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Abstract
Stress relaxation tests were performed at room and higher temperatures to analyze the
determination of the strain rate sensitivity of dislocation stress and the activation volume in
Mg-3Al-1Zn alloy sheets. The tensile axis was parallel to the rolling direction. The activation
volume estimated at room temperature decreases with increasing stress at the beginning of
the relaxation. The relaxation duration of at least 30 min was used. At higher temperatures,
the activation volume can be determined only from data at the beginning relaxation up to
300 s. Stress relaxation tests at higher temperatures for at least 30 min indicate that recovery
processes play an important role in relaxation.
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1. Introduction
In a stress relaxation test, a specimen is deformed
at a strain rate to a certain strain (stress) level, then
the machine is stopped, and the specimen is allowed
to deform inelastically. Stress relaxation (SR) is the
time-dependent decrease of stress in the specimen deformed to the predetermined stress. The applied stress
σ 0 at the beginning of the relaxation decreases with
time t during the stress relaxation. A stress decrement ∆σ = σ 0 – σ(t ) can be determined; σ(t ) is the
stress during relaxation at time t. The specimen can be
again reloaded and strained to a higher stress, and the
test can be repeated. The stress relaxation technique
has been demonstrated to be a useful experimental
method to evaluate activation parameters that indicate the thermally activated processes during deformation [1–7].
In the literature, there are diﬀerent equations describing stress relaxation curves, e.g. [1, 8]. Dotsenko
[9] has reviewed, in details, calculations of the experimental stress relaxation curves.
In the present work, we use the general equation
of SR that can be expressed in the following form:
ε̇ = −κσ̇,

(1)

where ε̇ is the plastic strain rate (also called true strain

rate); the derivate of the stress, σ̇, is called the stress
(relaxation) rate. The elastic compliance of the set
including load cell and specimen κ = KA( – KAσ),
where  and A are the current length and cross section
area of the sample, respectively, and K = ∆xelast /∆F
(∆F and ∆xelast are the load and elastic extension
increments, respectively). In this paper, ε and ε̇ are
called plastic strain and plastic strain rate, respectively. The plastic strain rate during SR can be determined by measuring the slope of the relaxation curve,
i.e. the stress rate, and using Eq. (1). It is worthy to
mention that the plastic strain rate during SR changes
(decreases) over a wide range.
Stress relaxation tests are often used for estimating the activation volume V = bdL, where b is the
magnitude of the Burgers vector, d is the activation
distance, and L is the mean length of dislocation segments between short-range obstacles. The value of the
activation volume helps to identify the thermally activated mechanism. A single thermally activated process can be described by the Arrhenius equation in the
form [10]:
γ̇ = γ̇0 exp [ − ∆G/kT ],

(2a)

ε̇ = ε̇0 exp [ − ∆G/kT ],

(2b)

where γ̇ is the shear strain (deformation) rate, ε̇ is
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the plastic strain rate, γ̇0 and ε̇0 are pre-exponential
factors containing the density of mobile dislocations,
k is the Boltzmann constant, and T is the absolute
temperature. The Gibbs free energy ∆G is a function
of the shear stress, τ , (Eq. (2a)), or the ﬂow stress, σ
(Eq. (2b)). In a simple case
∆G = ∆G0 (1 − τ /τm ),

(3)

where ∆G0 is the activation energy at zero stress (it
is also called the obstacle energy), and τ m is a maximum level of deformation resistance [11]. The activation volume is deﬁned as the negative partial derivative of ∆G with respect to τ [10], i.e.
V = −(∂∆G/∂τ ) = ∆G0 /τm .

(4)

It should be mentioned that, in polycrystal deformation, the applied stress is related to the shear stress
as σ = mτ (and ε = γ/m), where m is the Taylor
factor. In Mg alloys, m value depends on the sample
texture [12]. The stress relaxation curves are very often analyzed under the assumption that the dislocation structure does not change during the stress relaxation test. In other words: the eﬀects of strain hardening/softening during the relaxation are neglected, and
the internal (athermal) stress is assumed to be constant. It can be fulﬁlled at low temperatures where
no recovery process occurs. Studies of the deformation behavior of magnesium alloys have demonstrated
that recovery processes should be considered when the
magnesium alloy is deformed at elevated temperatures
[4]. In many cases, therefore, duration of the SR tests
was chosen to about 300 s. Trojanová and Lukáč [4]
have reported that the value of the internal (athermal)
stress decreases very rapidly with increasing temperature.
The aim of the present work is to investigate the
stress relaxation behavior of rolled magnesium alloy
AZ31 sheets at room and elevated temperature to describe the eﬀect of testing temperature on the behavior. Duration of the SR was chosen at least 30 min.

2. Experimental procedure
The material used in this study was magnesium
alloy AZ31 with composition Mg3Al-0.8Zn-0.2Mn
(wt.%). Specimens for experiments were processed
from as-received rolled sheets of a thickness of 1.6 mm.
The resulting microstructure of specimens after annealing at 300 ◦C for 8 h appears uniform, equiaxial
with a mean grain size of 15 µm, and free of twins. The
sample preparation details are described elsewhere
[13]. Annealed samples display a basal texture that
was determined using a Pananalytical Xpert MRD diffractometer and the Philips Xpert Texture software –

Fig. 1. Variation of the yield strength with temperature;
strain rate ε̇ = 1.3 × 10−3 s−1 .

details and results have been reported by Balík et al.
[14].
Tensile tests including stress relaxation tests of ﬂat
tension specimens with a gauge length of 25 mm and
a cross section of 1.6 × 6 mm2 were carried out on an
Instron machine at diﬀerent temperatures at an initial
strain rate of 1.3 × 10−3 s−1 . The load axis was parallel to the rolling direction. The specimen was held for
1.5–2 h at the testing temperature before starting the
test. The temperature in the furnace was controlled to
within ± 0.5 ◦C. The stress drop during relaxation was
recorded as a function of time with a sampling period
of 0.1 s.

3. Experimental results
The true stress-true strain curves of AZ31 sheets
deformed in the rolling direction are very temperature sensitive. The deformation behavior is very similar as that described in details elsewhere [5, 13]. The
ﬂow stress decreases and elongation to fracture increases with increasing temperature. The temperature
dependence of the yield strength is shown in Fig. 1.
Figure 2 shows two stress relaxation curves obtained
at practically same strains at 23 and 125 ◦C. The eﬀect
of testing temperature can be seen on the SR curve.
The diﬀerence between the stress at the beginning of
SR and that at the relaxation end is temperature dependent. The stress drop is higher for a higher temperature.
Figure 3 shows the plots of the plastic strain rate
calculated using Eq. (1) against the ﬂow stress during
SR for three diﬀerent ﬂow stresses at the beginning of
SR at room temperature. The plots are also called kin-
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Fig. 2. Examples of relaxation curves; stress-time curves
at the same strain at 25 and 125 ◦C.
Fig. 4. Examples of kinetic curves determined from relaxation curves obtained at 100 and 200 ◦C at lower and higher
strain levels.

Fig. 3. Kinetic curves calculated from relaxation curves at
room temperature.

Fig. 5. Strain rate sensitivity of the ﬂow stress, M = Mf +
kT/V, at room temperature.

4. Discussion
etic curves. The SR tests started at the following ﬂow
stress/true strain: 193 MPa/0.016, 255 MPa/0.06, and
305 MPa/0.15. A linear part of the plot occurs after
a short period of about 1 s; a short transition is observed. It is obvious that the slope of the plot decreases
with increasing initial stress, i.e. at the stress at the
beginning of the SR test. At longer time – at a lower
plastic strain rate – departures from the linearity are
observed. This indicates a process leading to dynamic
recovery.
Some examples of the stress variation with the
plastic strain rate at 100 and 200 ◦C (for lower and
higher strains) are shown in Fig. 4. It is obvious that
the shape of the curves is complex. It is diﬃcult to ﬁnd
a longer linear part in the plots. A substantial contribution to dynamic recovery may be taken into account. Similar stress variations with the plastic strain
rate were observed at 250 and 300 ◦C.

The ﬂow stress in polycrystalline magnesium alloys
deformed by dislocation glide can be divided into three
components:
σ = σd (ε̇, T, S) + σf (ε̇, T ) + σn ,

(5)

where σ d is the dislocation component (ﬂow resistance) due to interaction between moving dislocations
and dislocation type obstacles, the density of which is
usually varying with strain and enters the structure
parameter S, T is testing temperature. The friction
stress, σ f , represents the resistance to dislocation motion due to solute atoms. It is also thermally activated
but independent on straining. The stress component,
σ n , is due to non-dislocation obstacles as grain boundaries, precipitates, dispersion particles.
The relation between the stress and plastic strain
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rate variation during stress relaxation can be expressed by the following equation:
(1+κh)δσ = {(∂σd /∂ ln ε̇)+(∂σf /∂ ln ε̇)}δ ln ε̇(+δσn ),
(6)
where h is the strain hardening rate during SR and
since κ ≈ 1/11.4 GPa−1 , the term κh can be omitted against 1. We restrict ourselves to the linear part
in plots in Fig. 3. Then ∂σ n = 0; no change in non-dislocation obstacles occurs. The strain rate sensitivity (SRS) of the friction stress Mf = (∂σ f /∂ ln ε̇)
depends on the solute concentration as has been reported by Lukáč [15] who determined the concentration dependence of the activation volume of Mg-Cd
single crystal. Mf is independent of strain whereas the
SRS of the dislocation stress Md = (∂σ d /∂ ln ε ε̇) depends on the initial stress of the relaxation, i.e. on the
dislocation structure.
Combining Eqs. (2b), (3) and (4) gives the following relation for the dislocation stress:
σd = (∆G0 /V )[1 − (kT /∆G0 ) ln(ε̇0 /ε̇)] =
= σd0 − [(kT /V ) ln(ε̇0 /ε̇)],

(7)

where σ d0 is the maximum stress at 0 K; it is
also called the mechanical maximum (the mechanical
threshold) of the dislocation stress [11, 16]. From the
slope of the linear part of each plot in Fig. 3 one can
estimate the strain rate sensitivity of the total stress M
= ∂σ/∂lnε̇ = Mf + Md . This quantity increases with
increasing initial stress at the beginning SR σ s as mentioned above. The dislocation stress at the beginning
SR, σ d,s , can be, to a ﬁrst approximation, estimated
as
σd,s ≈ σs − σ0.2 ,

(8)

where σ 0.2 is the yield strength. The strain rate sensitivity against the dislocation stress is plotted in Fig. 5.
This dependence – in the literature called the CottrellStokes law or the Haasen plot [17] has a slope of 0.0285
and a positive intercept Mf ≈ 1.13 MPa. It is clear
that the activation volume V = kT/M, (Eqs. (4) and
(7)), decreases with increasing stress (strain) as has
been reported for Mg-Cd single crystals [15] and Mg-5Al-1Sr (wt.%) polycrystalline alloy [4]. It should be
mentioned that in this type of SR tests the apparent activation volume and not the physical activation
volume was determined [10]. The values of the activation volume estimated for AZ31 magnesium alloy
sheets (for instance V/b3 = 61 at σ = 193 MPa) are
close to those determined for as cast AJ51, AJ91 and
AX41 alloys [4, 18].
The experimental results for samples deformed at
temperatures above 100 ◦C imply that the activation
volume using an SR test can be determined only from
data recorded at the very beginning of the test if the

specimen is allowed to relax for a short time, about
200–300 s. These short duration SR were used for cast
magnesium alloys as AZ31 and AJ51 [4, 5].
It was observed that at elevated temperatures the
stress drop is higher than corresponding to Eq. (1),
and the drop increases with increasing temperature.
This indicates that during relaxation a process leading to softening (recovery) occurs. The activity of non-basal slip systems, e.g. double prismatic slip, may
play a signiﬁcant role in both hardening and softening processes. Screw components of <a> dislocations
may move to the parallel slip planes by double cross
slip through prismatic planes [19, 20]. These phenomena will be analyzed in a future study.

5. Conclusions
The stress relaxation test is an eﬀective method
to study the thermally activated processes during deformation. At higher temperatures, the data for a
short duration time (about 300 s) should be used for
determination of the activation volume. The tests with
a long relaxation time at higher temperatures indicate a mechanism leading to dynamic recovery. Further
investigations are required to clarify the eﬀect of temperature and relaxation time on recovery mechanisms
in AZ31 magnesium alloy sheets.
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