction
of area Z
[%]

228 1364 0.77 2.0
246 1203 0.65 0.0
982 858 0.39 0.0
1000 1288 0.61 0.0
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Figure 4. Stress vs. strain curves at high strain rate and different
temperature.

is no more representative of homogeneous mechanical
properties of the materials. In this case beyond the point
of uniform straining of the engineering stress-strain curve
the one-dimensional true stress-strain curve should be
reconstructed by calculating the true stress and the true
strain using the Bridgman formulae [9] which introduce
the correction for the tri-axial stress state. At fracture the
Bridgman formulae can be written as follows:

σtrue,fracture =
σeng.,fracture

(1 + 2R/a) · ln (1 + a/2R)
(6)

where, a is minimum radius at fracture cross-section,
R is the meridional profile radius at fracture neck (see
Figs. 5–6), and σtrue,fracture = Pfracture/πa2g the average
stress at fracture and Pfracture the fracture force.

εtrue,fracture = 2 · ln
a0

2 · a
(7)

where, a0 is the initial diameter of the gauge length cross-
section.

 a) 

 b)

Figure 5. Dynamic test at 293K @: a) 1000 s−1 and b) 300 s−1.

 a) 

 b) 

Figure 6. Dynamic test at 723K @: a) 1000 s−1 and b) 600 s−1.

Having calculated the true stress and true strain at
fracture with the Eqs. (4) and (5) for the complete
construction of the true stress-strain curve during the
necking deformation phase a straight line is drawn between
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 a) 

 b) 

Figure 7. Dynamic test at 77K @: a) 1000 s−1 and b) 300 s−1.
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Figure 8. True stress vs. true strain curves @723K and different
high strain rates.

the ultimate tensile strength/uniform strain point and the
fracture point determined by application of the Eqs. (6)
and (7).

In Fig. 8 the true stress versus true strain of the test at
high strain rate and high temperature are shown. It can be
noted as the strain hardening decreases with increasing the
strain rate.
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Figure 9. Comparison between quasi-static and dynamic true
stress vs. true strain curves @77K.
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Figure 10. True stress vs. true strain curves @1000 s−1 and
different temperatures.

Figure 9 shows the comparison between quasi-static
and dynamic true stress versus strain curves at low
temperature. The failure at high strain rate could be
influenced by the presence of marks (see Fig. 7) produced
manually by means of an electrical pencil device. At this
temperature all failure start in correspondence of such
surface discontinuity, and this could be the reason causing
the premature failure of the test at 982 s−1.

Comparing the true stress versus true strain curves (see
Fig. 10) at the same strain rate but at different temperature
is possible to observe the influence of the temperature. The
brittleness of the material increases with the decrease of
the temperature.

The influence of the temperature can be better
understood analysing the yield stress in function of the
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Figure 11. Yield stress vs. temperature for different strain rates.

temperature as illustrated in Fig. 11. Indeed, adding the
results obtained at high strain rate to those obtained in
quasi-static regime [2] at 9·10−5s−1 can be highlighted
how the strain rate vertically moves the curve. The
behaviour is well described by an exponential function.

5. Constitutive model
It is commonly known that many constitutive relations
are simply a numerical fit to test data. At best these
models include work hardening, strain-rate dependence
as well as the thermal softening such as the well-known
model proposed by Johnson and Cook in the eighties
[10] and nowadays widely used. On the other hand, there
are other models based upon physical concept such as
Zerilli-Armstrong material constitutive model [11], based
upon dislocation mechanics. Others authors based their
constitutive model upon dislocation density [2,3,6].

To describe the influence of temperature effect on the
dynamic behaviour of Eurofer97, that is a body centered
metal [1], the Zerilli-Armstrong was used. The relationship
proposed for bcc metals is:

σ = c0 + c1 · exp (−c3 · T + c4 · T · ln(ε̇)) + c5ε
n (8)

where, c1, c3, c4, c5 and n are the five material constants
for the bcc model, while c0 take into account the influence
of the dislocation density on the yield stress [2], evaluable
as follow:

c0 = �σ ′
G
+ k · l−1/2. (9)

This last parameter was chosen equal to 55 MPa thanks to
a previous investigation of the plastic flow properties in
tension of the Eurofer97 steel [2]. As a first approximation,
the obtained five material constants are collected in the
following Table 1.

In order to check the validity of the obtained
constants, a comparison between experimental and Zerilli-
Armstrong fit has been depicted in Fig. 12. Three

Table 4. Zerilli-Armstrong parameter for the Eurofer97.

c1 c3 c4 c5 n
[MPa] [◦K−1] [◦K−1] [MPa] [-]
1075 2,063 ·10−3 6,762 ·10−5 673,1 0,5320
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Figure 12. Comparison between Zerilli-Armstrong fits and
experimental data.

different experimental tests and the constitutive model
were compared: quasi-static at room temperature (293 K),
high-strain-rate at room (293 K) and high temperature
(723 K).

6. Conclusions
The effect of high and low temperature at high strain rates
on the tensile properties of the tempered martensitic steel
Eurofer97 was studied by means of a Split Hopkinson
Tensile Bar device.

This tempered-martensitic stainless steel showed a
quite high strain rate sensitivity. Furthermore, it shows a
moderately high sensitivity to temperature at high strain
rate.

Finally, the material parameters of the Zerilli-
Armstrong constitutive equation were determined. The use
of this calibration seems to fit relatively well with the
experimental data.
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