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Abstract

In the present study, a Mg—8Al-0.5Zn (AZ80) Mg alloy was subjected to water quenching and furnace cooling from the
solution treatment temperature of 390 °C. Subsequently, all the samples were subjected to aging treatment at 250 °C. The
precipitation behavior, aging response and fracture phenomenon of the AZ80 Mg alloy were evaluated to establish the correla-
tion among the cooling rates after solution treatment, microstructural features and mechanical properties. Scanning electron
microscopy depicted a very distinct precipitation behavior of aged specimens. The observed variation in the aging curves
was rationalized based on this. Fractographic analysis on the as-solutionized and aged alloys revealed that the initiation of
fracture (i.e., intergranular or transgranular) was dictated by the presence of microstructural features, such as precipitates
(continuous and discontinuous), twins and grain boundaries. The fracture strain was correlated with the number density and

size of voids formed during tensile loading.

Keywords AZ80 Mg alloy - Cooling routes - Aging response - Continuous and discontinuous precipitates - Fracture

phenomenon

1 Introduction

Among various commercial alloys, the AZ series (Mg—Al
based alloy system) is widely employed in industrial appli-
cations, such as automotive wheels, extruded sections
etc. [1]. Aging treatment is considered as a vital process
to optimize the microstructural features and subsequently
tailor the mechanical properties. The microstructure of
the Mg—Al alloy possesses a-Mg phase and intermetallic
B-Mg,-Al,, precipitates in the as-cast condition [2, 3]. The
precipitation of f-phase occurs in two forms viz. continuous
and discontinuous precipitates. The continuous precipitates
(CP) are nucleated and grown at the grain boundaries and
within the grains in a plate shaped morphology, whereas
the discontinuous precipitates (DP) are developed at high
angle boundaries of the a-Mg phase and grown in a cellular
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manner with lamellar morphology towards the other grain
[2, 4-6]. Furthermore, the ellipsoidal morphology of discon-
tinuous precipitates has also been reported for the Mg—Al
alloy [7]. The continuous precipitates are considered to be
more effective in strengthening as compared to the discon-
tinuous precipitates owing to the coarser nature of latter
than the former [4, 5, 8—10]. Moreover, the large-sized brit-
tle Mg,,Al,, precipitates are reported to be the regions of
stress concentration, which facilitate the nucleation of voids
at the interface of the p-Mg,,Al,, and a-Mg matrix or par-
ticle fracture during plastic deformation [11-13]. With the
coalescences of voids, cracks are formed both at the grain
boundaries and within the grains [14].

A significant amount of work has been carried out on
the variation of precipitate characteristics with a cooling
medium after the solution treatment in the Al alloys [15-18].
For example, Unwin and Nicholson [15] and Embury and
Nicholson [16] observed that the slower cooling rates (oil
quenching) after the solution treatment resulted in the for-
mation of few coarser precipitates as compared to water
quenching in the Al-Zn-Mg alloys. Rosenbaum and Turn-
bull [17] reported the formation of a higher number density
of particles for the faster cooling rate (water quenching) as
compared to the slower rate (air cooling) for the Al-Si alloy
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system. However, very few studies have been performed to
understand the effect of varying cooling rates on the pre-
cipitation behavior for the Mg—Al alloys. For instance,
Braszczyriska-Malik [3] observed the formation of discon-
tinuous precipitates at a slower cooling rate (5 K/min) after
the solution treatment for the AZ91 alloy. In contrast, Zhang
and Kelly [19] noticed the formation of pearlite shaped of
continuous precipitates after the furnace cooling.

Furthermore, in the Mg—Al alloy system, precipitate char-
acteristics are reported to regulate the tensile response. For
instance, Patel et al. [20] compared the tensile behavior of
thixomolded AZ91D and AM60B Mg alloys and ascribed
the improvement in the ductility and reduction in the value
of the yield strength to the lower amount of p-Mg,;Al,,
phase for the AM60B alloy. Yakubtsov et al. [21] also
reported a similar trend of strength and ductility by com-
paring the AZ80 Mg alloys in as-cast and solutionized states
and rationalized it to the dissolution of the Mg,,Al,, precipi-
tates. Niknejad et al. [11] related the increase in the weld
strength to the elimination of grain boundary $-Mg,;;Al,,
precipitates in the resistance spot-welded AZ80 Mg alloy.
Zindal et al. [22] attributed the variation in the fracture
behavior of the aged AZ80 alloys to the characteristics of
the grain boundary precipitates (area fraction and size) and
the number density of precipitates formed within the grain.

It is clear that the effect of precipitate characteristics
(type, size, morphology, number density and distribution)
on the aging response and subsequently on the fracture phe-
nomenon at varying cooling routes, after the solution treat-
ment, for the Mg—Al alloy system are still scanty. Therefore,
in the present study, the precipitation behavior of the AZ80
alloy has been evaluated at two different cooling routes:
water quenching (W/Q) and furnace cooling (F/C) after
solution treatment temperature. In addition, the relation-
ship between the precipitate characteristics and the fracture
behavior (i.e., types of cracks, strain to fracture and voids
features) has been studied.

2 Experimental Procedure

The as-cast AZ80 (Mg—8 wt%Al-0.5 wt%Zn) Mg alloy was
used as a starting material. The alloy was first solutionized at
390 °C for 24 h and cooled in two different ways (water quench-
ing and furnace cooling) with an approximate cooling rate of
~10,000 K/s and ~0.3 K/s, respectively [23]. Further, the aging
was performed at 250 °C for varying time duration. The micro-
structures of the as-cast, solutionized and aged samples were
characterized with an optical microscope (Carl Zeiss) and scan-
ning electron microscope (FEI Quanta 200 F FESEM). Samples
were first prepared with standard metallographic techniques,
followed by chemical etching in 10% Nital solution and sub-
sequently with 10% HF solution for ~5 s. Micro-hardness was

measured using a Vickers micro-hardness tester (HMV2, Shi-
madzu) with a 3 N load for a dwell time of 10 s. The reported
value of hardness was the average of the eight equally spaced
indentations made on the polished sample surface. To examine
the fracture behavior, a 30 KN capacity screw driven Zwick
tensile machine was used to perform the uniaxial tensile test
at a constant strain rate of 0.001 s~ at room temperature. The
testing was carried out on the pre-polished and etched samples.
Tensile samples were prepared by electric discharge machining
(EDM) according to ASTM: ES/E8M standard [24]. The elon-
gation was measured with a video extensometer (non-contact
mode) attached to the machine. After testing, fractography
was performed using a SEM (TM3000, Hitachi). Quantitative
assessment of voids density was carried out using Image J soft-
ware, where at least eight different fractographs were consid-
ered for each condition. It is noteworthy here that in determin-
ing the fracture response of aged condition, an over-aged state
at 250 °C has been considered.

3 Results and Discussion
3.1 As-Cast and Solution Treated Microstructures

The micrograph of the as-cast AZ80 alloy composed of
a-Mg matrix and B-Mg,,;Al,, precipitates developed pre-
dominantly along the grain boundaries, as depicted in
Fig. 1a. The dissolution of the p-Mg,-;Al,, precipitates in
the matrix and the formation of an equiaxed grain struc-
ture is observed for as-solutionized specimen quenched in
water (Fig. 1b). In contrast, the furnace cooled specimen
depicts the discontinuous precipitates of p-Mg,;Al;, in
lamellar morphology, as shown in Fig. lc. The formation
of discontinuous precipitates for furnace cooled alloy can
be ascribed to the preferential accumulation of solutes at
the grain boundaries. This may be related to the fact that the
grain boundaries provide the heterogeneous nucleation sites
for the precipitation. At the slower cooling rate, the solutes
present in the vicinity of grain boundaries are likely to be
diffused there and form precipitates through the mechanism
of grain boundary diffusion [15]. With continuing precipita-
tion, the precipitates grow in size and further, branching of
the precipitates takes place leading to the cellular structure
[25]. On the contrary, faster cooling rates associated with
the water quenched specimen do not possess enough time
for the solutes to accumulate at the grain boundaries and
form precipitates.

3.2 Effect of Cooling Rate on the Aging Response
and Precipitation Behavior

Figure 2 depicts the aging curves at 250 °C for both the cool-
ing rates. It can be observed that the peak hardness for the
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Fig. 1 Optical micrographs of a as-cast alloy, b as-solutionized alloy quenched in water, and ¢ SEM micrograph of a furnace cooled solutionized
alloy. Note that c¢ illustrates the formation of the discontinuous precipitates (DP)

water quenched and furnace cooled alloys were achieved at
16 h and 24 h, respectively. The lower peak hardness time
in the water quenched alloy can be attributed to the faster
nucleation rate of precipitates owing to the presence of non-
equilibrium concentration (as-quenched) of vacancies and
solute supersaturation. In addition, the hardness values for
the water quenched alloys, at all the aging times, are higher
than the furnace cooled alloys. For instance, the peak and
over-aged (48 h) hardness values for the water quenched
alloy are ~79.7 and ~75.5 HV, respectively, whereas for
the furnace cooled alloy they are reduced to ~76.2 HV and
~69.8 HV, respectively. This will be discussed in more
detail in the following sections. Nevertheless, it should be
noted that the increase in the value of peak hardness with an
increase in the cooling rate has also been observed by Gill
et al. [26] for the Mg—Nd—-Gd—Zr alloy system.

Figure 3 illustrates the precipitation behavior of the
furnace cooled and water quenched alloys at under-aged,
peak-aged and over-aged conditions. For the furnace cooled
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Fig.2 The aging response of water quenched (W/Q) and furnace
cooled (F/C) alloys aged at 250 °C. The “AQ” indicates the as-
quenched condition
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«Fig.3 SEM images illustrating the precipitates characteristics in
the furnace cooled alloys, aged at 250 °C for a under-aged (12 h), b
peak-aged (24 h), and ¢ over-aged (48 h). The images of the water
quenched alloys: d under-aged (4 h), e peak-aged (16 h), and f over-
aged (48 h). g, h are the higher magnification SEM images of peak-
aged condition of furnace cooled and water quenched alloys, respec-
tively. In g, the ellipsoid shaped discontinuous precipitates can also
be observed. Note that, the ‘CP’ and ‘DP’ stand for the continuous
and discontinuous precipitates, respectively

alloy, it can be observed that both types of precipitates, i.e.,
continuous (both at the grain boundary and within the grain)
as well as discontinuous are formed at all the aging times, as
shown in Fig. 3a—c. Additionally, the discontinuous precipi-
tates are observed to form in lamellar and ellipsoidal mor-
phologies. The aforementioned morphologies of the precipi-
tates are also observed to form in the water quenched alloys
(Fig. 3d—f). However, the number density of the continuous
precipitates appears to be more and the distribution of pre-
cipitates seems to be finer as compared to the furnace cooled
alloys (Fig. 3d—f). In order to illustrate this more explicitly,
the higher magnification images of the peak-aged condition
for furnace cooled and water quenched alloys are compared
in Fig. 3g, h, respectively.

Qualitatively, it can also be noted that for both the dif-
ferently cooled alloys, with an increase in the aging time,
the number density of the continuous precipitates was also
observed to increase (Fig. 3). For the over-aged alloys, the
continuous precipitates seemed to occupy all the regions
except those where the discontinuous precipitates were
observed (Fig. 3c, f). This can be attributed to the forma-
tion of the continuous precipitates which reduced the driving
energy for the growth of the discontinuous precipitates [3,
13, 27].

The difference in the precipitation behavior with the
varying cooling rates, shown in Fig. 3, can be attributed
to the presence of more lattice defects, such as vacancies,
in the matrix and the decomposition of a supersaturated
solid solution of the water quenched alloys. Many authors
have reported the presence of the non-equilibrium vacancy
concentration after the solutionizing and quenching treat-
ment for the Al alloys [16—18]. Considering a method pro-
posed by Embury and Nicholson [16], Zindal et al. [28]
determined the vacancy concentration profile in the AZ80
Mg alloy for various cooling mediums. In this approach,
the vacancy concentration was calculated with varying dis-
tance from the grain boundary at a particular solutionizing
temperature and quenching rate, keeping the other param-
eters constant. Figure 4 depicts the vacancy concentration
profiles, determined in the same manner, at two different
cooling rates (i.e., 10,000 K/s and 0.3 K/s) by taking the
solutionizing temperature as 390 °C. It can be observed that
for the faster cooling rate (water), the vacancy concentra-
tion profile is significantly higher than that observed at the
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slower rate (furnace cooling) for all the distances (Fig. 4).
A similar trend of the vacancy concentration profiles with
varying cooling rates was also observed for the Al-Zn—-Mg
alloy [16]. For the Mg—Al [3] and Al-Zn—Mg [16] alloys,
the increased vacancy concentration was found to enhance
the nucleation rate of precipitates through the volume diffu-
sion mechanism at a given temperature. It is noteworthy that
the quenched-in vacancies are diminished with time during
aging [25]. Moreover, in the water quenched sample, owing
to the faster rate of cooling (as negligible solute will come
out due to faster cooling) the supersaturated solid solution
is developed. This leads to the higher driving force for the
nucleation of precipitates, results in the enhanced number
density of continuous precipitates during the aging treat-
ment. Whereas, during the furnace cooling, owing to the
formation of discontinuous precipitates, the solute super-
saturation is decreased. This causes the formation of a lower
number density of continuous precipitates. In this study, a
higher number density of the continuous precipitates in the
water quenched alloys (Fig. 3d—f) as compared to the fur-
nace cooled alloy can also be ascribed to the higher vacancy
concentration and solute supersaturation in the former.

The above-mentioned differences in the precipitate char-
acteristics of the aged alloys can be used to understand the
observed differences in their aging responses (Fig. 2). It has
been observed that higher number density and finer distribu-
tion of continuous precipitates result in the higher hardness
of the alloy [9]. Further, Lai et al. [7] stated that the coarser
distribution of ellipsoidal shaped precipitates leads to the
reduction in the hardness of the Mg—Al alloys. In the pre-
sent work, the higher number density and finer distribution
of the continuous precipitates in the water quenched alloys
(Fig. 3d-f) and coarser distribution with the higher num-
ber density of the discontinuous precipitates in the furnace
cooled alloys (Fig. 3a—c) resulted in the observed trend in
the hardness values (Fig. 2).

3.3 Fracture Characteristics
3.3.1 Fracture Response of the As-Solutionized Alloys

Figure 5a shows the true stress-strain curves of the as-
solutionized alloys for both cooling routes. For the as-solu-
tionized state (Fig. 5a), the total strain to fracture increases
substantially (~28%) from the furnace cooled (having value
6.8%) to water quenched alloy (with value 8.7%). This can
be rationalized in terms of the voids characteristics, which
will be explained later (Sect. 3.3.3). Furthermore, the value
of the fracture stress is measured to be higher ~ 14% for the
water quenched alloy (value ~255 MPa) than the furnace
cooled alloy (value ~223 MPa).

The fracture characteristics of the as-solutionized alloys
after furnace cooling and water quenching, examined on the
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Fig.4 Vacancy concentration profiles for the furnace cooled and
water quenched alloys from solutionizing temperature of 390 °C

pre-polished etched surface parallel to the tensile axis, are
shown in Fig. 6a, b, c, d, respectively. It can be observed
that both types of cracks, i.e., intergranular (IG) and trans-
granular (TG) are formed on both the alloys. In addition,
the presence of the voids at the precipitate/matrix interface
could also be noticed in the furnace cooled alloy (Fig. 6a,
b). The appearance of the cracks (IG and TG) on the frac-
ture surface of the furnace cooled alloy can be attributed to
the coalescence of voids, nucleated either at the interface
of the precipitate-matrix (at the grain boundary and within
the grain) or at the site of the precipitate cracking [11, 22].
Contrary to this, basal slip and {1012} twins are considered
to be responsible for the nucleation of cracks in the water
quenched alloys (Fig. 6¢, d). In the absence of the precipi-
tates, the movement of dislocations could be restricted at
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Fig.6 SEM micrographs of the as-solutionized alloys showing the »
fracture characteristics after a, b furnace cooling, and ¢ water quench-
ing. d illustrates the presence of slip and twins clearly in the water
quenched alloy. The ‘IG” and ‘TG’ correspond to the intergranular
and transgranular, respectively. e, f are the SEM fractographs of the
furnace cooled and water quenched alloys, respectively. g shows the
number density of voids for the furnace cooled and water quenched
as-solutionized conditions

the grain boundaries and twins, resulting in the piling up of
dislocations [29]. This may cause the onset of stress con-
centration, and therefore formation of cracks, at the grain
boundaries and twin/matrix interfaces. As a consequence,
the intergranular and transgranular cracks might initiate and
grow along the grain boundaries and twins, respectively. The
growth of the transgranular cracks along the twin/matrix
interface has also been reported for the AZ91 Mg alloy [30].

The representative SEM fractographs of the as-solution-
ized alloys, with the presence of varying size of voids, are
shown in Fig. 6e, f. A remarkable increase in the number
density of voids (~59%) is detected for the furnace cooled
alloy (Fig. 6g). As mentioned, this could be ascribed to the
presence of precipitates (Fig. 1c).

The observed higher stress and fracture strain of the
water quenched alloy, as compared to the furnace cooled
alloy (Fig. 5a) can be ascribed to the presence of twins and
solutes. Niknejad et al. [11] mentioned that the growth of
cracks was retarded owing to the formation of extensive
twinning before the fracture of the as-solutionized AZ80
alloy having no precipitates. Furthermore, for the as-solu-
tionized state, the dissolution of precipitates after the solu-
tion treatment enhanced the hardening effect owing to the
formation of a supersaturated solid solution [11]. Therefore,
it might be reasonable to deduce that the combined effect
of solid-solution hardening and strengthening due to twins
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Fig.5 True stress—strain curves of the furnace cooled and water quenched alloys for the a as-solutionized condition and b aged condition

(250 °C, 48 h). The “cross-marks” denote the points of failure
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Fig.7 SEM images of the aged alloys (250 °C, 48 h) exhibiting the respectively. e shows the comparison of the voids density between the
fracture behavior after a furnace cooling and b water quenching. c, aged alloys after furnace cooling and water quenching
d are the fractographs after furnace cooling and water quenching,
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could be rationalized for the observed increased value of
fracture stress and subsequently fracture strain for the water
quenched as-solutionized state (Fig. 5a).

3.3.2 Fracture Response of Aged Alloys

The true stress-strain curves of the water quenched and
furnace cooled alloys, aged at 250 °C for 48 h, are illus-
trated in Fig. 5b. The fracture strain (~5.6%) of the furnace
cooled alloy is ~16% higher than the fracture strain of the
water quenched alloy (~4.8%), whereas the fracture stress is
marginally higher (~7%) for the water quenched alloy. The
rationale behind the difference in the fracture strain values
of both the aged alloys will be discussed later (Sect. 3.3.3).
The fracture characteristics of both the aged alloys (Fig. 7a,
b), analyzed on the surface parallel to the tensile axis, mani-
fest the occurrence of IG as well as TG cracks. The num-
ber density of voids (Fig. 7e), determined using the frac-
tographs (Fig. 7c, d), is marginally higher (~ 14%) in the
water quenched alloy. For the Mg—Al alloy system, continu-
ous precipitates have been reported to be more effective in
determining the strength, the value of which was found to
decrease with an increase in the inter-precipitates distance
[9, 10]. Therefore, the observed higher value of the fracture
stress and number density of voids in the water quenched
alloy might be attributed to the higher number density and
finer distribution of the continuous precipitates in its micro-
structure (Fig. 3d—f) as compared to the furnace cooled
alloy, where a high density of discontinuous precipitates
with coarser distribution is observed (Fig. 3a—c).

3.3.3 Correlation Between Fracture Strain and Void
Features

The measured values of the fracture strain and the num-
ber density of voids for the different heating conditions are
summarized in Fig. 8. It is evident that the fracture strain
follows a linear relationship with the number density of
voids. It should also be noted that a considerable difference
is observed between the fracture response of the as-solu-
tionized and aged alloys. For instance, in the case of the fur-
nace cooled alloys, the observed value of the fracture strain
for the as-solutionized sample is ~6.8% (Fig. 8), which
increases by ~21% for the aged alloys (~5.6%). Moreover,
the number density of voids is ~32% higher for the aged
alloy (value ~0.16 um~2) as compared to the solutionized
alloy (value ~0.12 um™~2). In addition, for the as-solutionized
sample, qualitatively the voids are observed to be bigger in
size (Fig. 6e) than to the aged specimen (Fig. 7c).

The number density and size of the voids have been found
to regulate the values of the fracture strain of the Al-Zn-Mg
alloy [31]. As mentioned earlier, a higher number density
of the continuous precipitates with finer distribution gives
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Fig.8 The relationship between the true fracture strain and the num-
ber density of voids for the different heating conditions. The “W/Q,
As” refers to water quenched as-solutionized, “F/C, As” refers to
furnace cooled as-solutionized, “F/C, Aged” refers to furnace cooled
aged (250 °C, 48 h) and “W/Q, Aged” refers to water quenched aged
(250 °C, 48 h) alloys

rise to the possibility of the enhancement in the number of
inter-phase voids. Therefore, during plastic deformation, the
growth of voids is likely to be less owing to their early coa-
lescence with one another. This in turn, leads to the smaller
size of voids and rapid commencement of cracks and con-
sequently decreases in the fracture strain. The lower value
of fracture strain with the presence of finer voids has also
been observed in the Mg alloys [14]. This is consistent with
the results shown in Figs. 5b and 7e where, fracture strain is
decreased with an increase in the number density of voids
for the water quenched alloy, attributed to a higher number
of continuous precipitates (Fig. 3d—f). On the contrary, with
a lower number density of voids, the voids grow substan-
tially during deformation, resulting in the larger size of voids
before their coalescence. Therefore, the cracks are expected
to develop at the later stage, leading to a higher value of
fracture strain [14, 31]. This behavior is evident in the fur-
nace cooled as-solutionized condition, where the presence
of only discontinuous precipitates (Fig. 1c¢) results in the
decreased number density of voids (value ~0.12) with larger
size (Fig. 6e) as compared to furnace cooled aged alloy in
which the existence of both kinds of precipitates (Fig. 3a—)
leads into the higher number of voids (value ~0.16) with a
smaller size (Fig. 7c). A similar explanation related to the
fracture strain and voids could also be made to define the
observed fracture response of differently cooled as-solution-
ized conditions (Figs. 5a and 6g). However, for the case of
as-solutionized water quenched alloy, the increased fracture
strain could also be attributed to the presence of excessive
twins before fracture, as mentioned earlier.
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4 Conclusions

In this work, the precipitation behavior, aging response and
fracture phenomenon of the AZ80 Mg alloy were studied
with the varying cooling rates from the solutionizing tem-
perature. The following conclusion can be drawn from the
study:

The development of discontinuous precipitates is favored
at a slower cooling rate, whereas a faster cooling rate
promotes the nucleation of continuous precipitates. This
is attributed to the difference in the vacancy concentra-
tion and solute supersaturation due to the solution treat-
ment.

The improvement in the aging response in terms of hard-
ness and kinetics for the water quenched alloy is attrib-
uted to the increased rate of the formation of continuous
precipitates as compared to the furnace cooled alloy. In
addition to the lower number density of continuous pre-
cipitates, the coarser distribution of ellipsoidal shaped
discontinuous precipitates are the responsible factors for
the observed lower hardness of furnace cooled alloys.
The fracture response of the aged alloy at varying cool-
ing rates reveals that the presence of f-Mg,,Al,, precipi-
tates induces the development of both intergranular and
transgranular cracks. In contrast, the grain boundaries
and twins promote the initiation of both types of cracks
in the as-solutionized alloy in the water quenched condi-
tion.

The higher values of fracture stress and strain to frac-
ture for the as-solutionized water quenched alloys can
be rationalised by considering the combined effect of the
number density of voids and development of excessive
twins before fracture.

A decreasing linear relationship is observed between
the strain to fracture and the number density of voids.
From that, it can be stated that larger voids manifest the
increased value of fracture strain.
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