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Strain Hardening and Strain-Rate Sensitivity
of an Extruded Magnesium Alloy
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The strain-hardening behavior and strain-rate sensitivit¥ of an extruded AZ31B magnesium alloy were
determined at different strain rates between 107> and 10~ s™" in relation to the thickness of specimens (2.5
and 4.5 mm). Both the common approach and Lindholm’s approach were used to evaluate the strain-rate
sensitivity. The yield strength (YS) and the ultimate tensile strength (UTS) increased, the ductility
decreased, and the brittle fracture characteristics increased with increasing strain rate. The thinner
specimens exhibited a slightly higher UTS, lower ductility, higher strain-hardening exponent, and strain-
hardening rate due to smaller grain sizes. The stage Il strain-hardening rate linearly decreased with
increasing true stress, but increased with increasing strain rate. In comparison to the common approach,
the Lindholm’s approach was observed to be more sensitive in characterizing the strain-rate sensitivity due
to larger values obtained. The thinner specimens also exhibited higher strain-rate sensitivity. As the true
strain increased, the strain-rate sensitivity decreased.
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1. Introduction

With the constant increase of oil and gas prices, the
automotive and aerospace industry constantly seeks lightweight
materials that enable the replacement of heavier components, so
as to manufacture lighter vehicle and cut the costs for both
consumers and manufacturers, and ultimately improve fuel
efficiency and reduce greenhouse gas emissions. The applica-
tion of magnesium alloys is a major consideration in the recent
automotive and aerospace development due to their high
strength-to-weight ratio, environmental friendliness, recyclabil-
ity, and castability (Ref 1). In these structural applications, it is
necessary to evaluate the mechanical properties and deforma-
tion characteristics of magnesium alloys, such as, strain-
hardening exponent, strain-hardening rate, and strain-rate
sensitivity.

The strain-rate sensitivity and strain-hardening rate are
observed to be associated with a number of parameters such as
the specimen geometry (Ref 2-4), grain size (Ref 4-7), strain
level (Ref 8-13), and strain rate (Ref 8-17). Some inconsistent
results regarding the effect of these parameters have been
reported in the literature. Chin and Yi (Ref 3) conducted
constant crosshead speed tensile testing on a Zn-5Al eutectic
alloy, and reported that as the strain increased, the strain-rate
sensitivity first increased and then decreased, i.e., a maximum
value of strain-rate sensitivity was obtained as a function of the
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strain level. On the other hand, Jain et al. (Ref 8) conducted
constant strain rate tests in Ti-6Al-4V sheet alloy at different
strain rates, and found that as the strain increased, the strain-rate
sensitivity decreased. Subsequently, Jiang et al. (Ref 14) tensile
tested AM30 magnesium alloy at different temperatures with
different strain rates, and observed that as the strain rate
increased the strain-hardening exponent, n, decreased at room
temperature. However, Takuda et al. (Ref 15) tensile tested Mg-
9Li-1Y alloy at room temperature and observed an increase of
the n value with increasing strain rate. Recently, del Valle et al.
(Ref 18) observed that decreasing grain size corresponded to a
decrease in the strain-hardening rate (0 = do/de) in AZ31
magnesium alloy after annealing treatments to produce grain
sizes from ~2 to 55 pm (Ref 6, 18). If the Haasen plot of the
strain-rate sensitivity parameter (defined as dc/dIné) as a
function of the flow stress was used, a strong increase in the
strain-rate sensitivity with decreasing grain size was observed
(Ref 6). While a close correlation between the strain-rate
sensitivity and the work-hardening behavior was observed, the
existing models were pointed out to be unable to explain the
grain size dependence (Ref 6, 18). It can be seen that the strain-
hardening behavior and strain-rate sensitivity in characterizing
the deformation behavior of magnesium alloys have not been
fully understood. The aim of this study was, therefore, to
evaluate the strain-hardening behavior and the strain-rate
sensitivity in relation to the effect of the specimen thickness
and microstructure of an extruded AZ31B magnesium alloy.

2. Experimental Procedures

Extruded rectangular magnesium alloy AZ31B (2.5-3 wt.%
Al, 0.9-1 wt.% Zn, and balance Mg) bar with a thickness of
4.5 mm and width of 47.5 mm on the shorter side of the
rectangle, and a thickness of 2.5 mm and width of 91.8 mm on
the longer side of the rectangle was received from Timminco
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Metals via CANMET-Materials Technology Laboratory (MTL),
Ottawa, Canada. Metallographic samples in the longitudinal (L),
transverse (T), and short transverse (S) were cut for both thicker
and thinner portions. The samples were cold-mounted with
LECO 7007 resin powder and liquid, then ground with SiC sand
papers of different grades with water as the lubricant and ethanol
to clean it in each step. Polishing was done with 6 um, 3 pm,
and then 1 pm diamond paste, using the diamond extender as
lubricant. After the final polishing with the Masterprep solution,
the samples were etched with the picric acid reagent consisting
of 4.2 g picric acid, 10 mL acetic acid, 10 mL H,O, and 70 mL
ethanol (95% concentration). The microstructure was observed
with a light microscope equipped with quantitative image
analysis software.

Vickers microhardness tests were conducted with a com-
puterized Buehler machine along the thickness direction of the
cut specimens in an increment of 0.2 mm. A load of 50 gand a
dwell time of 15 s were applied during the hardness tests.
Subsized tensile specimens in accordance with ASTM ES8
standard were machined along the extrusion or longitudinal
direction for both the thinner and thicker part of the extruded
rectangular bar. The gage area was ground with SiC papers up
to #800. Tensile tests were conducted at a constant strain rate of
1072, 107, 107, and 107> s™' at room temperature. Strain-
hardening rate was plotted as a function of true stress (o) to
identify the strain hardening stages. The strain-rate sensitivity
was evaluated from the tensile test results in two ways. In the
common approach (Ref 19), the slope in the plot of Ino vs. In€
was used to represent the strain-rate sensitivity. The other
method for the evaluation of the strain-rate sensitivity was the
Lindholm approach (Ref 20), which corresponded to the slope
of the graph of o vs. logé. The fracture surfaces were
examined using a scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectroscopy
(EDS) system.

3. Results and Discussion

Figure 1 shows the microstructure of the thinner (2.5 mm)
and thicker (4.5 mm) sheet samples of the extruded AZ31B
alloy in the longitudinal (L), transverse (T), and short transverse
(S) directions. As seen from the figure, the thicker portion of
the extruded bar had a larger average grain size than the thinner
portion, which was related to the process of producing the
material. During cooling of the extruded bar, the thicker part
would experience a slower cooling rate (Ref 21). This allowed
a longer time for the dynamic recrystallization and grain growth
in the thicker portion. SEM/EDS revealed that the small
micron-sized particles were Mn-containing inclusions. It can
also be seen that somewhat elongated grains appeared in the
longitudinal and transverse directions. The average grain size
and microhardness values for both thinner and thicker samples
are given in Table 1. Since the thicker samples had bigger grain
sizes, the microhardness became slightly lower.

Figure 2 shows true stress-strain curves of the AZ31B
magnesium alloy tested at different strain rates. As the strain
rate increased, the flow curves shifted higher, giving rise to a
higher yield strength (YS) and ultimate tensile strength (UTS).
Similar results have been reported for AM30 (Ref 14), AZ31B-
H24 (Ref 22, 23), cryo-rolled Cu (Ref 17), and Mg-9Li-1Y
alloy (Ref 15). The yield strength, ultimate tensile strength, and
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Fig. 1 Microstructure of (a) thinner sheet and (b) thicker sheet in
the longitudinal (L), transverse (T), and short transverse (S) direc-
tions

Table 1 Average grain size and microhardness values for
both thinner (2.5 mm) and thicker (4.5 mm) specimens
taken from a rectangular bar of extruded AZ31B
magnesium alloy

Specimen Grain size, pm Microhardness, HV
Thinner-L 47 34
Thinner-ST 51

Thinner-T 51

Thicker-L 104 33
Thicker-ST 87

Thicker-T 56

ductility as a function of strain rate are shown in Fig. 3 for both
thinner and thicker specimens. It is seen that both the YS and
UTS increased linearly with increasing strain rate in the double-
log scales, while the ductility decreased as the strain rate
increased. Therefore, the effect of the strain rate on the flow
stress of AZ31B extruded alloy can be well described using a
power law (Ref 24),
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Fig. 2 True stress-strain curves at different strain rates for (a) thin-
ner and (b) thicker specimens

o= C&", (Eq 1)

where o is the flow stress, C is a constant, and m is the
strain-rate sensitivity.

As seen from Fig. 3(c), the thicker specimens exhibited a
higher ductility than the thinner specimens. This could be
understood through the effect of specimen thickness on the
toughness. Pardoen et al. (Ref 25, 26) and Bluhm (Ref 27)
presented fracture/thickness curve from tensile tests on cracked
specimens, and observed that the increase of specimen
thickness increased the fracture toughness for the thickness in
the range of 1-6 mm (Ref 25-28). Chin and Yi (Ref 3) also
reported that for Zn-5Al alloy with increasing thickness from 1
to 2 mm, the percent elongation (ductility) increased. Asserin-
Lebert et al. (Ref 2) tensile tested both cracked and uncracked
6056 aluminum samples and further verified the above
observation, and showed that the elongation increased with
increasing specimen thickness of 1.4, 3.2, and 6.0 mm. This is
related to the structural stability of the specimen, as it is quite
low for thin specimens (Ref 2, 29).

896—Volume 17(6) December 2008

(a) 1000
= Thinner
A Thicker
©
o
=
@
7]
2
s
(2]
h/
2
>
A /
100 T T T
0.00001 0.0001 0.001 0.01 0.1
Strain rate, s
(b) 1000
= Thinner
4 Thicker
©
o
=
)
[
> /
A /
100 T T T
0.00001 0.0001 0.001 0.01 0.1
Strain rate, s
(C) 24
= Thinner
22 A Thicker
ES
c
i
=
©
o
c
o
w
8 T T T
0.00001 0.0001 0.001 0.01 0.1

Strain rate, s

Fig. 3 (a) Yield strength (YS), (b) ultimate tensile strength (UTS),
and (c) ductility of the thinner and thicker specimens as a function
of the strain rate

The following Hollomon equation,

o =K¢", (Eq 2)

has been suggested in ASTM E646 to describe approximately
the flow curve in the uniform deformation stage, where K is
the strength coefficient and »n is the strain-hardening expo-
nent. The n values evaluated on the basis of Eq 2 as a func-
tion of the strain rate is shown in Fig. 4 for both thinner and
thicker specimens. It is seen that the n values decreased line-
arly with increasing strain rate in the semi-log scale, which
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for (a) thinner and (b) thicker specimens

Journal of Materials Engineering and Performance

(a) 5.6
Decreasing m
X X
A
54 .
/ i
A
_ o °
g 524 ©
£ b °
©
£ o
(o]
54 o O 1% True strain
<© 2% True strain
O 4% True strain
A 5% True strain
X 6% True strain
4.8 . . .
-12 -10 -8 -6 -4
In(strain rate), s™
(b) 5.5
Decreasing m
A
A | A — x
5.4 - %/" . —
o
é/”//':/— | o —
/
T x <
o
S 534 <>/ o
e O o
©
£ o
o
o]
524 © 0 1% True strain
o & 2% True strain
0 4% True strain
X 6% True strain
A 8% True Strain
5.1 T T T
-12 -10 -8 -6 -4

In(strain rate), s™

Fig. 6 The plot used to evaluate the strain-rate sensitivity index, m,
at different true strain values via the common approach for (a) thin-
ner and (b) thicker specimens

was also observed to be the case by Tang et al. (Ref 30) for
four metallic materials, and 18%Ni 300 steel (Ref 31) and
Ti-6A1-4V alloy (Ref 32). This could be expressed using an
equation reported by Tang et al. (Ref 30),

(Eq 3)

where n is the strain-hardening exponent, ny is a constant,
and b is the slope in the n vs.log & graph. The linear decrease
of n values with increasing strain rate in the log-scale shown
in Fig. 4 is also in good agreement with the results obtained
in AM30 magnesium alloy tested at 25 °C (Ref 14, 16, 33),
due to the softening effect of {1011} — {1012} double twin-
ning and {1011} contraction twinning (Ref 16).

As shown in Fig. 4, the thinner specimens seemed to have a
slightly higher strain-hardening exponent than the thicker
specimens at lower strain rates. The strain hardening could be
understood on the basis of the relationship involving the grain

n=mny—bloge,
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size strengthening and dislocation strain hardening (Ref 21,
23). The following equation has been given by del Valle et al.
(Ref 6, 18),

G = Gy + Opp + Oy, (Eq 4)

where o, is a frictional contribution, oyp = kd "/ is the Hall-
Petch contribution o4 = Moszpl/ % is the Taylor dislocation
contribution, M is the Taylor factor, o is a constant, G is the
shear modulus, b is the Burgers vector, and p is the total dis-
location density. Equation 4 shows that with decreasing grain
size d, the Hall-Petch contribution increased due to disloca-
tion-grain boundary interactions (Ref 34). Strain hardening of
a material in stage III is sensitive to the dislocation strain
field interactions, hence the Taylor dislocation contribution in
Eq 4 is significant (Ref 23, 35). As the number of disloca-
tions increased during deformation, the spacing among them
became smaller and their interactions were more repulsive,
which ultimately increased the resistance to deformation. The
effect of grain size on the strain hardening was indeed com-
plicated. While the Hall-Petch contribution increased with
decreasing grain size, the reduction in the grain size might
limit the storage of dislocations within grains since the dislo-
cation accumulation rate was inversely proportional to the
mean free path (Ref 35), and the presence of grain boundaries
restricted the mean free path of dislocations (Ref 36). It has
been reported that at lower strains the grain size had a strong
contribution to the strain hardening, and the influence of the
grain size on the strain hardening was assumed to vanish at
larger strains due to dislocation screening and dynamic recov-
ery effects at grain boundaries (Ref 34, 37). However, as seen
in Fig. 4 with increasing strain rates the difference in the
strain-hardening exponents between the thicker and thinner
specimens became negligible.

Figure 5 shows a typical Kocks-Mecking plot of strain
hardening rate (0 = do/de) vs. true stress (o) for AZ31B
extruded magnesium alloy tested at different strain rates. The
linear decrease in the strain-hardening rate indicates stage IIT
hardening (Ref 35, 38). In this stage dynamic recovery occurs
as the stress has reached a point that dislocation annihilations
take place (Ref 19). The work-hardening rate would ultimately
decrease to about 0 MPa (Ref 7, 11). Figure 5 also shows that
the strain-hardening rate increases with increasing strain rate.

Table 2  Strain-rate sensitivity values for the thinner
and thicker specimens, evaluated with the common
approach (m) and Lindholm’s approach ()

True strain, % m my,
Thinner sheet 1 0.038 14.84
2 0.035 15.29
4 0.030 14.48
5 0.029 14.07
6 0.028 13.80
Thicker sheet (a) 1 0.0138 6.07
2 0.0093 4.39
4 0.0062 3.04
6 0.0059 2.97
8 0.0057 2.97

(a) The fourth decimal place for m is used to show the small difference
at larger true strain values
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This can be explained on the basis of the following equation
(Ref 35, 39),

RdG

GZGO_M7

(Eq'5)
where R4 and ¢ are temperature dependent, but are independent
of stress and strain rate (Ref 35), which are constants in this
study. 0 is the strain-hardening rate in stage III, and 6, is
considered as a constant. It is evident that as the strain rate
increases, the strain-hardening rate 0 increases. It can be seen
from Fig. 5 that the thinner specimens have a higher strain-
hardening rate than the thicker specimens. This would be attrib-
uted to the effect of the grain size on the strain-hardening rate.
The increase of strain-hardening rate with decreasing grain size
was also reported in cadmium by Risebrough and Teghtsoonian
(Ref 40), due to either higher hardening rate of the nonbasal
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Fig. 7 The plot used to evaluate the strain-rate sensitivity index,
my, at different true strain values via the Lindholm’s approach for
(a) thinner and (b) thicker specimens
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Fig. 8 Comparison between the strain rate-sensitivity values evalu-
ated using the common approach and Lindholm’s approach for
(a) thinner and (b) thicker specimens

system or an increase in forest dislocation density through the
motion of the basal dislocations; it is, however, difficult to
identify one sole contribution (Ref 40).

Another important parameter involving the deformation
behavior of materials is the strain-rate sensitivity, m. Plots
based on Eq 1 at certain true strains within the YS and UTS are
shown in Fig. 6. The m values evaluated from the plots are
listed in Table 2. As the true strain increases the strain-rate
sensitivity decreases. Similar results were also reported in
Ti-6Al-4V (Ref 8) and ultrafine-crystalline Cu (Ref 5). The
Lindholm approach (Ref 20) was also used to evaluate the
strain-rate sensitivity based on the following equation,

(Eq 6)

The Lindholm strain-rate sensitivity, my, is cy(€) in the
equation. The plots of & vs. log ¢ at different true strain values
are shown in Fig. 7 for the thinner and thicker specimens. The
obtained my values are given in Table 2. Both strain-rate
sensitivity values as a function of the true strain are shown in
Figs. 8 and 9 for the thinner and thicker specimens. The
Lindholm approach is observed to be more sensitive since it
gives much larger values for both thinner and thicker specimens
(Fig. 8). While the Lindholm strain-rate sensitivity values are

o = op(e) + o1(¢) logé.
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Fig. 9 Strain-rate sensitivity as a function of true strain for the
thinner and thicker specimens evaluated using (a) common approach
and (b) Lindholm’s approach

much larger, both the common and Lindholm strain-rate
sensitivity values decrease monotonically with increasing true
strain. This is in agreement with the results reported in Ref 5
and 8. It is also seen from Table 2 and Fig. 9 that the thicker
specimens exhibit a lower strain-rate sensitivity value, irre-
spective of the evaluation methods. This could be related to the
difference in the microstructure. del Valle and Ruano (Ref 6)
have recently reported a relationship among the stress, strain-
rate sensitivity, and grain size as shown below,

where £ is Boltzmann constant, d is the grain size, o is the
flow stress, Mz = 0Inoe/0Iné and M, =0Int./JIné.
M., is considered as a constant because of the Cottrell-Stokes
law (Ref 5, 41-43). This equation expresses a linear correla-
tion between the strain-rate sensitivity, flow stress o, and
grain size in the form of ¢ 2. It means that the strain-rate
sensitivity increases with decreasing grain size. Since the
grain size is smaller (Table 1), the strain-rate sensitivity
would be higher in the thinner specimens, as shown in Fig. 9
and Table 2.

(Eq 7)
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Fig. 10 SEM images showing the fracture surfaces of the thicker specimens tested at strain rates of (a) 1072 s™', (b) 10 s, (c) 10™ s, and

(d) 107 s7!

Figure 10 shows a typical example of the fracture surfaces
of the thicker specimens tested at different strain rates between
1072 and 107 s™'. At the fastest strain rate, cleavage-like
failure appeared more apparent. With decreasing strain rate,
dimple-like ductile fracture appeared more evident. Similar
fracture surface characteristics were observed in the thinner
specimens. This is in agreement with the observations on the
effect of strain rate in 18%Ni 300 maraging steel sheet (Ref 31).
Secondary cracks and tear ridges were also observed on the
fracture surfaces. Although some inclusions were present in the
AZ31B extruded magnesium alloy (Fig. 1), crack initiation
during the tensile tests occurred basically from the specimen
surface.

4. Conclusions

1. Microstructural examination of AZ31B extruded magne-
sium alloy revealed a larger grain size in the thicker part
than in the thinner part, as the thicker part experienced a
lower cooling rate and hence a longer time for recrystalli-
zation and grain growth immediately after extrusion.

2. Tensile test results showed an increase of the yield
strength (YS) and ultimate tensile strength (UTS) and a
decrease of the ductility with increasing strain rate.
Despite little difference in YS, the thicker specimens
exhibited lower UTS than the thinner specimens.

3. In comparison with the thinner specimens, the thicker
specimens displayed a slightly lower strain-hardening
exponent and strain-hardening rate. The strain-hardening
rate increased with increasing strain rate at a given flow
stress.

900—Volume 17(6) December 2008

4. Both the common approach and Lindholm’s approach on
the evaluation of the strain-rate sensitivity revealed simi-
lar results. The thicker specimens with bigger grain sizes
had a lower strain-rate sensitivity value than the thinner
specimens. The Lindholm’s approach was observed to be
more sensitive since it gave larger values. The strain-rate
sensitivity decreased with increasing true strain.

5. Dimple-like ductile fracture, coupled with tear ridges and
secondary cracks, was observed to be the main feature
on the fracture surfaces. As the strain rate increased,
more cleavage-like features appeared. The crack initiation
basically occurred from the specimen surface.
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