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Effect of Second Phase Particle Size
on the Recrystallized Microstructure
of Mg–Al Alloys Following ECAE Processing
Suhas Eswarappa Prameela, Peng Yi, Vance Liu, Beatriz Medeiros,
Laszlo J. Kecskes, Michael L. Falk, and Timothy P. Weihs

Abstract

Magnesium (Mg) alloys are excellent candidates for
structural applications, given their high strength to weight
ratios. Grain boundaries and precipitates can both
contribute to strengthening in Mg alloys, but the design
of high strength Mg alloys is challenging due to Mg’s
anisotropic crystal lattice and yield asymmetry. Herein,
we focus on thermomechanical processing that involves
grain reﬁnement in the presence of precipitates. We seek
an understanding of how small and large Mg17Al12
intermetallic particles impact recrystallization and discontinuous precipitation in Mg–Al alloys. We do so by
processing solution treated and peak aged Mg–9Al (wt%)
alloys using equal channel angular extrusion (ECAE)
along the Bc route at 150 °C. We ﬁnd that the ﬁne
nanoprecipitates that nucleate within the solutionized
grain interiors during ECAE processing lead to ﬁner Mg
grains in the recrystallized regions compared to those in
the presence of the long lathlike precipitates produced
during peak aging prior to ECAE processing.
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Introduction
Robust and lightweight magnesium (Mg) alloys are desired
in the automotive and defense industries, but the anisotropic
behavior of Mg complicates our ability to control defect
generation, texture development, and deformation behavior
both during processing and in use. In particular, Mg’s fundamental physical characteristics, including temperaturesensitive activation of different slip systems, strain rate
sensitivities, and signiﬁcant yield asymmetries, affect the
selection of the most appropriate processing conditions
[1–7]. Despite these limitations, we are gaining a better
understanding of the underlying relationships related to the
thermomechanical processing of Mg alloys, especially during severe plastic deformation (SPD). SPD techniques such
as extrusion [8], rolling [9], or high-pressure torsion processing [10] have resulted in an extensive range of
microstructures [4, 11]. A survey of these studies identiﬁes
speciﬁc challenges and opportunities in manipulating the
microstructure of Mg and its alloys. One such instance is the
possibility of creating ﬁne grains with random texture, which
improves strength and reduces the yield asymmetry. At the
same time, continuous and discontinuous recrystallization
processes have also been shown to enable grain reﬁnement
[12–14] and greater strengths. In certain alloy compositions,
concurrent with recrystallization is the possible formation of
ﬁne precipitates [11, 13].
Precipitation is a phase transformation that involves nucleation and growth of second phase particles. There are
three possible interactions between recrystallization and
precipitation. First, both of these processes can occur
simultaneously in different regions of a sample (e.g., precipitation in grain interior and recrystallization near grain
boundary) during thermomechanical processing [13]. The
second possibility is that recrystallization occurs alongside
precipitation in the same region producing a combined
reaction zone. The third instance is reprecipitation during
recrystallization, wherein precipitates dissolve in the grains
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undergoing recrystallization and reform within or next to the
new grains [15]. In this effort, we seek to gain a deeper
understanding of the mechanisms that control this third
mode of interaction in a Mg–9Al (wt%) binary alloy.
Speciﬁcally, we study how the size of the precipitates within
the grain interior can influence the overall recrystallization
fraction and the ﬁnal grain size in a combined reaction zone
that includes recrystallized Mg grains and reprecipitated
Mg17Al12 particles.

Experimental Procedure
We procured ingots of Mg–9Al (wt%) alloy from Magnesium
Elektron North America (MENA), Madison, IL. The ingots
were solutionized by heating them at 385 °C for 6 h and at
420 °C for 16 h, followed by a cold-water quench. Chemical
analysis of the ingot was carried out using optical emission
spectroscopy (OES) as shown in Table 1.
Two routes were followed for thermomechanical processing, as shown in Fig. 1. For Route 1, solution treated
samples were deformed along the 4Bc route by equal
channel angular extrusion (ECAE) at a rate of 0.15 mm/min
at 150 °C with a 0.45 MPa backpressure. For Route 2,
solution treated samples were ﬁrst peak aged in a furnace for
163 h at 150 °C followed by ECAE along the 4Bc route
with a rate of 0.15 mm/min at 150 °C with a 0.45 MPa

backpressure. Samples were cut using a diamond wire saw
after ECAE for light microscopy. We mechanically polished
the sample using 800 and 1200 grit pads with water, followed by a cloth pad and OPS solution. Samples were then
etched using a 2% Nital solution for characterization. Samples were also cut using a diamond wire saw for transmission electron microscopy (TEM). We then mechanically
polished them to 50 µm slices and punched 3 mm disks.
A Gatan precision ion polishing system (PIPS) was used to
perforate holes with a thin region near the periphery for
TEM observation. We employed a TF30 microscope operating at 300 keV for microstructure observations.

Results and Discussion
Light microscopy studies on samples after solution treatment
and after peak aging conﬁrm that there is no recrystallization
before the ECAE processing. The grain size increases slightly
during peak aging treatment in Route 2, but is deemed negligible. Thus, before the ECAE processing, both sets of samples
have similar grains and grain sizes. The extrusion of the peak
aged samples in Route 2, though, proved more challenging.
As Fig. 2 indicates, shear localization, fracture, and profuse
twinning occurred near the edge of the peak aged samples
during ECAE. We attribute this occurrence to the existence of
the long precipitate laths within the microstructure and the

Table 1 Primary constituents of the Mg–Al alloy as measured by optical emission spectroscopy
Chemical composition in weight percent (wt.%)
Designation

Al

Cu

Mn

Zn

Ca

Ni

Be

Si

Fe

Mg

Mg–9Al (A9)

8.71

0.0002

0.005

<0.001

<0.001

0.0008

<0.0001

0.0020

0.0085

Balance

Fig. 1 Schematic of the two
thermomechanical processing
routes. Route 1: a solution treated
A9 sample is processed via ECAE
(4Bc) at 150 °C; Route 2: a
solution treated sample is peak
aged and then processed via
ECAE (4Bc) at 150 °C
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use of relatively low backpressure. Route 1 samples had no
such issues, and all four extrusion passes were successful.
Following four passes at 150 °C, light micrographs of samples
from both processing routes (1 and 2) reveal river-like features
in light micrographs, indicating that recrystallization begins
along boundaries and grows into the grain interiors during
extrusion (Fig. 3).
In our previous study [13], we describe and show that the
recrystallized regions in Fig. 3a grow in volume as a function
of ECAE passes of the Mg–9Al solutionized samples at
150 °C. A MATLAB code was used to analyze the area fraction of these regions after four passes for both Route 1 and
Route 2. The recrystallized fraction for the Route 1 (A9 4Bc)
sample is 57.7%, and it is 80.6% for the Route 2 (A9 peak
aged + 4Bc) sample. Our earlier [13] and current TEM analysis (Figs. 4 and 5) reveal that the recrystallized regions are
combined reaction zones containing recrystallized Mg grains
and relatively small Mg17Al12 grains or precipitates sitting next
to the Mg grains. The Mg grains contain near equilibrium
concentrations of Al, as shown by HAADF-STEM and a random texture, as demonstrated by Kikuchi EBSD patterns [13].
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The unrecrystallized portion of the microstructure also
evolves during the ECAE processing in Route 1, and it is
reported in detail in our earlier work [13]. At the end of the ﬁrst
pass, there are very few localized precipitates in the microstructure and some recrystallization near the grain boundary. After the second pass, the entire unrecrystallized region
has a dense distribution of nanoprecipitates. The recrystallization region continues to grow as the number of passes
increases, consuming the grain interior that contains ﬁnely
spaced nanoprecipitates. At the start of the fourth pass, the
microstructure still has a dense distribution of ﬁne precipitates
within the unrecrystallized grain interiors as shown in Fig. 4a,
some of which will be recrystallized in the fourth and ﬁnal
pass. The nanoscale precipitates in the grain interiors of the
Route 1 samples, with an almost spherical geometry and
uniform distribution, stand in sharp contrast to the much larger, lathlike precipitates that result from peak-aging and are
present in the grain interiors of the Route 2 samples prior to
ECAE processing (Fig. 4c). (For completeness, we note that
the precipitates are spaced more closely (discontinuous precipitates) near the grain boundary [16] in the Route 2 sample.)

Fig. 2 a, b Bright ﬁeld light micrographs showing recrystallization bands (arrows 1 and 3), extensive twinning (arrows 4 and 5) and fracture
(arrows 2 and 6) close to the edge of Route 2 A9 peak aged + 4Bc sample

Fig. 3 Darkﬁeld light micrographs showing a unrecrystallized region (arrow 1) and recrystallized region (arrow 2) in the Route 1 A9 4Bc sample;
b unrecrystallized region (arrow 3) and recrystallized region (arrow 4) in the Route 2 A9 peak aged + 4Bc sample
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Fig. 4 TEM micrographs showing a a dense distribution of Mg17Al12 nanoprecipitates in the grain interior of the Route 1 A9 4Bc sample; b a
combined reaction zone near a grain boundary in the Route 1 A9 4Bc sample; c a coarse distribution of Route 2 Mg17Al12 laths in the grain interior
of the A9 peak aged + 4Bc sample; and d a combined reaction zone near a grain boundary in the Route 2 A9 peak aged + 4Bc sample (Note that
‘4’ here refers to the number of ECAE passes)

Fig. 5 a Fine nanoprecipitates on the left (arrow 1) intersecting with the advancing combined reaction zone (arrow 2) in the A9 4Bc (Route 1)
sample. The growth front of the combined reaction is shown by the dashed line; b ﬁne Mg17Al12 particle (arrow 1) within a large grain (similar to
another Mg grain exempliﬁed by arrow 2) in the combined reaction zone, as seen in the peak aged + A9 4Bc (Route 2) sample

In Fig. 4b, d, we show the recrystallized microstructures
within the combined reaction zones for the Route 1 and 2
samples, respectively, that grow in volume with each
ECAE pass. The TEM images reveal much ﬁner Mg grain
sizes in the Route 1 combined reaction zones compared to
Route 2, and Fig. 6 shows a statistical analysis of these
grain sizes.

Higher-resolution TEM images in Fig. 5 begin to reveal
the interaction between recrystallization and precipitates. In
Fig. 5a, a red dashed line marks the boundary between an
original *250 µm Mg grain and a recrystallized region for
Route 1. We see ﬁne precipitate particles within the original
grain on the left side of the dashed red boundary. These
precipitate particles form via continuous precipitation in the
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Fig. 6 Cumulative density plots of the sizes of the initial Mg17Al12
particle within grain interiors and the ﬁnal recrystallized Mg matrix
grains of the samples processed along Routes 1 and 2

original grain during the ﬁrst two ECAE passes [13]. On the
right side of the dashed red boundary, we see the combined
reaction zone in the recrystallized region that contains small,
precipitate-free Mg grains and larger Mg17Al12 particles at
the boundaries of the Mg grains. In the Route 2 sample, we
did not capture a boundary between the unrecrystallized and
recrystallized regions, in part due to the higher level of recrystallization in Route 2 samples. However, Fig. 5b reveals
the microstructure in a recrystallized region after Route 2
processing. The Mg17Al12 laths that initially resided in the
grain interiors are absent, and as in Route 1, the resulting Mg
grains are also much smaller than the larger (*250 µm),
initial Mg grains. The recrystallization consumes the whole
volume in Fig. 5b, and in contrast to the resulting Route 1
microstructure, the resulting Route 2 combined reaction
zone shows that small Mg17Al12 particles have reprecipitated
both within and outside the new, small Mg grains.
To quantify differences in the microstructures for the two
processing routes, we show a statistical analysis of the initial
Mg17Al12 precipitates in the grain interiors (Fig. 4a, c) and
the ﬁnal, recrystallized Mg grains (Fig. 4b, d) in the combined reaction zones for Routes 1 and 2 in Fig. 6. This ﬁgure
reveals that the ﬁner initial precipitates in Route 1 correlate
with ﬁner Mg grain sizes in the combined reaction zone
while the larger initial precipitates (laths) in Route 2 correlate with larger Mg grains in the combined reaction zone.
Based on these results, we can state correlations that can
be contrasted for Routes 1 and 2. The initial nanoscale
Mg17Al12 precipitates (72.31 nm average) that exist before
and during recrystallization in Route 1 correlate with less
recrystallization (57.7%), a ﬁner average recrystallized Mg
grain size (245.22 nm average), and a coarser reprecipitated
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Mg17Al12 particle size (216.85 nm average, measured from
Fig. 4b) compared to Route 2. In contrast, the much larger,
lathlike Mg17Al12 precipitates (252.7 nm average) that exist
at the start of ECAE processing in Route 2 correlate with a
higher area fraction of recrystallization (80.6%), a larger
average recrystallized Mg grain size (838.69 nm average),
and a ﬁner reprecipitated Mg17Al12 particle size (86.99 nm
average, measured from Fig. 4d) compared to Route 1.
The difference in the recrystallized microstructures
between the two routes is likely a result of the interaction
between the precipitates and the recrystallization processes.
The presence of precipitate particles before recrystallization
could affect the nucleation and growth of the recrystallized
grain [17]. Conversely, the kinetics of recrystallization could
affect reprecipitation within the combined reaction zone.
We ﬁrst consider the potential effect of the initial precipitates on the nucleation of new Mg grains, and the process
called particle stimulated nucleation (PSN). When the precipitates are sufﬁciently large, they can stimulate the nucleation of new grains. The critical particle radius for PSN is
given by r  ¼ 4c=0:5qGb2 where c is the grain boundary
free energy, q is the dislocation density, G is the shear
modulus, b is the Burgers vector. Using 0.5 J/m2 for c, 1014
m−2 for q, 18 GPa for G, and 3.2 Å for b, we obtain
r* * 20 µm. Robson et al. also reported a critical PSN
radius greater than 1 lm [18]. Given both the predicted and
reported critical radii are larger than those measured for the
initial particles in Route 1 and Route 2, we expect that PSN
is inactive for both sets of samples. Instead of PSN, we
anticipate that recrystallization is initiated from highly
strained areas near grain boundaries, consistent with our
observations and previous studies [13].
Based on Fig. 6, the average recrystallized Mg grain size
for Route 2 (838.69 nm) is about 3.4 times the average
recrystallized Mg grain size for Route 1 (245.22 nm). Given
that the recrystallization area fraction for Route 2 (80.6%) is
only 1.4 times larger than for Route 1 (57.7%), we estimate
that the number of recrystallized grains for Route 2 must be
6 times lower than for Route 1. We explain this disparity by
considering differences in the rates of nucleation of new Mg
grains or differences in the growth of these Mg grains. In an
earlier study [13], we considered the impact of solute content
in unrecrystallized regions of Route 1 samples and its ability
to promote nucleation of new Mg grains. Here, we focus on
growth and assume that new Mg grains nucleate at a similar
rate in both processing routes. Thus, the grains in Route 2
must be growing more rapidly than in Route 1. To seek an
explanation for this hypothesis, we considering the pinning
effects of the initial Mg17Al12 particles.
It is well established that the Zener pinning effect of
dense and small second phase particles prevents the growth
of recrystallized grains. For example, Fig. 5a shows dense
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and ﬁne particles near the growth front of the recrystallized
grain, and that could pin the growth front in the Route 1
sample. The critical grain size for continuing growth is

d ¼ 4c= 0:5qGb2  3Frv c , where Fv is the volume fraction
of the second phase (precipitate), and r is the second phase
particle radius. This formula is derived for a spherical second
phase particle, where Fv/r is also proportional to the inverse
of the particle spacing, i.e., L−1. Given the average particle
radius and spacing (L) is much smaller for Route 1 [19], d* is
larger, and the recrystallized Mg grains are more likely to be
pinned in Route 1 than in Route 2, once they nucleate. If the
growth of recrystallized grains is hindered by the high
density of ﬁne precipitate particles in Route 1 processing,
more grains must nucleate to consume the heavily deformed
grains. In contrast, we argue that grain growth is less
impeded and easier during Route 2 due to limited Zener
pinning via the larger Mg17Al12 particles. Once nucleated,
the Mg grains can grow to a larger average size, and thus
less nucleation of new Mg grains is required to recrystallize
most of the sample volume.
As a ﬁnal observation, we note that the boundaries of the
recrystallized grains can serve as channels for solute transport within the combined reaction zone. Due to the ﬁner
recrystallized Mg grain size of the Route 1 samples, there are
more grain boundaries. In turn, this enables a more rapid and
efﬁcient transport of Al, which allows more extensive
coarsening of the Mg17Al12 particles that have reprecipitated. This could explain why the average size of the
reprecipitated particles following Route 1 processing is
216.85 nm, and it is only 86.99 nm following Route 2
processing. This difference in particle size also correlates
with the much lower solute concentration in the recrystallized region in Route 1 compared to Route 2. The ﬁner
recrystallized Mg grain size of the Route 1 samples thus
appears to be enabling a more rapid depletion of Al from the
Mg matrix and a more extensive coarsening of the Mg17Al12
particles.

Conclusions
A binary Mg–Al alloy was used to study the effect of
precipitate size and morphology on the evolution of the
combined reaction zone and resulting grain sizes. Smaller
Mg17Al12 particles produced during the ECAE process
appear to produce a strong pinning effect and are likely
inhibiting the growth of recrystallized Mg grains. In contrast, large precipitate laths produced during peak aging
before ECAE processing appear to promote recrystallization by enabling more extensive growth of the recrystallized Mg grains. In addition, the ﬁner resulting Mg grain

S. Eswarappa Prameela et al.

size in Route 1 processing may promote the coarsening of
the reprecipitated Mg17Al12 particles via more extensive
grain boundary diffusion compared to Route 2 samples.
The step by step process by which ﬁne particles or large
laths dissolve and help in forming the combined reaction
zone is still not clear. The competition between the dissolution rate of prior precipitates or laths and the nucleation rate of the new precipitates may play an essential role
during this process, and an improved understanding of the
interplay of precipitation, reprecipitation, growth, and recrystallization is needed.
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