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Abstract—Martensitic steels with an ultimate tensile strength
beyond 2000 MPa are applied in the powertrain of vehicles due to
their excellent fatigue strength and high creep resistance. However,
the creep controlling mechanism in martensitic steels at ambient
temperatures up to 423 K is not evident. The purpose of this study is
to review the low temperature creep (LTC) behavior of martensitic
steels at temperatures from 363 K to 523 K. Thus, the validity of a
logarithmic creep law is reviewed and the stress and temperature
dependence of the creep parameters o and [ are revealed.
Furthermore, creep tests are carried out, which include stepped
changes in temperature or stress, respectively. On one hand, the
change of the creep rate due to a temperature step provides
information on the magnitude of the activation energy of the LTC
controlling mechanism and on the other hand, the stress step
approach provides information on the magnitude of the activation
volume. The magnitude, the temperature dependency, and the stress
dependency of both material specific activation parameters may
deliver a significant contribution to the disclosure of the nature of the
LTC rate controlling mechanism.

Keywords—Activation parameters, creep mechanisms, high
strength steels, low temperature creep.

1. INTRODUCTION

TC can be understood as time dependent plasticity that

occurs at temperatures T, which are clearly below the
melting temperature T,, i.e. T < 0.3T,,, and at stresses o
below the macroscopic yield strength Ry . In contrast to high
temperature creep, only primary creep is displayed and typical
creep strains &, are less than 1 % [1], [2]. The mechanism of
plastic deformation at such low temperatures is identified as
pure dislocation glide [3], [4]. Hence, the creep rate &, is
generally described by the Orowan equation,

€r=N-Ab-fy exp[-G/(k T)] (1)

where N is the number of dislocation elements per unit
volume contributing to creep, A the area swept out by a
dislocation element after thermal activation, b the Burgers
vector, f, an atomic frequency, G the activation energy and k
the Boltzmann constant. The activation energy for this
dislocation glide is strongly influenced by an applied stress T
or o as well as an internal opposing stress o, e.g. residual
stresses. The stress dependent activation energy G(o)
approximately reads,
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where G, is a materials constant, v the activation volume and
h a strain hardening coefficient [5]. Experimental studies
reveal that the magnitude of creep strain &, during LTC in
high strength, martensitic steels is well described by a
logarithmic creep law,

gr=a-In(B-t+1). 3)

a and fB are material specific parameters, which are functions
of temperature T and stress o. Creep tests have been
conducted to review the creep behavior of martensitic steels at
low temperatures in order to reveal the temperature and stress
dependency of both parameters. However, the creep rate
controlling mechanism in terms of (1) is still unclear. In order
to shed light into it, temperature-step and stress-step tests have
been conducted for the determination of both activation
parameters G and v.

II. EXPERIMENTS

The materials testing have been conducted using wire rods
of a martensitic steel 64SiCrVe6. Its chemical composition is
listed in Table 1. The hot rolled wire rods have been shaved,
recrystallized, cold drawn to a diameter of 3.7 mm, quenched
and tempered by means of inductive heating prior to the LTC
tests under tensile loading.

TABLEI
CHEMICAL COMPOSITION OF THE STEEL (MASS%)
Material C Si Mn Cr \% Ni Fe

64SiCrVé6 0.62 1.43 0.59 0.65 0.11 - balance

The total lengths L; of each wire are either L; = 400 mm
for LTC testing and stress step testing or L, = 170 mm for
temperature step testing, respectively. The samples for the
temperature step test are additionally mounted with threaded
fittings of a length of 42 mm. The LTC testing as well as the
stress step testing have been done by means of a static
materials testing machine Z 100 with a convection chamber.
The engineering strain £(t) has been measured at an initial
length [y, =250 mm by means of the extensometer
multiXtens, which is classified to the accuracy class 0.5 in
accordance to DIN EN ISO 9513. The temperature step tests
are conducted by means of a Gleeble 3500 GTC machine,
whereby &(t) is measured at an initial length Iy, = 25 mm
with the extensometer MTS 634.12F 25. This is classified to
the accuracy class 1 in accordance to DIN EN ISO 9513. The
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LTC tests are performed either at a stress o of 1400 MPa for
the temperatures T = 423 K, 473 K and 523 K as well as ata
temperature T of 423K for stresses o =800 MPa,
1000 MPa, 1200 MPa and 1400 MPa. In order to ensure the
complete heating of the samples, the convection chamber
holds the temperature for 20 minutes before loading. The
loading rate is 1 kN /s. A schematic illustration of the loading
process is given by Fig. 1.
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Fig. 1 Schematic illustration of the loading process

For the stress step test an initial stress o, = 1400 MPa is
applied and subsequently increased by Ao = 20 MPa after
one hour, respectively. Further stress step tests are performed
at o, = 1400 MPa, Ao = 100 MPa and at o, = 1600 MPa,
Ao = 20 MPa after only 30 minutes. All temperature step
tests start at a temperature T, = 363 K with temperature steps
AT=15K at a rate T=2K/s and at a stress o=
1400 MPa.

III. RESULTS

A.LTC Tests

Fig. 2 (a) reveals that the material exhibits a logarithmic
creep behavior according to (3) with creep strains much lower
than 1 %. Even at a temperature of 523 K and at a stress
o = 1400 MPa the creep strain achieves only a maximum
value of about 0.3 %.

The logarithmic creep rate [né.. displays a linearly
descending behavior with &, so that only primary creep
occurs. Fig. 3 shows the stress and temperature dependence of
the material specific parameter .
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Fig. 2 (a) Creep Strain vs. time, (b) Creep rate vs. Creep Strain
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Fig. 3 (a) Stress dependence of a, (b) Temperature dependence of «

It is obvious that a increases with stress and temperature,
whereby the fitting line and the good -coefficient of
determination reveal an exponential stress and a linear
temperature dependency. Fig. 4 illustrates the stress
dependence of In(a - ), which is well fitted by a linear fitting
curve.
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Fig. 4 Stress dependence of In(a - )

B. Stress-Step-Tests

The creep strain during the incremental stress step tests is
illustrated in Fig. 5, indicating the changes of stress Ao by a
rapid increase in creep strain &,. After the incremental step,
the slope of the creep curve slightly increases.
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Fig. 5 Stress-step-tests with different variations in stress level, incremental step size and holding time for 64SiCrV6

The activation volume v is given by
v ==k T-In(é;1/écr2)/ Mo “

The determination of the creep rates &, is done by a fitting
of the experimental values of the creep strains &, and a
subsequent derivation of the fitting function. The calculated
activation volumes v are listed in Table II. These activation
volumes can be expressed in terms of the Burgers vector b,
whereby the most likely Burgers vector in martensitic steels is
a/2[111] with the lattice constant a = 0.2869 nm. The
activation volumes are in a range of 4b% — 13b3.

TABLEII
ACTIVATION VOLUMES OF THE DIFFERENT TEST SERIES

Stress levels o Activation volume v [x102°m?] / b3
[MPa] Stress Step 1 Stress Step 2

(a) 1400 > 1420 > 1440 1.17/8 1.15/8
(b) 1600 > 1620 > 1640 191/13 1.34/9
(c) 1400 = 1500 - 1600 0.61/4 1.24/8

C.Temperature-Step-Test

The creep strains of the temperature step test are shown in
Fig. 6. The increase of the temperature leads to an abrupt
increase in creep strain ... The slope of the creep curve after
the temperature change is slightly increased, which is related
to an increase in the creep rate &,..
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Fig. 6 Temperature-step-test with a step size of 15 K after one hour

Under the assumption that the structure is not changed
during this time, the activation energy G then reads according

to (1) [4], [6]
G =k-n(ér1/é02)/[(1/Ty) — (1/T)]. (5)
The obtained values are listed in Table II1I,

TABLEIII
ACTIVATION ENERGIES FOR DIFFERENT TEMPERATURES

Temperature T [K] Activation energy G [kcal/mol]

363-378 26.0
378-393 25.6
393-408 25.8
408-423 19.8
423-438 26.8

IV. DISCUSSION

A.Stress and Temperature Dependence of the Material
Specific Parameter a and 8

The logarithmic law in (3) includes the material specific
parameters @ and 8. Two types of theories, i.e. the exhaustion
theory [7] and the strain hardening theory [8], are proposed to
explain the logarithmic behavior of LTC in steels. Based on
the strain hardening theory, ¢ and f are obtained by
comparing the Orowan equation (1) in combination with the
strain hardening approach according to (2) to the logarithmic
creep law in (3). This leads to

a=k-T/(v-h) (6)
and
In(@a-B)=In(N-A-b-fy) —(Gy —vo)/kT. @)

Nevertheless, the experimental results show that a is well
described by

a=1.09-10"5-exp(2.16 - 1073MPa"' - 0), (8)

i.e. a stress o dependent equation. Since k = 1.38-10723 J/
K, T=423K and v=1.17-10"22m3 are constant, the

stress dependence may be caused by h. The calculated values
of h according to (6) are listed in Table IV.

TABLE IV
STRESS DEPENDENCE OF THE STRAIN HARDENING COEFFICIENT h

Stress o [MPa]

Strain hardening coefficient h [GPa]

800 813
1000 528
1200 342
1400 223

Considering the temperature dependence of «, the
experimental results are well fitted to

a=-9.98-10"%+292-10"K"1-T, )

i.e. a temperature T dependent equation. However, beside the
linear temperature T dependence, a constant term occurs,
which is not covered by (6). Thus, the temperature dependence
of h can be determined for a stress ¢ = 1400 MPa by (6). The
obtained values are listed in Table V.

TABLE V
TEMPERATURE DEPENDENCE OF THE STRAIN HARDENING COEFFICIENT h
Temperature T [K] h [GPa]
423 210
473 146
523 117

The strain hardening coefficient h = h(o, T) decreases with
temperature, whereby h becomes infinite at T = 342 K. The
magnitude of the strain hardening coefficient is by a factor
1000 higher than suggested by the second stage of strain
hardening of single crystals. A more suitable description for
the strain hardening of polycrystalline materials is given by,

o(&cr) ~Ecrs (10)

which may lead with a Taylor expansion approach at &, =
Ecr,0 to a stress and temperature dependent strain hardening
coefficient h*

h'(0,T) = 00 /0¢cr|epr=epro- (11)
The stress dependence of In(a - ) is well described by,

In(a-p) =—-17.86 +5.07-10"3MPa"! - ¢ (12)
which reveals a linear increase with stress. This stress
dependence is in good accordance to (7), which enables the
following correlations:

In(N-A-b-fy) —Gy/kT = —17.86 (13)
(v/kT) = 5.07-1073MPa™1. (14)

Under consideration of a temperature T = 423 K, the

activation volume v = 2.96:1072°m3. Furthermore, the
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temperature dependence of S can be described by a
modification of (7) to be

B(T) = NAbfy/a - exp[—(Gy — vo)/kT]. (15)
B. Activation Parameters

The activation volumes determined by the stress step test (s.
Table II) are in good agreement to the research group of
Pandey [9]. However, the above value of v determined by (15)
is 3 times below the activation volume established by the
stress step test. The deviation might be explained by
neglecting the stress dependence of h. This leads to the fact
that the opposing internal stress o has to be considered in the
determination of the activation volume v

v=—k-T- ln(écrl/écrz)/(Aa- - AGG)' (16)

Nevertheless, the magnitude of the activation volumes
could clarify the mechanism in LTC for martensitic steels.
According to [6], cross slip is accountable for LTC in
martensitic steels. The activation energy determined by the
temperature step tests reveals a temperature insensitivity,
which agrees very well with [4].

V.CONCLUSION

In this study, LTC tests have been done to determine the
stress and temperature dependence of the material specific
parameter « and f. It is revealed that a increases
exponentially with stress and linearly with temperature.
However, these stress and temperature dependencies are not
fully covered by means of the strain hardening theory
approach. Therefore, stress and temperature dependencies of
the strain hardening coefficient h are discussed, which are
required for a more consistent characterization of LTC by
means of the strain hardening theory approach.
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