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Abstract

Magnesium alloys are known as attractive materials because of their low density and good thermal conductivity. However,
compared to competing metallic materials such as aluminum alloys, magnesium alloys have lower strength. Among different
methods introduced for strengthening metallic materials, severe plastic deformation is notable for its efficiency and relative
simplicity. This study investigates the effect of bismuth content on the microstructure evolution and hardness of magnesium
AZ31 alloy subjected to severe plastic deformation through equal channel angular pressing. For this purpose, AZ31 alloys
with nominal bismuth contents of 0%, 1%, and 3% were processed by up to four passes of equal channel angular pressing
at 300 °C. The microstructure evolution of these alloys was then examined using optical and scanning electron microscopy.
The hardness of the specimens was measured using the Vickers method. Results show that bismuth-enriched second-phase
particles are fragmented during severe plastic deformation. Additionally, increasing the bismuth content leads to more
rapid grain refinement during severe plastic deformation due to the pinning effect of these second-phase particles on the
grain boundaries. Faster hardening rates during severe plastic deformation were observed for the bismuth-containing AZ31
alloys. This effect is attributed to the more rapid grain refinement and the increase in the Hall-Petch coefficient resulting

from the presence of fine bismuth-enriched particles.
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1. Introduction

Magnesium and its alloys have attractive
characteristics like reasonable strength, good thermal
conductivity, and low density. Therefore, they are
attractive materials wherever the proportion of
strength/density is essential, like the aircraft and the
car manufacturing industries. Magnesium AZ alloys
are the most commonly used because of their
excellent castability, low costs, and relatively high
strength. These alloys contain aluminum and zinc as
the main alloying elements. In these alloys, the
nominal weight percent concentrations of Al and Zn
are presented in a code. For instance, the AZ31
contains 3 wt% of Al and 1 wt% of Zn. Aluminum
increases the strength of AZ alloys by producing
Mg17Al12 precipitates. Also, zinc is usually added to
improve the strength of these alloys through the solid
solution hardening. Adding Zn also increases the
corrosion resistance of the alloy by removing different
impurities like Fe and Ni from the matrix [1-3].
Besides Al and Zn, additions of other alloying
elements like Sn, Bi, Gd, Y, and Ce to the magnesium
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alloys for improvement of their mechanical properties
have been considered by different studies [2-10].
Among these elements, adding Bi can be more
beneficial because of its considerable results and its
reasonable costs. For more explanations, adding Bi
causes the formation of Mg,Bi, intermetallic particles
composed of 85 wt% Bi and 15 wt% Mg. These
particles elevate the strength of magnesium alloys,
and they are thermally stable below 821 °C. Also, they
enhance the creep resistance of these alloys by
decreasing their grain growth rate [6-8, 11]. For more
explanations, the presence of thermally stable
particles prevents the rapid migration of grain
boundaries at elevated temperatures, known as the
Zener effect. Therefore, they decrease the grain
growth rate [3, 6-10]. It is also notable that the
workability of magnesium alloys at cold deformation
regimes is limited because of the hexagonal close-
pack crystal structure of magnesium having limited
slip systems at low deformation temperatures.
Therefore, these alloys are usually formed using
warm/hot deformation regimes, whereas grain growth
is a serious concern [2, 9, 12-13].
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A well-known solution to improve the strength
and ductility of the metallic materials is decreasing
the grain size. For more explanations, the relation
between the strength and the grain size of an alloy can
be evaluated using the Hall-Petch equation as below
[14]:

1

=0, +KD? )
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Here, o, is the yield strength, o, is the frictional
stress, K is the Hall-Petch slope, and D is the average
grain size of the alloy. Except for the grain size, other
microstructural features can affect the strength of the
alloy and the parameters of Eq. 1. For instance,
increasing the dislocation density can increase the
frictional stress [14]. In addition, increasing the
concentration of solute elements increases the Hall-
Petch slope [15-16]. Also, the presence of second-
phase particles can increase the Hall-Petch slope and
the frictional strength [17-18].

Decreasing the grain size, usually called “grain
refinement”, can be achieved by applying a suitable
thermomechanical process. For instance, the
imposition of severe plastic deformation (SPD) is an
outstanding method for the grain refinement of
metallic materials. For this purpose, an equivalent
plastic strain above 2 is imposed on the material [19-
21]. For a better sense, this plastic strain equals a
thickness reduction of 85% through flat rolling. The
concept of severe plastic deformation in its modern
form was developed by Segal et al. [22-23] during the
1970s. They have introduced a new process for SPD
processing called equal channel angular pressing
(ECAP). During previous decades, different studies
have applied the concept of SPD for the grain
refinement of magnesium alloys [13, 24-30]. For
instance, the effects of SPD processing on the
microstructure and mechanical properties of AZ31
have been investigated in different works. Results of
these works have shown that the grain refinement and
the increase of strength are considerable when using
SPD at warm deformation temperatures (i.c.,
Tdef.~200 °C or less). However, since the warm
workability of magnesium alloys is limited, the low-
temperature SPD processing of magnesium alloys
causes the risk of fracture. On the other hand, the
grain refinement and the hardening of the alloy
become limited when using SPD at hot deformation
temperature (i.e., Tdef. > 250 °C) [13, 25-29]. For
example, the decrease of the average grain size of the
AZ31 alloy to 2-5 um using four passes of ECAP at
200 °C is frequently reported [13, 25-28]. However,
when a similar process is applied at 275-300 °C, the
average grain size is 8-15 um [25, 29]. Also, while the
increase of the room temperature strength of the alloy

to about 250 MPa through processing by four passes
of ECAP at 200 °C is reported [13], the room
temperature strength of the alloy after four passes of
ECAP at 250-300 °C is in range of 150-180 MPa [27,
29]. These effects occur due to the rapid grain growth
at hot deformation temperatures. One solution to
prohibit the rapid grain growth is adding a thermally
stable second-phase particle, likes the Mg Bi,
mentioned above. However, no study has investigated
the behavior of Bi-containing AZ magnesium alloys
subjected to SPD processing at hot deformation
temperatures.

This work aims to investigate the effect of Bi-
addition on the microstructure and the hardening of
the AZ31 magnesium alloy subjected to ECAP
processing at a hot deformation regime. For this
purpose, the AZ31 alloys with different bismuth
contents are cast and processed through different
passes of ECAP at 300 °C. The microstructures of the
processed specimens are observed by the optical and
scanning electron microscopes. Also, the Vickers
hardness measurement is applied to evaluate the
hardening effect of the process.

2. Materials, Process and Experiments

Magnesium AZ31 alloys with 0, 1 wt%, and 3
wt% nominal Bi-content are cast and homogenized at
693 K for 16 h. The chemical compositions of the cast
alloys are evaluated using optical emission
spectrometry and presented in Table 1. After casting,
10 mm diameter rods are machined and subjected to
ECAP processing at 300 °C through route Be. Fig. |
shows the applied die set used for the ECAP
processing. The used die has a channel angle of 90°
with a corner radius of 2.5 mm. As shown before, the
average strain imposed on a specimen by each pass of
ECAP using this die is about 0.9. More details about
the processing method have been presented before
[31]. Hereafter, each specimen is called by a code
showing its nominal composition and number of the
imposed ECAP passes. For example, AZ31-1Bi-4
refers to the AZ31 alloy with Iwt% Bi-content
subjected to 4 passes of ECAP.

The processed specimens are mechanically
polished and then etched using PICRAL etchant. The
microstructures of the specimens are observed by a

Table 1. The chemical compositions of cast alloys in wt%
evaluated using optical emission spectrometry

Alloy Al Zn Mn Bi Mg
AZ31-0Bi 2.5 0.7 0.18 - Rem.
AZ31-1Bi | 3.04 0.83 0.25 1.2 Rem.
AZ31-3Bi | 2.81 0.74 0.27 3.1 Rem.




J. Yazdi et al. / J. Min. Metall. Sect. B-Metall. 61 (2) (2025) 213 - 221

215

Figure 1. The ECAP die used for the SPD processing

BX-60M Olympus optical microscope (OM). The
average grain size of each specimen is evaluated by
MIP 4 image analyzing software according to ASTM
El112 wusing figures captured by different
magnifications. MIRA 3 TESCAN field emission
scanning electron microscope (FESEM) is applied to
study the second-phase particles inside the specimen’s
microstructure. Also, energy-dispersive X-ray
spectroscopy (EDXS) is applied to evaluate the
chemical compositions of second-phase particles of
specimens. Also, the hardness of specimens is

Sl 2

measured using the Vickers method (VHN) by the
indentation load of 49 N.

3. Results and discussion

Fig. 2 compares the OM microstructures of the
alloys before and after the imposition of the first pass
of ECAP. As shown in Figs.2 (a) to (c), the
microstructures of the unECAPed specimens are filled
by coarse equiaxed grains. After one pass of ECAP,
the microstructures of the alloys are transformed to a

Figure 2. OM microstructure of the: (a) AZ31-0Bi-0, (b) AZ31-1Bi-0, (c) AZ31-3Bi-0, (d) AZ31-0Bi-1, (e) AZ31-1Bi-1
and (f) AZ31-3Bi-1 specimens
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necklace-shaped type, as shown in Figs. 2 (d) to (f).
In these necklace-shaped microstructures, coarse
grains are surrounded by refined grains sized a few
micrometers. The incidence of these refined grains
inside the microstructures of the alloys is attributed to
the initiation of  discontinuous dynamic
recrystallizations (DDRX) in which the recrystallized
grains nucleate near the grain boundaries of the initial
coarse grains [19]. As shown in Figs. 3 (a) to (c), the
progression of DDRX of alloys after the imposition of
2 passes is remarkable, whereas the bulk of alloys’
microstructures are occupied by refined grains. After

four passes of ECAP, almost whole of the alloy
microstructures are occupied by the refined grains, as
shown in Fig. 3 (d) to (f). This result indicates that the
DDRX is nearly completed. Fig. 4 compares the
average grain size of the alloys through processing by
ECAP. As shown here, the grain size of AZ31-0Bi
alloy after the imposition of four passes of ECAP is
about 10 pm. This number is close to the results of
previous works on this alloy at similar temperatures as
mentioned above [25, 29]. Nonetheless, the average
grain size of the AZ31-1Bi and AZ31-3Bi alloys after
the imposition of four passes of ECAP is about 5 pum,

Figure 3. OM microstructure of the: (a) AZ31-0Bi-2, (b) AZ31-1Bi-2, (c) AZ31-3Bi-2, (d) AZ31-0Bi-4, (e¢) AZ31-1Bi-4
and (f) AZ31-3Bi-4 specimens
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considerably less than what is seen for the AZ31-0Bi
alloy. These results indicate that the rate of grain
refinement through the ECAP process is accelerated
by adding B4, as discussed later.

Fig. 5 compares the microstructures of the cast
alloys observed by the FESEM. Results of EDXS for
the composition of the second-phase particles shown
in Fig. 5 are illustrated in Table 2. As shown here,
adding Bi to the AZ31 magnesium alloy causes the
formation of relatively coarse Bi-enriched particles
inside the magnesium matrix. These Bi-enriched
particles are white, and their chemical compositions
are close to Mg,Bi,. Besides these Bi-enriched
particles, grey-hue Al-enriched particles are formed
due to the presence of Al. Fig. 6 shows the FESEM
microstructure of the ECAP-processed alloys. As
shown here, fine Bi-enriched particles inside the
alloys can be seen after the ECAP processing. For
instance, while the size of Bi-enriched particles before
ECAP processing is about 10 um, the size of these
fine particles that appeared after the imposition of 4
passes of ECAP is less than 1 pm. As shown in Fig. 6
(e), this effect occurs by fragmentation of the Bi-
enriched particles due to the imposition of an intense
plastic deformation. Similarly, it is reported that
coarse second-phase particles are fragmented during
SPD due to a considerable stress concentration on
these particles caused by the strain heterogeneity
around these particles [32-35]. One can see that the
fragmented Bi-enriched particles are often located on
the boundaries of the refined grains that appeared
during the ECAP process. This result occurs because
of the pinning effect of these particles on the grain
boundaries. This effect can explain the rapid grain
refinement of Bi-containing AZ31 alloys mentioned
above.

Table 2. The chemical composition of particles in wt%

evaluated using EDXS
Particle No. Al Bi Mg
1 0.3 72.7 26.9
2 68.4 7 24.5

| 200pm

Table 3 compares the effect of ECAP processing
on the VHN of alloys. As shown here, the VHNs of
the alloys increase by ECAP passes. According to the
Hall-Petch relation, this effect is explained by the
decrease in the grain size discussed above. However,
one may question the effect of the Bi addition on the
hardness increase. Fig. 7 compares the VHN of
specimens versus the inverse square root of their grain
size (D-0.5). As can be traced in Fig. 7, the increase of
Bi-content increases the VHN in a constant grain size.
This effect can be explained by the Bi-enriched
particles formed due to adding Bi, as discussed above.
As mentioned in explanations of Eq. 1, these particles
increase the strength and the hardness by increasing
the frictional stress (c0). Regarding Eq. 1 and
considering the VHN (in Kg/mm?2) of an alloy equal
to 0.3 of its yield strength (in MPa) [16, 18], the slope
of VHN variation versus D-1/2 can be estimated as
about 0.3 of the Hall-Petch slope. Table 4 compares
the Hall-Petch slopes for the alloys evaluated
considering these assumptions. As can be seen here,
the Hall-Petch slope of the AZ31 alloy is evaluated at
0.45 MPa.m-0.5. This number is close to similar
studies on this alloy [36-37]. In addition, one can see
that the Hall-Petch slopes of AZ31-1Bi and AZ31-3Bi
are higher than the AZ31 ones. To explain this effect,
one can see that the Hall-Petch slope is evaluated
below [16]:

K ~1cr0.5 2

Where r is the distance of a dislocation source
(i.e., Frank-Read source) from the grain boundaries
and tc is the needed shear stress of this dislocation
source to emit dislocations. Considering Eq. 2, one
can relate the higher Hall-Petch slope of the Bi-
containing alloys to the presence of fine Bi-enriched
particles on the grain boundaries of AZ31-1Bi and
AZ31-3Bi alloys, as mentioned above. Note that the
presence of these fine particles on the grain
boundaries increases the tc [17]. Therefore, the Hall-
Petch slope of Bi-containing alloys is elevated.
Considering these explanations, one may question

_S0pum

Figure 5. FESEM microstructure of the cast alloys: (a) AZ31-0Bi, (b) AZ31-1Bi and (c) AZ31-3Bi
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Figure 6. FESEM microstructure of different specimens, (a) AZ31-0Bi-2, (b) and (c) AZ31-1Bi-2, (d), (e) and (f) AZ31-

Sum

3Bi-2, (g) AZ31-0Bi-4, (h) AZ31-1Bi-4 and (i) AZ31-3Bi-4

why the Hall-Petch slope of AZ31-1Bi and AZ31-3Bi
are almost similar. To answer this point, it should be
remembered that the Bi-enriched particles formed
during casting are coarse, and these particles are only
fragmented by the ECAP imposition. In addition, the
second-phase particle fragmentation through SPD is
saturated by the increase of volume fraction of the
second-phase particles [34, 38-39]. Therefore, the
number of fine particles that appeared during ECAP is
limited, and this number may not significantly be
increased by the increase of the Bi-content of the
alloy. As a result, the effect of fine Bi-enriched
particles on tc and the Hall-Petch slope is limited, and
its increase by the increase of Bi-content is negligible.

Table 3. The Vickers hardness of ECAP-processed

specimens
Alloy |Pass No. 0 1 2 4
AZ31-0Bi 48 55 70 81
AZ31-1Bi 57 85 104 107
AZ31-3Bi 63 100 123 128

Table 4. The evaluated Hall-Petch slopes of different alloys

Alloy AZ31 AZ31-1Bi | AZ31-3Bi

K (MPa.m-0.5) 0.45 0.59 0.59
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Figure 7. The VHN of the alloys versus their inverse square root of grain size (D-0.5)

4. Conclusions

Considering the information presented above, the
effect of Bi addition on the microstructure evolution
of AZ31 through severe plastic deformation can be
summarized as follows:

1 - Adding Bi to the AZ31 alloy during casting
leads to the formation of coarse Bi-enriched
particles. The chemical composition of these
particles is very close to Mg,Bi,.

2 - These coarse Bi-enriched particles are
fragmented into fine particles through severe
plastic deformation. As a result, the rate of grain
refinement in the alloy increases due to the pinning
effect of these fine particles on the grain
boundaries.

3 - In addition to increasing the hardness of the
alloy, the Hall-Petch slope also increases with Bi
addition, due to the presence of fine Bi-enriched
particles on the grain boundaries.
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MIKROSTRUKTURA I TVRDOCA LEGURA MAGNEZIJUMA AZ31
MODIFIKOVANIH BIZMUTOM PODVRGNUTIH INTENZIVNOJ PLASTICNOJ
DEFORMACIJI
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Apstrakt

Legure magnezijuma su poznate kao atraktivni materijali zbog svoje niske gustine i dobre toplotne provodljivosti. Medutim,
u poredenju sa konkurentnim metalnim materijalima kao Sto su legure aluminijuma, legure magnezijuma imaju manju
cvrsto¢u. Medu razlicitim metodama uvedenim za ojacavanje metalnih materijala, intenzivna plasticna deformacija je
znacajna zbog svoje efikasnosti i relativne jednostavnosti. Ova studija istrazuje uticaj sadrzaja bizmuta na evoluciju
mikrostrukture i tvrdocu legure magnezijuma AZ31 podvrgnute intenzivnoj plasticnoj deformaciji presovanjem kroz kanal
pod jednakim uglom (engl. equal channel angular pressing - ECAP). Za ovu svrhu, legure AZ31 sa nominalnim sadrzajem
bizmuta od 0%, 1% i 3% su obradivane do Cetiri prolaza presovanja kroz kanal pod jednakim uglom na 300 °C. Evolucija
mikrostrukture ovih legura je zatim ispitana koris¢enjem opticke i skenirajuce elektronske mikroskopije. Tvrdoca uzoraka
je merena koris¢enjem Vikersove metode. Rezultati pokazuju da su Cestice druge faze obogacene bizmutom fragmentisane
tokom intenzivne plasticne deformacije. Pored toga, povecanje sadrzaja bizmuta dovodi do brzeg usitnjavanja zrna tokom
intenzivne plasticne deformacije usled efekta pinovanja (zadrzavanja) ovih Cestica druge faze na granicama zrna. Veci
stepeni ojacavanja tokom intenzivne plasticne deformacije su primeceni za legure AZ31 koje sadrze bizmut. Ovaj efekat se
pripisuje brzem usitnjavanju zrna i povecanju Hol-Pecovog (engl. Hall-Petch) koeficijenta koji proistice iz prisustva finih
Cestica obogacenih bizmutom.

Kljucéne reci: Legura magnezijuma AZ31; Dodatak bizmuta, Intenzivna plasticna deformacija; Usitnjavanje zrna; Tvrdocéa
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