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This research studies the hot deformation behavior of cast and extruded AZ80 magnesium alloys for
forging applications. Uniaxial hot compression tests were carried out at a temperature of 400 °C and strain
rates ranging from 0.001 to 0.1 s~, to various strain levels up to a true strain of 1. Detailed microstructure
and texture characterizations of the deformed samples were performed using electron backscatter
diffraction and x-ray diffraction techniques. The results show that multiple dynamic recrystallization
(DRX) mechanisms were simultaneously active in both starting materials at all the tested deformation
conditions, resulting in significant grain refinement. Cast and extruded samples showed the development of
a similar microstructure, texture, and flow stress by a strain of 1, despite having very different starting
microstructures. This was investigated by considering differences in DRX mechanisms and kinetics, and
relative deformation mode activities. Since industrial forgings typically involve strains much higher than 1,
comparable final microstructure and texture are expected in industrial-scale forgings of AZ80 at 400 °C,

irrespective of the starting material state.

Keywords cast versus wrought AZ80, continuous dynamic
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1. Introduction

Magnesium-based alloys are becoming increasingly popular
within the automotive industry owing to their significant weight
saving potential compared to other metallic materials. Among
the commercial grades of magnesium-based alloys currently
available, high Al content AZ alloys (which have Al in the
range of 6-9 wt.%) are the most popular for automotive
applications, as they offer a good combination of castability and
forgeability, are relatively less expensive, and are amenable to
heat treatment. AZ91 alloy is by far the most used magnesium
alloy in the automotive industry and is mainly used as a die cast
alloy.

For fatigue critical applications such as in automotive
suspension components, forging is the preferred fabrication
route since it results in superior mechanical performance of the
final component (Ref 1, 2). Magnesium-based alloys are
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typically hot forged (usually at temperatures higher than about
200 °C (Ref 3)) since higher temperature activates the non-
basal slip systems and dynamic recrystallization (DRX), both of
which enhance the workability of the material (Ref 4-7). DRX
in AZ alloys can take place through various mechanisms
including grain boundary bulging induced discontinuous
dynamic recrystallization (DDRX), grain fragmentation and
recovery based continuous dynamic recrystallization (CDRX),
twin dynamic recrystallization (TDRX), and particle stimulated
nucleation (PSN) mechanisms (Ref 5, 8, 9). The material
typically shows different dominant DRX mechanisms under
different deformation conditions (Ref 10), although it is also
possible for multiple DRX mechanisms to be active in the
material simultaneously (Ref 11).

The starting material for forging can include both cast and
wrought forms of the alloy. Cast material is less expensive and
can be cast in a desired pre-form shape, easing the amount of
forging needed to reach the final component shape. However, it
is uncertain whether the strain induced during forging is
sufficient to produce a homogeneous fine-grained microstruc-
ture from the cast material, which is beneficial for enhanced
mechanical performance of the final component. Such strain
levels, if known, can be used to compute the preform shape
which would require the minimum amount of forging to reach
the final component geometry, while still having the required -
strain throughout the component to permit a homogeneous fine-
grained microstructure (Ref 12). Wrought material, on the other
hand, while being more expensive, offers advantages in terms
of fewer internal defects, including lower chemical segregation
and porosity (Ref 1, 2), and the certain development of a fine-
grained microstructure during forging (Ref 11). Some research-
ers have also shown superior fatigue performance of wrought-
forged components compared to cast-forged components for
commercial Mg alloys (Ref 1, 13-16).

Previously, some research has compared the effect of the
starting material state on the hot deformation behavior of
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various AZ alloys, but detailed characterization is mostly
limited to the AZ31 alloy (Ref 7, 11, 17-20). Beer et al. have
shown a higher tendency of the cast AZ31 alloy toward {1012}
tensile twinning compared to the extruded AZ31 alloy owing to
its coarser initial grain size (Ref 19). Cast material also shows a
slower DRX kinetics, leading it to show a bimodal microstruc-
ture at strains where the extruded material already shows a fine
grained and homogenous microstructure (Ref 11), making the
former a less suitable starting material for forging. Pilehva et al.
have studied the effect of different starting microstructures on
the hot compression behavior of the AZ91 alloy (Ref 7). Their
results show that in the as-rolled state, dynamic recrystallization
initiates at lower strains, lower temperatures, and the material
shows a higher DRX% compared to the corresponding cast-
homogenized material. A limitation of this study was that the
compression tests were performed only up to a temperature of
300 °C and a strain of 0.5, whereas industrial forgings typically
involve higher deformation strains, which can necessitate
higher working temperatures for Mg alloys. Additionally, in
all these studies, texture development during deformation was
not investigated, while the texture is an important feature on
which the material’s deformation behavior and subsequent
mechanical properties of the final component depends.

It is known that the microstructure and texture development
during hot deformation in AZ alloys with a higher Al content
(e.g. AZ80, AZ91, etc.) is very different compared to that in
AZ31 (Ref 21-24). The present authors have recently shown
that during hot compression at 400 °C, where Al is in solid
solution in both AZ80 and AZ31 alloys, the DDRX grain size is
larger in the AZ80, and it also shows a faster DDRX kinetics
compared to the AZ31 alloy, such that by a strain of 1.0 a
homogenized fine-grained microstructure develops in the
former, while the latter shows a bimodal microstructure (Ref
25). These findings assume significance since a homogenized
fine-grained microstructure is very desirable for the improved
mechanical performance of the final component. The current
research therefore investigates and compares the microstruc-
ture, texture, and flow stress evolution during uniaxial com-
pression of as-cast and as-extruded AZ80 alloys at 400 °C, to
gauge the suitability of using cast material as the starting
material for forging. The research is part of a broader research
project aiming to forge a full-scale automotive suspension
component using the AZ80 magnesium alloy (Ref 14).

2. Experimental Details

The starting material was obtained in the form of direct-chill
cast billets of about 300 mm diameter and extruded rods of 63.5
mm diameter from Magnesium Elektron North America Inc.
Cylindrical samples measuring @ 10 x 15 mm were machined
with their longitudinal axis parallel to the casting direction and
extrusion direction, at a radial distance of 120 and 22 mm from
the centerline of the cast billet and the extruded rod,
respectively. The compositions of the cast billet and extruded
rod as provided by the supplier are presented in Table 1.

Uniaxial compression tests were conducted using a Glee-
ble® 3500 thermal-mechanical simulator at a deformation
temperature of 400 °C and constant true strain rates in the range
of 0.001 to 0.1 s~'. In a previous publication, the present
authors have shown that at 400 °C the Mg;-Al;, precipitates in
the as-cast AZ80 alloy rapidly dissolve in the a-Mg matrix dur-

2648—Volume 32(6) March 2023

ing deformation, which thereby facilitates the interpretation of
the results independent of the presence of the Mg ;Al,
precipitates or the occurrence of PSN (Ref 26). The lateral
surfaces of the samples were sprayed with a graphite-based
lubricant prior to the compression tests to reduce friction during
deformation. The samples were heated via electric resistive
heating at a rate of 5 °C.s™' to the test temperature, soaked for
60 seconds, and then compressed at the desired strain rate.
Thermocouple-based feedback from the deforming sample’s
surface was used to control the temperature during the tests.
Samples were deformed to true strains of 0.05, 0.15, 0.4, and
1.0, and immediately quenched in water (within 1 second) to
preserve the as-deformed microstructure.

Load-stroke data from the compression tests was converted
to true stress—true strain data using the following equations,

Hy — AH

& =In( H
0

) (Eq 1)

Force
°T (mdgHo/4/(Ho — AH)) Fa2)

where ¢ is the calculated true strain value, ¢ is the calculated
true stress value, Hy is the initial height of the sample, AH is
the change in height of the sample during deformation
(AH = Hy — H, where H is the instantaneous height of the
sample), and dj is the initial diameter of the sample. Uniaxially
compressed samples become barrel-shaped during deformation
due to friction, which is illustrated in the schematic shown in
Fig. 1. In the schematic, H, and R, are the initial height and

Table 1 Composition of the alloys used in the present
study (in wt.%)

Al Zn Mn Mg
Cast billet 8 0.31 0.15 balance
Extruded rod 8.2 0.33 0.14 balance

 Rr

' Ry

: 44—;
Undeformed wniaxially
compressed
sample
sample

Fig. 1 Schematic showing barreling of cylindrical sample during
hot compression due to friction
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radius of the sample, while H is the instantaneous height during
deformation and can be obtained from the stroke data of the
Gleeble. Ry is the instantaneous top radius, while Ry, is the
instantaneous maximum radius (occurs at the sample mid-
height level).

Flow stress data therefore must be corrected for friction,
which is done in the present research following the method
proposed by Ebrahimi in (Ref 27). Briefly, the diameters of the
individual samples at the mid-height level (i.e., Ry) after

compression to the straj = recorded. Ry was
calculated using Ry = (3 %RO — 2R§/,), and was used to
calculate AR = Ry, — Rf. R, or the instdntaneous equivalent

circular radius for the deforming sample if b ing had not
occurred, can be calculated using R = Ry HO/H. Together
these equations can be used to calculate the barreling shape
parameter (b) and the friction factor (m) according to Eq 3 and
4, respectively. Note that H and R in Eq 3 and 4 correspond to
the final height and final equivalent circular radius of the
sample compressed to the strain of 1.0, and therefore give a
single fixed value of m for specific starting material and
deformation condition.

b= 4%& (Eq 3)
m= (R/H)P (Eq 4)

(4/3) — @5/3V3)

The experimental stress—strain curves were initially fit with
a polynomial of order 6-10 degree to smoothen the curves, and
subsequently the m values were used along with Eq 5 to
calculate the friction corrected flow stress values (Ref 28).

(Eq 5)

O corrected = M
(1+ 35 X £
Detailed characterization of the microstructure and texture
was performed only on the samples deformed at the strain rates
of 0.001 and 0.1 s™'. The deformed samples were sectioned
longitudinally (about the compression axis), cold mounted in
epoxy, and prepared according to the standard metallographic
procedure for these alloys. The samples for electron backscatter
diffraction (EBSD) were additionally chemically polished using
a 10% Nital solution for up to 45 seconds. Samples for optical
microscopy were etched using an acetic-picral solution.
EBSD was carried out using a FEI Nova NanoSEM-650
(FEG-SEM), equipped with an EDAX EDX detector, and
operating at 20 kV. Step sizes of 0.75 and 0.5 um were used for
samples deformed at 0.001 and 0.1 s™', respectively, while the
particular area that was scanned on each sample is as illustrated
in Fig. 2. It is noted that the location of the dead metal zone and
its extent in Fig. 2(a), (b) and (c) are simply a schematic (i.c.,
not to scale) and are included just for illustrative purposes. The
true extent of the dead metal zone for one of the samples can be
visualized in Fig. 2(d). Owing to a very coarse starting grain
size of the as-cast material, a larger scan area compared to that
for the extruded material needed to be scanned for the as-cast
samples that were deformed to low strain levels, in order to
acquire sufficient statistical data. The cast samples that were
deformed to the strain of 1.0 were found to have a fine grained
and homogeneous microstructure, which allowed for a much
shorter EBSD scan area of 0.75 x 0.6 mm (which correspond to
the scan area on all the extruded-deformed samples).
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The scanned data were processed and analyzed using TSL
OIM 8.0 software. Prior to the analysis, the data was cleaned
using standard data cleaning techniques—initially an image
quality-based thresholding was applied to remove the pixels
affected by the presence of precipitates in the microstructure.
Subsequently, one iteration of the neighbor orientation corre-
lation (level 3), grain dilatation, and kernel average misorien-
tation were performed (in that order) to correctly index the mis-
indexed and un-indexed pixels. Additionally, the minimum
grain size was set to 16 pixels, to avoid including spurious data
involving a low number of pixels as real grains. High-angle
boundaries (HABs) were defined as having misorientations of
greater than equal to 10°.

X-ray diffraction (XRD) macrotexture measurements were
performed using a Bruker D8-Discover diffractometer,
equipped with a VANTEC-500 area detector, using Cu K,
radiation at 40 kV. A collimator of size 1 mm was used, and an
area of about 1.5 x 2.5 mm was scanned on each sample. The
diffraction data were processed using DIFFRAC.TEXTURE
software, and the texture results are presented in terms of the
(0002) basal pole figures.

3. Results and Discussion

3.1 Starting Material Characterization

The microstructure and texture of the starting materials are
provided in Fig. 3 and 4, respectively. The as-cast material
showed a coarse dendritic morphology, with a significant
presence of Mg;;Al;, precipitates, mainly at and around the
grain boundaries. The extruded material showed a fine
equiaxed grain morphology. The dark regions in the micro-
graph of the as-extruded material mark the Mg;;Al;, precip-
itates in the lamellar morphology. Additionally, multiple Mn-Al
based precipitates were also present in both the starting
materials, albeit in very low amounts (totaling less than about
0.3 phase%). More detailed characterization of the precipitates
is provided elsewhere (Ref 26). The Mg;,Al;, phase dissolves
rapidly in the o-Mg matrix during deformation at the test
temperature of 400 °C, while Mn-Al based precipitates are
present only in low concentration, and therefore none of the
precipitates are expected to play any significant role during hot
deformation in the present research.

The grain size of the starting materials was determined using
optical micrographs using the linear intercept method and
multiplying it by a factor of 1.74 to account for the
stereographic effects. The starting grain size was found to be
311.3 £ 116.6 um and 34.8 + 4.7 um for the cast and extruded
materials, respectively. The cast material showed a random
texture, while the extruded material showed a preferential
alignment of the basal poles perpendicular to the extrusion axis
(Fig. 4), both textures being typical for mainstream Mg-alloys.

3.2 Microstructure Evolution and Dynamic Recrystallization

Micrographs of the cast and extruded deformed samples at
400 °C and 0.1 s~ " are presented in Fig. 5(a), (b), (c), (d) and
(e), while Fig. 5(f) quantifies the low-angle boundary (LAB)
fraction in the samples deformed to various strain levels. LABs
have misorientations within 2-10° and are quantified using the
EBSD data. Figure 5(a), (b) and (c) shows optical micrographs.
GB DRX and TDRX in Fig. 5(b) refer to grain boundary
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Fig. 2 Schematic showing the location and size of the EBSD scans on cast and extruded compressed samples during deformation. Sample size
and the scan area are proportionally scaled. Image taken with permission from [29]

Fig. 3 Optical micrographs of as-received material (a) cast and (b)
extruded AZ80 alloy. The major second phases in the
alloys—Mg;;Alj,, and some Mn-Al-based precipitates—are marked
in the micrographs

recrystallization and twin dynamic recrystallization, respec-
tively. Figure 5(d) and (e) show EBSD inverse pole figure (IPF)
maps colored with respect to the compression direction. LABs
with 2-5 and 5-10° misorientations are marked as blue and red
lines, respectively, while the high-angle boundaries, including
the grain boundaries, are marked as black lines.

Considering the effect of hot deformation on the microstruc-
ture development in the cast material (Fig. 5a, b and c), an
interesting feature to note is that the Mg;;Al;, precipitates
dissolved rapidly during the deformation such that in the
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sample deformed to the strain of 0.15 there is no visual
evidence of any of these precipitates remaining. The as-cast
samples that were deformed at 0.1 s~' showed the occurrence
of {1012}(1011) tensile twinning at low strain levels (Fig. 5a),
while these twins were found to recrystallize at higher
deformation strains (an example of this is shown in Fig. 5b).
The twin type was identified based on the characteristic peak at
86° in the misorientation angle distribution plot developed
using the EBSD data. Recrystallization within the twins is not
investigated any further in the present research, but prior
literature on comparable alloys indicate that this can take place
through multiple mechanisms, including: 1) intersection of
twins leading to the formation of twin-walled grains, which
then grow, and 2) formation of low-angle boundaries (LABs)
bounded substructure within the twins, which eventually
convert to separate grains by absorption of dislocations by
the LABs during continued deformation. These mechanisms
can be subsumed under the common heading twin dynamic
recrystallization (TDRX) (Ref 5, 8, 30). The sample com-
pressed to the strain of 0.4 (not shown in the figure) did not
show any twins, suggesting that twinning was exhausted at
lower strains, and either the twins were fully recrystallized
(through TDRX), or the entire grains in which the twins
nucleated twinned completely during the deformation.
Discontinuous dynamic recrystallization (DDRX) at prior
grain boundaries through grain boundary serration and bulging
was identified as another major DRX mechanism. The micro-
graph in Fig. 5(c) shows clear evidence of serrated grain
boundaries in the cast sample deformed at 400 °C and 0.1 s~ .
Due to deformation and slip, grain boundaries become serrated,
and at some favorable locations these serrated portions can
bulge into the neighboring grain by the movement of the grain
boundary, which is driven by the dislocation density gradient
across the grain boundary. Subsequently this bulged region can
rotate due to deformation, resulting in the formation of a low-
angle boundary (LAB) which separates the bulged region from
the parent grain (Ref 31). Eventually, this low-angle boundary
absorbs dislocations during continued deformation and trans-
forms to a high-angle boundary, thus separating the bulged
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Fig. 4 XRD macrotextures of as-received (a) cast and (b) extruded samples. Orientation legend—CD: casting direction, ED: extrusion

direction, RD: radial direction

region from the parent grain (Ref 10). A bulged region and the
LAB separating it from the parent grain can be seen in the
EBSD IPF map of cast deformed sample presented in Fig. 5(d).
DDRX is supposed to have initiated in the material somewhere
in the strain range of 0.05 to 0.15, as was inferred based on no
visual evidence of DDRXed grains in the sample deformed to
the strain of 0.05, while a noticeable presence of such grains in
the sample deformed to the strain of 0.15.

Deformation also resulted in the fragmentation of the
original grains by the development and criss-crossing of kink
bands (some kink bands are marked in Fig. 5d). This resulted in
the formation of LABs bounded substructures, which eventu-
ally converted into separate grains through dislocation absorp-
tion during continued deformation. This indicates that
continuous dynamic recrystallization (CDRX) also contributed
to the grain refinement and microstructure development.
Previously, we have shown that relative trends in the LAB
fraction can be used as an indicator of the relative occurrence of
CDRX during deformation of cast AZ31 and AZ80 alloys (Ref
25), and a similar kind of analysis is extended here for the
present results. Figure 5(f) compares the LAB fraction (2-10°)
in the cast and extruded deformed samples at 400 °C. The cast
deformed samples showed relatively higher LAB fractions
compared to the corresponding extruded deformed samples at
low strain levels suggesting that the cast material showed a
slightly higher tendency for CDRX compared to the extruded
material. Note that in the samples deformed to the strain of 0.15
at 400 °C and 0.1 s~!, the extruded material showed an
unusually high LAB fraction, and it is not known currently
what could have caused this. At higher strains at both the strain
rates, the LAB fraction in the two starting materials became
comparable, which can be related to their microstructure
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becoming comparable due to deformation and DRX (refer to
Fig. 6, 7 and 8a).

Microstructure evolution in the extruded material at 400 °C
and 0.1 s' (Fig. 5¢) was comparable to that in the cast alloy,
including the occurrence of DDRX and CDRX, except for the
occurrence of twinning and TDRX. Twinning is expected to not
have taken place in the extruded material owing to its relatively
fine grain size (Ref 32). The cast and extruded samples that
were deformed at 0.001 s~ ' showed comparable microstruc-
tural features as in Fig. 5(a), (b), (c), (d) and (e), except for the
occurrence of twinning even in the cast samples. Twinning is
not expected to have taken place at the lower strain rate since
the applied rate of deformation was low enough to be
adequately accommodated by slip-based deformation modes.
Typically, a single dominant DRX mechanism depending on
the deformation conditions and texture is reported for Mg
alloys in hot deformation studies (Ref 10, 33, 34), but in the
present research both DDRX and CDRX were found to be
significant contributors to the DRX. Previously, Beer et al. have
also reported a simultaneous and significant occurrence of
DDRX and CDRX during hot compression of cast and extruded
AZ31 alloys for a range of deformation conditions (Ref 11).

Microstructure evolution with deformation strain for the two
starting materials is presented through the EBSD IPF maps in
Fig. 6 and 7, for deformation at 0.1 and 0.001 s, respectively.
The micrographs show that in both the starting materials
DDRX initially took place at the prior grain boundaries,
resulting in the formation of a necklace microstructure at low
strain levels. With progressive deformation, the area covered by
the DDRXed grains increased, such that by a strain of 1, a
homogenous fine-grained microstructure had developed in both
the cast and extruded deformed samples. It is interesting to see
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Fig. 5 Microstructure features of interest during deformation of the cast and extruded AZ80 samples: (a-d) are of cast deformed samples, while
(e) is of extruded deformed sample. Inset in (d) shows higher magnification image of the region bounded by the white box in the main
micrograph. (f) Low-angle boundary (LAB) fraction variation in the deformed samples

the development of a comparable microstructure in the two
starting materials despite having very different initial
microstructures and grain sizes. This is attributed to a higher
tendency of the cast material for CDRX compared to the
extruded material (Fig. 5f), as well as a faster DDRX kinetics in
the later stages of deformation in the case of the former (results
presented later). Both the overall grain sizes and the DDRX
grain sizes were comparable in the two starting materials after
deformation to the strain of 1 (Fig. 8a and b). It is noteworthy
that the microstructure of the extruded material deformed at
0.001 s (lower row in Fig. 7) does not seem to have changed
much with deformation strain, owing to a similarity of the

2652—Volume 32(6) March 2023

DDRX grain size with that of the extruded material’s initial
grain size.

The EBSD data are used to quantify the microstructure and
the results are presented in Fig. 8. The substructure and
eventual grains formed by CDRX vary significantly in size in
the same microstructure itself (as can be gauged from Fig. 5d
and e), and because of this it is impractical to quantify the
CDRX grain size and % in the microstructure. However, the
overall grain size can be quantified, as well as the DDRX grain
size and DDRX%. DDRX grains are characterized by low
misorientation gradients within the newly formed grains and
can be identified using a grain orientation spread (GOS)-based
criteria, which can directly be defined in the EBSD data

Journal of Materials Engineering and Performance



Extruded

Fig. 6 EBSD IPF maps of cast and extruded samples deformed at 400 °C and 0.1 s', showing microstructure evolution with deformation

strain. Inset images represent high magnification micrographs

Cast

Extruded

Fig. 7 EBSD IPF maps of cast and extruded samples deformed at 400 °C and 0.001 s™', showing microstructure evolution with deformation

strain

analysis software (Ref 35). Typically, a GOS value of up to 2°
is used for DDRXed grains, while higher GOS values are used
for deformed grains (Ref 35). Previously, we have shown that a
GOS < 2° is suitable to identify DDRXed grains in the cast
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AZ80 alloy deformed at 400 °C (Ref 25). However, since the
as-extruded starting material is expected to have been signif-
icantly recrystallized during its prior extrusion processing,
using a GOS of < 2° results in the inclusion of many less
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Fig. 8 Microstructure quantification results based on the EBSD data: (a) Overall grain size, (b) DDRX grain size, (¢) DDRX%, and (d)
DDRX%’s dependence on GOS value used for partitioning, for samples deformed to the strain of 1. Horizontal axis in (a-c) represents
deformation strain level at the two strain rates, while in (d) represents different GOS values

deformed grains as DDRXed grains, especially in the samples
deformed to a relatively low strain of 0.15, and this could
introduce a bias to the analysis. To make a fair quantitative
comparison with the cast deformed samples, a GOS of < 0.5°
instead was found more suitable and was used in the present
research.

Figure 8(a) shows that despite significantly different initial
grain sizes, the cast and extruded samples showed comparable
grain size values after deformation to a strain of 1. Figure 8 (b)
shows that the DDRX grain size was independent of the
deformation strain level and was similar for the cast and
extruded starting materials. The invariance of the DDRX grain
size on the deformation strain level is well established (Ref 11,
36, 37), and while it is generally accepted that the DDRX grain
size is independent of the grain size of the starting material (Ref
38, 39), some authors have reported a finer DDRX grain size in
the case of a finer grained starting material (Ref 40).

Figure 8(c) shows the evolution of DDRX% in the two
starting materials during deformation, where the extruded
deformed samples showed a much higher DDRX% compared
to the corresponding cast deformed samples, especially at low
strain levels. An interesting observation is that the DDRX%
remained relatively stable at around 15% in the extruded

2654—Volume 32(6) March 2023

samples deformed at the strain rate of 0.001 s™', suggesting
that the microstructure was always in equilibrium with
deformation. The higher DDRX% in the extruded material
compared to the cast material can be explained considering the
much smaller initial grain size in the case of the former, which
provides a higher specific grain boundary area for DDRX
nucleation (Ref 11, 39). The DDRX% reported in Fig. 8(c) is
low, which is attributed to the use of a very low GOS value
(GOS < 0.5°) in its plotting, since using such low values of
GOS essentially limits the analysis to only the most recently
recrystallized grains. Using higher GOS values capture more
grains as DDRXed grains, resulting in a higher DDRX%, as is
illustrated in Fig. 8(d). However, this can also lead to the
inclusion of recrystallized-deformed grains in the DDRX
grains’ dataset which can affect the analysis.

3.3 Texture Evolution

The textures of the deformed samples are presented in
Fig. 9. As stated previously, the as-cast material had a random
texture, while the as-extruded material had a preferential
distribution of the basal poles perpendicular to the prior
extrusion axis (Fig. 4). The texture of the as-extruded material

Journal of Materials Engineering and Performance



£=0.15

|
D s AN
=000 | & " 1.56)
22 | 3 313
—— 3 3.43 | 3 4.69
8 2 48 | 3 6.25
(O Em s | =3 7.1
[ 6.86 I B 9.38
. 8.01 | 4 I 10.94
- 10.30 Q S e @250
%) | -, 7
S ) T -
S 00 | '
o /e |/ . 3262
O C32.54 = 3.89
L 'g =33.38 | =3 5.17
et Em4.23 | = 6.44
& =ms.07 = .
1N 5.2 . .00
CD .61 10.27
l ™ go.oo 3 0.00
0.73 3238
ND & = 3353
-05 ) =322 o= 471
.9 £ 294 =
O / [ 3.67 - "
= 49 == 7.07
5.4 I 8.25
in . 5.87 max  [10.60
—
G —8 [ i it iy et et et e e i et it iy
g | CJ0.00 C30.00
L o) | 140 [ P 1
[} | 32.10 166
B 'g | =32.80 =221
o | E3.50 &m2.77
= 420 s
L ¥ : .90 3.8
. 7w ER7.08 e - vax [6.30  ue @498
A 708 | - 3 4.98

Fig 9 XRD macrotextures of cast and extruded samples deformed at 400 °C. Orientation legend—CD: compression direction, ND: normal

direction, and TD: transverse direction

about the compression direction (CD) can be visualized more
clearly in Fig. 10(a), which also shows the partitioning of the
starting texture of the as-extruded material into three compo-
nents about the CD to facilitate the interpretation of the results
(partitioning done using the EBSD data). The components A,
B, and C divide the grains in the starting extruded material into
three partitions based on the orientation of their c-axis with
respect to the CD - A : 0-20°, B : 20-70° , and C : 70-90° to the
CD.

Considering the texture evolution in the cast-deformed
samples at 0.1 s~' (Fig. 9), the basal poles rapidly rotated
toward the CD during deformation to the strain of 0.15, which
is attributed to a substantial occurrence of {1012}(1011)
tensile twinning in the cast material during deformation. Once
this sharp basal texture developed, the texture remained
relatively stable during any further deformation. Considering
the texture development in the extruded-deformed samples at
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0.1 s~', the grains initially oriented along the component C
gradually rotated into the component B, and eventually into the
component A, as the deformation progressed, resulting in the
development of a near basal texture along the CD. A gradual
texture change is indicative of slip-based deformation, while an
absence of sudden texture reorientations (as in the case of the
corresponding cast-deformed samples) indicates that twinning
did not take place in the extruded samples. At 0.001 s~ ', the
cast material also showed a gradual rotation of the basal poles
toward the CD as the deformation progressed, indicating slip-
based deformation and an absence of twinning (Ref 41). The
texture results therefore support the microstructure-based
findings described earlier that twinning only took place in the
cast material, and only at the higher strain rate.

The extruded samples that were deformed at the lower strain
rate (0.001 s™') showed a gradual weakening of the texture,
suggesting texture randomization. Texture randomization can

Volume 32(6) March 2023—2655



of
N
o

ED/CD
(0002) I
RD
RD 5.50
3.91
2.78
1.97
1.40
1.00
Max: 0.71
7.74
@) As-Extruded material
0.5 155 - = -
1 Basal [l Prism. Pyramida
04 }
5 9
803 ¢
LI- e
° ;
£o2t
%) J
0.1 +
0 1 : :
A: 0-20° B: 20-70° C: 70-90°
(c) Orientation w.r.t. compression direction

CRSS (MPa)

go 1 B Cast [ Extruded

A:0-20° B:20-70° C:70-90°
(b) Orientation of grains w.r.t. compression direction

20

=y
(6,
el
T

-
o
PR
t

ol I : "

Basal Prismatic Pyramidal 2 Tensile twin
(d) Deformation Mode

Fig. 10 (a) (0002) basal pole figure of the as-extruded material showing partitioning of the starting texture into components A, B, and C about
the compression direction (CD), (b) % of grains (area wise) oriented within specific orientation range w.r.t. the CD, (c¢) Schmid factor (SF) for
the major slip modes for grains oriented along components A, B, and C, and (d) CRSS for the major deformation modes in pure Mg at 400 °C

take place due to DRX, as has been reported earlier for the
extruded AZ31 alloy (Ref 42). To investigate whether this is the
case for the extruded AZ80 alloy in the present research, the
textures of the DDRXed grains and non-DDRXed regions were
plotted separately using the EBSD data and compared (Fig. 11).
A GOS of < 0.5° was used for the DDRXed grains, to reduce
the possibility of including DDRXed-deformed grains in this
dataset. The pole figures presented in Fig. 11 suggest that the
DDRXed grains followed the orientations of the parent grains
(i.e., the non-DDRXed regions), indicating that texture ran-
domization did not take place.

It is interesting to analyze what could have caused the
observed texture weakening in the extruded samples deformed
at 0.001 s~ ' if it was not caused by DDRX. Further discussion
in this regard is facilitated by considering the graphs plotted in
Fig. 10. Note that Fig. 10(a), (b) and (c) are plotted using the
EBSD data, while the data for (d) was taken from literature on
pure Mg for deformation at 400 °C (Ref 4). Figure 10(a)
partitions the grains in the starting extruded material into three
components, according to the orientation of their c-axis with
respect to the compression direction, as described previously.
Figure 10(b) plots the area fractions of the grains oriented along
these components for the cast and extruded starting materials.
Figure 10 (c) plots the component-wise average Schmid factor
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Fig. 11 Partitioned (0002) basal pole figures of the DDRXed
grains and the non-DDRXed regions in the extruded sample
deformed at 400 °C and 0.001 s~ to a strain of 1

(SF) values, while Fig. 10(d) plots the critical resolved shear
stress (CRSS) of the dominant deformation modes in pure Mg
at 400 °C. Note that the plot for the cast material in Fig. 10 (b)
assumes a perfect random texture.

Figure 10 (b) shows that the vast majority of the grains (~
80%) in the starting extruded material were oriented along the
component C. Figure 10(c) shows that for such grains the
prismatic slip ({1010}(1120)) and the second-order pyramidal
slip ({1122}(1123)), hereafter referred to as the pyramidal 2
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slip, have the highest SF values, while Fig. 10(d) shows that the
CRSS for the prismatic slip is much lower compared to that of
the pyramidal 2 slip at 400 °C. These results, when considered
together, suggest that most of the grains in the extruded
material deformed via the prismatic slip, which is known to
cause grain rotation only about the c-axis (Ref 41), and
therefore is not expected to result in the rotation of the grains
toward the CD. At the same time, it is expected that the basal
slip ((0002) < 1120> ), owing to a very low CRSS (Fig. 10d),
and the pyramidal 2 slip, owing to a high SF (Fig. 10c), were
active to a limited extent in the grains originally oriented along
the component C. Prevalence of multiple slip system activity
delayed the rotation of these grains toward a common
orientation (i.e., toward a sharp texture) (Ref 43), which is
observed here for the extruded samples deformed at 0.001 s~
as an apparent weakening of the texture with deformation
strain. It is suggested that the texture of the sample deformed to
the strain of 1.0 (lower most row in Fig. 9) was still in
transition, whereby grains initially oriented along the compo-
nent C were somewhere mid-way through their reorientation
toward the CD (as a result of basal slip and pyramidal 2 slip
(Ref 41), which resulted in the development of a weak overall
texture in the material. For deformation at 0.1 s™!, the extruded
material did show the preservation of the C component with
deformation strain to a certain extent (refer to the corresponding
pole figures in Fig. 9) due to prismatic slip activity; however,
the increased strain rate is suggested to have shifted the
dominant deformation mode to basal and pyramidal 2 slips,
which resulted in the development of a near basal texture in the
material.

Considering texture development in the cast deformed
samples, a majority of the grains in the starting as-cast material
were oriented along the component B (Fig. 10b), which
together with the data plotted in Fig. 10(c) and (d) suggest that
the cast material deformed majorly by the (0002) basal slip,
which results in basal texture development along the CD (Ref
41). At 0.001 s, this indeed seems to have taken place
considering the macrotexture results presented in Fig. 9. At 0.1
s~ !, twinning also took place to complement the basal slip as an
additional deformation mode, owing to a low CRSS value, and
a relatively favorable orientation of the grains (oriented along
the components B and C) about the CD, and significantly
accelerated the basal texture development in these samples.

3.4 Flow Stress Curves

The flow stress curves of the cast and extruded samples
deformed at 400 °C at different strain rates are presented in
Fig. 12(a). A typical flow curve shows rapid strain hardening to
a peak in the flow stress, followed by a gradual softening to a
steady state flow stress at higher strain levels. The peak and
subsequent flow stress softening occur when the dislocation
annihilation rate due to DDRX exceeds the strain hardening
rate caused by dislocation generation and entanglement because
of deformation. The steady state occurs once an equilibrium is
established between strain hardening and DDRX and recovery
related softening effect. At lower strain rates, the extruded
material showed lower peak stresses, while at higher strain rate
it showed higher peak stress, when compared to the corre-
sponding cast deformed samples. Previously, Beer et al. have
shown similar results for AZ31 alloy, whereby extruded
material is shown to have lower peak stress compared to the
cast material at lower Z conditions, while the trends reversed
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under high Z conditions (Ref 19). Note that Z is the Zener—
Hollomon parameter (Z = & * exp(%%), where ¢ is the strain
rate, Q is the deformation activation energy, R is the universal
gas constant, and T is the deformation temperature in Kelvin).
Referring to Fig. 12(a), the flow stress gradually reduced
following the peak, due to the occurrence and progress of
DDRX, and eventually a common steady state flow stress was
achieved in the two starting materials, owing to the develop-
ment of comparable microstructures and textures.

The precise strain at which DDRX initiates in the material
can be obtained based on a mathematical analysis of the flow
stress curve proposed by Poliak and Jonas (Ref 44), but is
typically approximated as a constant fraction of the peak strain
(the strain corresponding to the peak in the flow stress curve)
(Ref 45, 46). The peak strain in the samples deformed at 0.01
and 0.1 s~ ' are plotted in Fig. 12 (b), and lower values of the
peak strain in case of the extruded material indicate that
the DDRX initiated in it at lower strains.

Figure 12(c) plots the strain hardening rate (0) as a function
of deformation strain from peak strain onwards for the two
starting materials at the strain rates of 0.01 and 0.1 s™'. The
strain hardening rate following the peak strain can be assumed
to indicate DDRX Kinetics in the material, with lower 0 values
(i.e., more negative values) indicating faster DDRX kinetics
(Ref 47). The extruded material showed much lower 6 values
immediately following the peak compared to the cast material,
suggesting a much faster DDRX kinetics. Beyond slightly
higher strains, the cast material started showing lower 6 values,
suggesting it started showing faster DDRX kinetics compared
to the extruded material. The 0p, < Ocy and Op,> Ocuy
regions are labeled in Fig. 12(c) for samples deformed at 0.1
s~! for easy reference. Though not investigated in the present
research, the peculiar material behavior might be related to the
initial grain boundaries of the as-extruded material quickly
becoming saturated with the DDRX grains due to a fast DDRX
kinetics close to the peak strain. A consequence of faster
DDRX kinetics at later stages of deformation in the cast
material (along with a relatively higher tendency for
CDRX—refer to Fig. 5(f) and accompanying discussion), is
that it catches up with the extruded material in terms of the
microstructure development by a strain of 1.

It is interesting to note that the interpretation of the strain
hardening rate plot in Fig. 12(c) in terms of DDRX kinetics at
the minimum 6 values (which occur approximately in the strain
range of 0.1 to 0.2 for different samples) nicely compliments
the DDRX nucleation rate data (Fig. 12d) at the deformation
strain of 0.15. The DDRX nucleation rate is approximated
based on the number of the DDRXed grains per unit EBSD
scan area in the microstructure, with the DDRX grains
identified using a GOS of < 0.5° to limit the data to only
the recently DDRXed grains. The extruded sample deformed at
the higher strain rate showed a higher DDRX nucleation rate
compared to the sample deformed at the lower strain rate and
correspond well with the lower minimum 6 value shown by the
former in Fig. 12(c). With regard to the cast material, the
DDRX nucleation rates at the two strain rates were comparable
at the deformation strain of 0.15 and correspond well with the
comparable minimum 6 values shown by the cast material at
the two strain rates in Fig. 12(c). Also, a much higher DDRX
nucleation rate in case of the extruded material compared to the
cast material is also captured well by the corresponding
minimum 6 values in Fig. 12(c). At higher strains this
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correspondence between the DDRX nucleation rate and the 0
values seem to have been lost, presumably because the
softening of the flow curve is additionally dependent on factors
other than the DDRX Kkinetics, such as texture, as well.

4. Conclusions

Microstructure, texture, and flow stress evolution of the cast
and extruded AZ80 alloy during uniaxial hot compression was
studied at 400 C and strain rates ranging from 0.001 to 0.1 s™".
Both materials show occurrence of dynamic recrystallization,
mainly through the discontinuous dynamic recrystallization
(DDRX) and continuous dynamic recrystallization (CDRX)
mechanisms, resulting in a substantial grain refinement from
the initial state. The DDRX grain size is found to be
independent of the nature of the starting material, including
the initial grain size. In the later stages of deformation, a
relatively faster DDRX kinetics, along with a relatively higher
tendency for CDRX, allows the microstructure development of
the cast material to approach that of the extruded material. By a
strain of 1, a homogeneous fine-grained microstructure with
similar grain sizes develop in both the starting materials.
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Simultaneously, a comparable basal deformation texture devel-
ops in all the samples, although this development is slightly
slower in the extruded material, owing to most of the grains in
the starting material deforming through the prismatic slip. The
two starting materials show a common steady state flow stress
value, which is attributed to the development of comparable
microstructures and textures due to deformation.

Industrial forgings typically experience strains much higher
than 1, which together with the above conclusions suggests that
cast material, including cast pre-form shapes, may indeed be
used as the starting material for forging applications, in-lieu of
wrought material. To ensure industrial suitability, more research
may be necessary to compare the mechanical properties of
components forged from cast and wrought materials. Further, if
forging is to be conducted at lower temperatures, the effects of
Mg,,Al,, precipitates on the deformation behavior of these
materials must also be considered.
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