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Abstract

Stress relaxation during plastic deformation has been reported to improve
ductility of metallic materials. In this study, the stress relaxation behaviour
in pure magnesium is investigated during interrupted uniaxial tensile tests.
During intermittent stopping of the machine for relaxation studies, the total
strain is expected to remain constant. However, an anomalous non-constancy
in total strain is observed in the present work. The total strain increases
with relaxation time. Additional in-situ tensile tests indicate that the non-
constant total strain is restricted only in the gauge area of the specimen,
indicating a likely shear dominated deformation such as grain boundary
sliding (GBS) responsible for the anomalous behaviour. The role of GBS
during relaxation is studied using the deformation induced evolution of sur-
face inhomogeneity. Determinations of surface profiling step heights at grain
boundaries and inclination of grains were used to quantify the effect of GBS.
The estimated activation volume of 4.35 b3 further confirms the role of slip
induced GBS on the deformation. A new stress relaxation model accommo-
dating GBS is proposed and is found to fit the experimental data accurately.
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1. Introduction

The use of magnesium alloys in automotive components is highly desir-
able because their superior strength to weight ratio compared to aluminum
alloys. However, potential obstacles to their wide adoption are relatively low
stiffness, poor formability especially at low temperatures, and relatively low
ductility of engineered components.

Low ductility is an inherent nature of magnesium alloys due to lack of
sufficient number of independent slip systems. Efforts are in place to enhance
the ductility by reducing grain size and texture modification. However, the
underlying mechanism is found to be debatable. The tensile test of pure
magnesium single crystals by Yoshinaga and Horiuchi [1] showed that the
plastic deformation is due to basal slip. The nonbasal slip had no contri-
bution to plastic deformation. Further, compression tests by Obara et al.
[2] confirmed that the dislocation slip on basal planes dominates the room
temperature plastic deformation. Creep and stress relaxation study in poly-
crystalline magnesium in the temperature range of 219 °C to 405 °C showed
that the deformation is controlled mainly by thermally activated glide of
basal dislocations. The rate determining obstacles were observed to be jogs
in screw segments, with lengths greater than or equal to distance between
basal planes [3]. On the contrary, ductility improvement in fine grain Mg al-
loys observed by Koike et al. [4] showed that 40 % of dislocation segments are
of non-basal type. With basal dislocation slip not offering sufficient slip sys-
tems to satisfy the strain compatibility requirement of plastic yield criteria,
ductility improvement is due to compatibility stresses at grain boundaries.
At a homologous temperature of 0.32, the possibility of GBS in Mg and its
alloys has been explored by various researchers. However the occurrence of
GBS at room and lower temperature has been a debatable topic. Observation
of GBS in pure Mg at 78 K was first reported by Hauser et al. [5]. Exper-
imental techniques such as mechanically scribed lines [6] and measurement
of surface step profile [7, 8] have been used to confirm the GBS in magne-
sium at room temperature. Based on experimental observation, Mussot et al.
[9] showed that GBS occurs as a compatibility requirement for anisotropic
plastic strains at grain boundaries. Ando et al. [10], summarized that at
low temperature, the plastic strain anisotropy and absorption of lattice dis-
locations at grain boundaries lead to stress concentrations and GBS. Koike
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et al. [7] and Valiev and Kaibyshev [11] contended that preferential slip on
basal planes in hexagonal close packed (HCP) alloys causes inhomogeneous
deformation within grains at room temperature leading to slip induced GBS.
However, Gifkins and Langdon [6] in their study concluded that GBS does
not occur in Mg and Mg alloys at room temperature and step formation at
grain boundaries was explained as zone sliding.

Under isothermal condition, ductility of metallic materials can also be
improved mechanically by changing the strain rate to postpone the onset of
plastic instability. Recent study with various grades of steel has reported
ductility improvement by introducing stress relaxation during uniaxial ten-
sile test [12]. Bong et al. [13] demonstrated the use of stress relaxation in
forming ultra thin ferritic stainless steel using a servo press. Similar im-
provement in ductility has been observed with 316L stainless steel [14, 15],
dual phase steel [16] and Ti-6Al-4V titanium alloy [17]. Few studies have
proposed the underlying mechanism of stress relaxation which encompasses
elucidation of enhancement of ductility [14, 16, 18]. However, the mechanism
of dislocation annihilation and stress homogenization through dislocation
arrangement during stress relaxation responsible for ductility improvement
proposed by Hariharan et al. [14] is probably the only mechanism which has
been microstructurally validated [19]. Most of the these studies on ductility
improvement due to stress relaxation has been focused on steels where defor-
mation occurs through slip movement and dislocation interaction. The effect
of stress relaxation in magnesium where dislocation movement is restricted
to limited number of slip planes, to the best of authors’ knowledge, has not
been studied before.

Novel mechanical testing methods such as stress relaxation and a robust
understanding of the interplay between multiaxial strain behavior and mi-
crostructure are needed before these materials can be adopted in key automo-
tive components. The present effort is a step toward achieving this goal. The
current study aims and demonstrates that ductility enhancement is possible
through the judicious use of stress relaxation methods in magnesium alloys.
Although a few magnesium alloys, such as AZ series are being used presently
in the automotive industry, the automotive industry still needs both data
and validated material models of these alloys before they can be widely used.
Alloying elements in magnesium alloys have been found to alter the stress
relaxation behavior [20]. In this context, pure magnesium was chosen for
the study as it eliminates the complexities associated with the influence of
alloying elements on the overall deformation behavior of the material.
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1.1. Stress relaxation - prior work and logarithmic model

Stress relaxation, essentially an observation of stress drop with time when
a tensile test is intermittently stopped at a fixed strain level, has been used
to estimate rate dependent parameters related to thermally activated plastic
deformation. Flow stress during plastic deformation is defined as a sum of
stresses required to overcome long range obstacles (internal/ athermal true
stress, σi) and short-range obstacles (effective/ thermal true stress, σ∗).

As the total true strain (εtotal = εp + εe, where εp is the plastic strain
and εe is the elastic strain) remains constant during a stress relaxation test,
the plastic strain rate is, ε̇p = −σ̇/E, where σ̇ and E are the stress rate
and Young’s modulus respectively. If the elastic stiffness due to machine
structure and other components are not adequately compensated, ‘E’ should
be replaced with an effective elastic modulus. Combining the Orowan [21]
equation for plastic strain rate, ε̇p = φρmbν, (φ is a constant, ρm is the mobile
dislocation density, b is the Burgers vector magnitude and ν is the average
dislocation velocity), the stress rate during relaxation is given by:

σ̇ = −Eφρmbν (1)

Considering thermally activated plastic deformation, following the work
reported by Dotsenko [22], the rate form of velocity (ν = ν0 exp(−∆G/kT ),
where ν0 is a constant relating the average dislocation distance during each
activation, ∆G is the activation energy, k is the Boltzmann constant and
T is temperature), can be substituted in the above equation, which upon
integration leads to the logarithmic model (Appendix Appendix A),

σ = σ0 − α ln[1 + βt] (2)

where α and β are the material constants. α = kT/V ∗ and β = V ∗Eε̇p0
kT

exp
(
−∆G0−σ0V ∗+σiV

∗

kT

)
,

σ0 refers to the true stress at the beginning of relaxation (t=0) and V ∗ is
the activation volume. Modelling stress relaxation using equation 2 assumes
constancy of σi and ρm during stress relaxation. Caillard and Martin [23]
assumed the internal stress during stress relaxation to vary linearly with
plastic strain during relaxation, ∆σi(t) = θr∆ε(t) = θr∆σ(t)

E
, where θr is the

strain hardening rate of internal stress. Internal stress does not remain con-
stant during stress relaxation [24]. However, this change was considered to
be negligible by Varma et al. [15].
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From the Orowan equation for plastic strain rate,
∂ε̇p
∂t

= φb

{
ρm

∂v

∂t
+ v

∂ρm
∂t

}
.

Dotsenko [22] in an extensive review of stress relaxation reported that al-

though ρm varies during stress relaxation,
∂ρm
∂t

was ignored in earlier models

(eq.2) of stress relaxation. Analyzing the deviation of experimental results
from the analytical model, Okazaki et al. [25] argued that ρm remains con-
stant for only a short period and decreases with increase in hold time during
stress relaxation. However, deviation of experimental results could be due to
multiple reasons and does not strongly conclude the role of ρm during relax-
ation. Using a novel repeated relaxation test, Spatig et al. [26] showed that
the variation of ρm during relaxation cannot be ignored. Activation energy
values obtained with stress relaxation in 99.996 % aluminium was related
to recovery process [27]. Takeuchi et al. [28] and Li [29] reported that ρm
decreases initially during relaxation and remains constant with hold time in
ionic KCl crystals. The significant dislocation annihilation during stress re-
laxation based on TEM observations reported by Varma et al. [19] in 316L
stainless steel and Mohebbi et al. [30] in ultra fine grained aluminium alloy
substantiate the importance of accounting for variation of ρm while mod-
elling stress relaxation. The logarithmic model for stress relaxation has been
improved by Hariharan et al.[14, 15] to accommodate the variation of σi and
ρm in estimating the activation parameters.

Therefore, the objective of the present work is to understand the influence
of stress relaxation in magnesium. It will be shown in the following sections
that the macroscopic transient response of magnesium is distinctly different
from those of other materials. An improved phenomenological model for GBS
relaxation in magnesium is proposed and validated with the experimental
results.

2. Experimental details

2.1. Initial material

Tensile specimens were prepared by wire EDM (Electric discharge ma-
chining) as per the ASTM-E8M standard [31] from commercially pure 99.95
% Mg along the extrusion direction with an average grain size of 32.0µm ± 4.5µm.
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2.2. Mechanical tests

The standard macro uniaxial tensile and relaxation tests were performed
using 30 kN Zwick4 tensile machine equipped with an optical video exten-
someter. A Kammrath Weiss micro tensile module of 10 kN capacity inside
a Tescan scanning electron microscope (SEM) was also used for the in-situ
uniaxial tensile tests where the tests were stopped and unloaded at below
mentioned strain with and without relaxation hold time. A detailed descrip-
tion of the setup is provided in Appendix Appendix B. Samples for micro
tensile tests were polished to mirror finish and etched with 2 % Nital. SEM
micrographs were captured at similar magnification intervals for both condi-
tions for comparison post unloading. The tensile sample gauge dimensions
were 25 mm x 6 mm x 3 mm and 11 mm x 4 mm x 3 mm for the standard
and the micro tensile test respectively. The tests were performed with the
following parameters: (a) strain rate of 10−2 s−1, 1.9 % strain and varying
hold time of 10 s and 60 s as input parameter. 10 s and 60 s represent the
10 second and 60 second hold time samples, respectively. The 1.9 % strain
was chosen because it corresponds to strain at 90 % of tensile strength. The
strain was chosen so as to have maximum deformation in the microstructure
prior to stress relaxation. Changes in total strain detected in experiments
due to the machine stiffness were reported to be negligible for most prac-
tical considerations [14]. The uniform elongation was used to calculate the
strain corresponding to the ultimate tensile strength. Each test condition
was repeated with at least three samples. Unless otherwise stated, the error
bars mentioned in the test as “± quantity” represent one standard deviation
spread in measured values.

2.3. Surface topography analysis

A separate set of mechanical tests was conducted for surface profiling,
where the samples after a tensile pre-strain were unloaded with and without
relaxation. Samples for surface profiling were polished to mirror finish and
were subsequently etched with 2 % nital. Surface topography of these sam-
ples was characterized by a constant-force, contact-type Nanosurf Nanite B
atomic force microscope (AFM). A 7 nm tip was used to scan 74 µm X 74 µm

4Certain commercial equipment, instruments, software or materials are identified to
describe a procedure or concept adequately. Such identification is not intended to imply
recommendation, endorsement or implication by NIST that the equipment, instruments,
software or materials identified are necessarily the best available for the purpose.
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surface laterally, with a constant force of 20 nN. AFM results were quantified
for measurement of step height at grain boundaries and grain inclination by
Gwyddion, a free software for SPM (scanning probe microscopy) data visu-
alization and analysis. Quantification involved measurement on many line
profiles extracted from multiple 74 µm X 74 µm AFM scans.

3. Results and Discussion

3.1. Experimental results

Figure 1a shows a representative stress-strain response of monotonic and
relaxation at ε = 1.9 % for different hold times (10 s and 60 s) test samples.
Ductility improvement of about 15.5 % ± 1.1 % is observed with relaxation
tests in comparison to the monotonic test. Stress drop of 28 MPa ± 3.1 MPa
and 40 MPa ± 1.9 MPa is observed for 10 s and 60 s hold times, respectively
(figure 1b).

The stress drop during relaxation experiments occurs at a constant total
strain. However, in the present work, strain during stress relaxation increases
with time and is referred henceforth as non-constant (NC) strain (figure 1c).
The NC strain increases from 0.07 % ± 0.01 % for 10 s to 0.127 % ± 0.012 %
for 60 s. The specimen constrained between the grips does not move during
relaxation, therefore the NC strain during relaxation can be attributed to
the occurrence of localized shear displacements in the gauge area. Grain
boundary sliding is shear dominant and a plausible mechanism to explain this
observation. It may be mentioned here that a similar NC strain was observed
in ultra-fine grained Al alloy, although this NC strain was not correlated
with the GBS [30]. Therefore, while GBS is indeed a possible mechanism,
additional confirmation is needed to correlate the observation uniquely with
GBS.

Figure 2 presents optical microscope images of the tensile sample surface
post deformation (with full width of the sample in view). Optical micrograph
of monotonic tensile test sample shows significant surface undulation over
several grains (see arrows in figure 2a). Koike et al. [7] observed enhance-
ment in slip induced GBS and reduction in the surface undulation (stress
concentration) with temperature. Intergrain sliding in nanocrystalline nickel
is reported during stress relaxation in compression at temperatures between
623 K-673 K [32]. This reduction in surface undulation was also observed
with stress relaxation, leading to a uniformly deformed microstructure (figure
2b).
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(a) (b)

(c)

Figure 1: Effect of relaxation on mechanical properties carried out for various hold times
at 1.9 % strain and 10−2 s−1 strain rate a)Monotonic and stress relaxation - eng. stress
strain curve, b) Stress drop during relaxation and c) Offset: Stress-strain during relaxation
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(a)

(b)

Figure 2: Effect of relaxation on surface in the gauge section of a polished tensile sample
obtained after macro tensile tests a) no relaxation and b) relaxation - 60s hold time. The
60 s hold time sample showed a significant decrease in zone slides (indicated with arrows)
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AFM microscopic examination after the mechanical tests shows elevated
grain boundary activity in the relaxed sample. Surface profiles of the starting
material show an average step height of 45 nm at grain boundaries (figure
3a). Figure 3b and 3c are representative surface profiles of monotonic and 60
s samples. Surface undulation can be due to the inability of the free surface
to support the shear stress. However, the pronounced appearance of steps at
grain boundaries, inclination of grains along with slip lines and twins indicate
that the observed surface undulations are due to GBS. Quantification of step
heights and inclinations was conducted on multiple image profiles of slid
grains taken at various locations. Figure 4a shows a representative profile
ranging over 74 µm. It can be observed that the 60 s hold sample shows
sharper changes in profile at the grain boundaries. The no hold sample
shows gradual changes to profile at grain boundaries, possibly indicating
slide in grain clusters or zone sliding. The no hold and relaxed samples are
observed to follow opposite trends with the 60 s relaxation creating more
step heights in larger numbers of grain boundaries than that in the no hold
sample (figure 4b). A similar observation is made for inclination of grains.
The 60 s hold time sample shows higher degree inclinations in comparison to
those for the no hold sample (figure 4c). Average step heights observed for
no hold and 60 s hold time were 264 nm ± 188 nm and 341 nm ± 214 nm,
respectively. Although there is an increase in step height in a larger number
of grains for the 60 s hold sample as evident in figure 4b, a macroscopic
decrease in surface undulation (as shown in figure 2b) is possible because
stress relaxation homogenizes the overall stress field causing a large number
of grains to slide.

Additional stress relaxation experiments were carried out with an in-situ
micro tensile module in a SEM as described in section 2. Strain measurement
in the in-situ experiments was obtained from the displacement of the cross
head, in contrast to the use of extensometer in macro experiments. It is
evident from Figure 5 that NC strain is not observed in the strain estimated
from cross head movement. This further validates that the strain observed
during relaxation is limited to gauge length and that the sample is rigidly
fixed between the grips. SEM micrographs (figure 6) obtained after unloading
the sample from in-situ experiments confirms the observation of relatively
higher grain boundary activity for the relaxed sample. Figure 6 compares
the effect of relaxation on GBS behavior, where the relaxed sample shows
higher deformation at grain boundaries, and even grain separation (figure
6f) in some cases comparison to these features observed for the monotonic
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tensile sample.
As discussed earlier, limited results are available on GBS during stress

relaxation of HCP alloys. However, there are creep studies at room tempera-
ture which can be correlated with stress relaxation using rate equations [33].
Since the underlying mechanism of both creep and stress relaxation under
given conditions are similar [34], the results from creep studies of HCP alloys
can provide valuable insights on the mechanical behaviour during relaxation.
For instance, the authors’ past results showed GBS as primary deforma-
tion mechanism during indentation creep at room temperature [35] in pure
zinc. Similar room temperature indentation creep study in pure magnesium
showed GBS to be the dominating deformation mechanism in the low stress
regime in contrast to twinning in the high stress regime [36]. Matsunaga et
al. [37] observed only one slip system in pure magnesium to be activated
during ambient temperature creep study which in turn leads to dislocation
accommodation taking place at the grain boundaries. Extensive transmis-
sion electron microscopy work for slip line evolution at grain boundary [38],
showed rapid dislocation exhaustion due to interaction of existing slip bands
with GB during creep in Ti-6Al alloy at room temperature. AZ31 magnesium
alloy was observed to be strain rate sensitive in the strain rate range of 10−5

s−1 to 10−8 s−1. It was found that the deformation mechanism changes from
deformation twinning to GBS in the range, with activation volume decreas-
ing from 100 b3 to 15 b3 confirming the change. The authors reasoned that
the stress concentration is accommodated by dislocation absorption at the
grain boundaries leading to GBS with relatively low thermal assistance [39].
Transmission electron microscopy and X-ray diffraction study following in-
dentation creep and stress relaxation experiments carried out for dislocation
density evolution showed an intermixture involving grain boundary diffusion
and grain boundary-dislocation annihilation and emission as the dominant
deformation mechanism in nanocrystalline Ni [40].

Ductility improvement through stress relaxation was studied and the
underlying mechanisms were unearthed primarily in SS316L stainless steel
[14, 19]. The studies conveys that two mechanisms a) dislocation annihila-
tion, leading to reduction in mobile dislocation density dominating during
the initial period of relaxation and b) stress homogenization through dislo-
cation rearrangement dominating the later part of relaxation, operate simul-
taneously during relaxation. Following the rationale and discussion related
to low temperature creep, since the available slip systems with basal dis-
location slip is insufficient, the dislocation annihilation is possible only by
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(a)

(b)

(c)

Figure 3: Effect of relaxation on tensile sample surface - surface 3D images obtained
through AFM after macro tensile tests a) before test, b) no relaxation and c) relaxation -
60s hold time.
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dislocation absorption at grain boundaries. Straining the sample leads to
increased stress concentration at grain boundaries [8, 39] and manifests in
the form of surface undulation and step formation without stress relaxation
(figure 7b). Stress relaxation homogenizes the stress concentration sites and
reduces surface undulation with increasing the number of grains which experi-
ence sliding (figure 7c). It is therefore postulated that stress homogenization
dominates relaxation with enhancement in slip induced GBS. In fact, SEM
micrographs showing increased grain boundary activity with increase in hold
time supports the argument for GBS stress homogenization (figure 6). A
schematic illustrating GBS during stress relaxation is presented in figure 7.

GBS strain (εGBS) is estimated to be 0.98 % and 1.09 % for no hold and
60 s respectively using proposed method in [41]. The difference of 0.11 % in
εGBS between the two conditions is 86 % of the NC strain observed for 60 s. It
confirms GBS to be the primary deformation mechanism during relaxation.

The observation on NC strain violates the basic relation of constancy in
total strain (εt = εe + εp = c) and invalidates the use of eq.1 for developing
stress relaxation models. Consequently, it is proposed to extend the loga-
rithmic model for stress relaxation in the following section to accommodate
the NC strain due to GBS.

3.2. New model for GBS relaxation

Stress drop (σt), during relaxation can be additively decomposed as,

σt = [σt]ε̇p + [σt]ε̇GBS
(3)

where, [σt]ε̇p represents the stress drop during relaxation without GBS
and the stress drop due to GBS is accommodated through [σt]ε̇GBS

. The
variation of σi and ρm during relaxation is described by the first term of the
summation in eq. 3 and is given by the modified logarithmic model [14]

σt = σ0 − ᾱ ln[1 + β̄t] (4)

where, ᾱ and β̄ = β̄0e
λt are scaled to model internal stress and dislocation

density. The transient stress change due to GBS can be derived as follows.
Similar to eq.3, the strain rate change during relaxation can also be rep-

resented as [30, 42]
ε̇relx = ε̇p + ε̇GBS (5)
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(a) (b)

(c)

Figure 4: a)Linear step profile - arrows indicate grain boundaries, b) Step height - fre-
quency distribution and c) Inclination of grains - frequency distribution for as received, no
hold and 60 s hold condition samples obtained after macro tensile tests. Error bars repre-
sent variations in the number of grains showing particular step height range and rotation
range respectively.
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Figure 5: Engineering stress vs. engineering strain plot showing a comparison of strain
evolution between that measured with an extensometer in a macro test and by the move-
ment of cross head in a in-situ stress relaxation test.

(a) (b)

Figure 6: contd. on next page
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(c) (d)

(e) (f)

Figure 6: SEM micrographs at obtained after in-situ tensile tests carried out at 10−2

s−1 strain rate show GBS for: (a) 250X, (c) 500X, (e) 1000X magnification for the no
relaxation sample and (b) 250X, (d) 500X , (f) 1000X magnification for the 60 s hold time
sample unloaded at 1.9 % strain. Grain boundary activity is indicated with arrows.
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(a)

(b)

(c)

Figure 7: Schematic illustrating the observation of GBS during relaxation a) before me-
chanical test, b) no stress relaxation and c) post stress relaxation.
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Figure 8: Stress relaxation model prediction for relaxation at ε = 1.9 %, ε̇ = 10−2s−1, t
= 60 s, inset showing contribution of GBS to stress relaxation.

In the absence of GBS (ε̇GBS = 0), the above equation represents usual
stress relaxation where,

ε̇relx = ε̇p = −σ̇/E

Following the approach in [30], the strain rate equation [43] for GBS can
be written as;

ε̇GBS =
2 × 105DGBb

4

kTG

σ∗2

d3
(6)

where, G = shear modulus, d = grain diameter, σ∗ = thermal stress and DGB

= grain boundary diffusion coefficient.
Substituting G = E/2(1 + ν), where ν is the Poisson’s ratio and since

all the parameters except σ∗ remain invariant during relaxation, the above
equation can be rewritten as

Eε̇GBS =
dσ

dt
= q(σ∗)2 = q(σ − σi)

2 (7)

where, q is a constant.
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Table 1: Model parameters

Rel. Time ᾱ β̄0 λ q σi R-Square

10s
6.381 8.03 -5.2 x 10−4 2.6 x 10−6 104

0.9993
60s 0.9997

Integrating eq.7 (Appendix Appendix C) and substituting in eq.3, the
transient stress during relaxation including GBS is given as

σt = σ0 − ᾱ ln[1 + β̄0e
λtt] + σi −

σi
1 + σiqt

(8)

The stress drop data of the relaxations performed at 1.9 % strain for 10
s and 60 s hold time were fit using the new model. The constants of the
model were identified by least square fit of the experimental data using the
commercial software, MATLAB. The values obtained for the constants are
tabulated in Table 1. Figure 8a provides graphical representation of fitting 60
s hold time stress drop experimental data. It can be observed that both 10 s
and 60 s data can be fit using the proposed model with good accuracy (Table
1). Using the method in [14] and the proposed model, the activation volume
is estimated to be 4.35 b3. These values compare well to the low activation
energy values observed by Koike et al. [7] attributed to slip induced GBS. ᾱ
is dependent on internal stress and activation volume, a lower value observed
for magnesium in spite of a small activation volume indicate smaller internal
stress. β̄0 and λ values indicate lower mobile dislocation density prior to
stress relaxation and a strong variation of mobile dislocation density with
time. The contribution of GBS on the stress drop during relaxation is shown
in figure 8. The trend is similar to that predicted by Mohebbi et al. [30].

4. Conclusion

Pure Mg subjected to stress relaxation tests showed a 15.5 % ± 1.1 % in-
crease in ductility over monotonic tests. Non-constancy strain of 0.07 % ± 0.01 %
and 0.127 % ± 0.012 % were observed during stress relaxation for hold times
of 10 s and 60 s, respectively. A separate set of mechanical tests was con-
ducted, where the tensile samples were unloaded with and without relaxation.
The 3D surface profiles created with AFM showed significant amounts of step
creations at grain boundaries that are characteristic of grain boundary sliding
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(GBS). The grain boundaries with step height above 500 nm increased during
relaxation. Additional in-situ experiments on stress relaxation indicated sig-
nificant activities and strain incompatibility at grain boundaries suggesting
the role of GBS during relaxation. An activation volume of 4.35 b3 estimated
from the macroscopic stress relaxation data further corroborates the infer-
ence attributed to the role of GBS. A recently proposed stress relaxation
model was modified to include the effect of GBS, assuming superposition of
rate effects. The model is found to fit the experimental data with sufficient
accuracy. It is also observed that GBS contributes to stress drop and stress
homogenization. Based on these observations, enhanced GBS is proposed to
be the stress homogenization mechanism leading to ductility improvement
during relaxation in pure Mg at room temperature.

Appendix A. Integration of Equation 2

Combining equation 1, rate form of velocity and σ = σi + σ∗, we get

−dσ
dt

= Eε̇p0 exp

(
−∆G0 − σV ∗ + σiV

∗

kT

)
= C exp(Bσ) (A.1)

where B =
V ∗

kT
and C = Eε̇p0 exp

(
−∆G0 + σiV

∗

kT

)
Integrating the above equation and applying the boundary condition σ = σ0

at t = 0, we get equation 2,

σ = σ0 − α ln[1 + βt] (A.2)

where α and β are the material constants with α = kT/V ∗ and β = (V ∗Eε̇p0)

kT
exp

(
−∆G0−σ0V ∗+σiV

∗

kT

)
.

Appendix B. Detailed description of in-situ tensile testing setup

Figure B.9 provides a photograph of the In-situ micro tensile setup with
individual components marked. The specimen prepared as per drawing (Fig-
ure B.10) is griped at the centre. The specimen is strained with help of
opposite moving cross heads so that the center of the specimen remains fixed
for continuous and uninterrupted observation through SEM. Load on the
specimen is measured with a 10 kN load cell. Displacement in the cross head
is measured through an encoder.
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Figure B.9: In-situ micro tensile module with individual components marked.

*Additional: The module is capable of high temperature tensile test. The
same is achieved through the heater and cooling of the grip sections.

Appendix C. Integration of the proposed model

The equation for GBS (eq.7) is given as

Eε̇GBS =
dσ

dt
= q(σ∗)2 = q(σ − σi)

2 (C.1)

Integrating equation C.1,

[σt]GBS = σi −
c

1 + cqt
(C.2)

where, 1/c is the integration constant.
Substituting equation 4 and C.2 in equation 3 and applying boundary con-
dition σt = σ0 at t=0, we obtain equation 8

σt = σ0 − ᾱ ln[1 + β̄eλtt] + σi −
σi

1 + σiqt
(C.3)
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Figure B.10: In-situ micro tensile specimen drawing.
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