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Abstract: We report a correlative study of strain distribution and grain structure in the Al matrix of a hot-extruded SiC particulate-reinforced
Al composite (SiC,/2014 Al). Finite element method (FEM) simulation and microstructure characterization indicate that the grain structure
of the Al matrix is affected by the interparticulate strain distribution in the matrix during the process. Both electron-backscattered diffraction
(EBSD) and selected-area electron diffraction (SAED) indicated localized misorientation in the Al matrix after hot extrusion. Scanning
transmission electron microscopy (STEM) revealed fine and recrystallized grains adjacent to the SiC particulate and elongated grains be-
tween the particulates. This result is explained in terms of recrystallization under an interparticulate strain distribution during the hot extru-

sion process.
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1. Introduction

Hot extrusion is usually used to prepare Al-SiC particu-
late-reinforced composites by either the ingot or powder
metallurgy route [1-2]. In the hot extrusion process, SiC,/Al
composites undergo a certain degree of plastic deformation
depending on the extrusion ratio. Because SiC is a hard par-
ticulate, the plastic deformation is accommodated by de-
formation of the Al matrix, which results in strain in the
metal matrix [3—4]. During the hot extrusion, recrystalliza-
tion occurs simultaneously, which gives rise to a compli-
cated microstructure evolution that includes residual strain
and the grain structure in the composite [5—6]. Understand-
ing the aforementioned microstructural evolution is impor-

tant in optimizing the processing parameters for balanced
properties in applications [7—11].

The chemical composition of the 2014 Al alloy is shown
in Table 1. The SiC particles used in this study are a-SiC
with an average particle size of 10 um. The 2014 Al alloy with
14wt% SiC particle reinforced composite ingots were prepared
via the stir-casting route followed by hot extrusion with an ex-
trusion ratio of 4:1 in area. During the extrusion, the billet was
heated to 450-470°C and subjected to molding at a pressing
force of 60 MN and an extrusion speed of 2 m/min. The aver-
age grain size of the aluminum matrix in the as-cast state
was 100-230 pum, and after extrusion it was 5 pum. The
processing temperature was well above the recrystallization
initiation temperature of Al, which is usually 320°C [12].

Table 1. Chemical composition of 2014 Al alloy wt%
Cu Si Mn Fe Mg Ni Zn Ti Al
3.9-438 0.5-1.2 0.4-1.0 <0.7 0.4-0.8 <0.10 <0.30 <0.15 Balance

Fathy and other researchers indicated that the processing
route [13—17] and the grain size of the reinforcement
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phase [18-20] strongly affect composite properties [21-22].
To ensure reliable results, the same batch of SiC particles
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was selected and the process parameters were kept stable
during the experiments in the present work.

The focus of this paper is on understanding the interpar-
ticulate strain distribution in the Al matrix and the resulting
recrystallization during processing by both finite element
simulation and microstructure characterization. First, we
assumed that the microstructure of the material was stable
during the heat treatment and then calculated the interparti-
culate strain distribution of the Al matrix by the finite ele-
ment method (FEM), especially the strain between the two
SiC particulates. Then, the strain in the SiCy/Al composites
was characterized by electron-backscattered diffraction
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(EBSD) and compared with the calculation results. Details
of the interparticulate grain structure in the metal matrix
were studied by scanning transmission electron microscopy
(STEM), and the results were correlated with the effects of
the strain on the recrystallization of Al matrix during hot ex-
trusion of the SiC/Al composites.

2. FEM modeling and simulation
A commercial FEM code, DEFORM 2D ver 9.0, was

used to carry out the simulation of the hot extrusion process.
Fig. 1(a) is a schematic of the hot extrusion process with an
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Simulation of the hot extrusion: (a) schematic of the hot extrusion process (extrusion direction is indicated by the arrow);

model and constraint conditions in the billet core with polygons SiC particles (b) and round SiC particles (c) along the cross section
(the yellow region is 2014 Al); distribution of strain in the composite at the end of simulation with polygons SiC particles (d) and
round SiC particles (e); strain distribution along the X direction (f) and Y direction (g) between two SiC particulates.
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extrusion ratio of 4:1 in area. To capture the strain distribu-
tion between the two SiC particulates during hot extrusion, a
2D model measuring 40 um X 40 um along the cross section
of the billet was established (vertical to the extrusion direc-
tion (Figs. 1(b) and 1(c)), where the two SiC particulates
were placed on the two opposite sides of the model. Both
10-pum polygons (Fig. 1(b)) and round (Fig. 1(c)) SiC parti-
culates were considered in the model to simulate the poly-
hedral and nearly spherical particulates used in the compo-
site. The initial spacing between the two SiC particulates
was set to 30 pm and was reduced to 10 um after extrusion.
This spacing corresponds to a reduction in cross section
from 1600 pum” to 400 pm”* during extrusion and to the ob-
served average SiC spacing in the microstructure. The rela-
tive position of the SiC particles was assumed to remain
unchanged during the extrusion process, i.e., at the center of
the side boundary of the model. Meanwhile, because the
model captured only the central part of the cross section
during extrusion, no dead zone at the edge or end of the
mold was involved and the position of the two particles was
not affected by the dead zone.

For the sake of simplicity, both the die and SiC particles
were considered to be rigid and no recrystallization occurred
in the 2014 Al matrix. The plane strain boundary condition
was applied to the four edges of the 2D model. The SI unit
system was selected at the beginning of the simulation, and
parameters for commercial 2014 Al from the DEFORM
material database were adopted. Friction between the SiC
particulates and the 2014 Al matrix was not considered, and
the heating due to fiction was ignored. The 2014 Al matrix
was divided into 2,000 four-node quadrilateral elements that
were automatically re-meshed if they became too distorted
during the simulation process [23-25]. The extrusion simu-
lation was performed at 450°C under a nominal rate of 2
m/min and 60 MN force. The reduction in cross section
from 1600 pum” to 400 um” was divided into 50 steps during
simulation.

Figs. 1(d) and 1(e) show the strain distribution at the end
of hot extraction in the two models, where the strain distri-
bution is heavily localized at the tips of the polygonal SiC
particulate, whereas it is rather uniform along the edge of
round SiC particulate. Figs. 1(f) and 1(g) are the strain (Pos-
itive value indicates compressive in the model) distribution
in x and y directions in the 2014 Al matrix after hot extru-
sion. In the x direction, a rather constant strain distribution is
observed (Fig. 1(f)). However, obvious strain concentration
in the vicinity of the SiC particulate is observed between the
two SiC particulates in the y direction (Fig. 1(g)). Because

no recrystallization of the Al matrix is considered, the strain
in the simulation is relatively high. The strain at the tip of
the polyhedral SiC particulate is much larger than that at the
frontier of the nearly spherical particulate. The strain de-
creases sharply with increasing distance from the SiC parti-
culate. In the platform part of the strain distribution in both x
and y directions, the strain is slightly higher for the nearly
spherical particle case than for the polyhedron counterpart.
The simulation clearly indicates that the SiC particulate with
a sharp corner generates a relatively high strain in the Al
matrix near the particulate during hot extrusion.

3. Microstructure characterization of SiCp/Al
composites

3.1. Characterization methods and sample preparation

EBSD (OXFORD Instruments) and transmission electron
microscopy (TEM, JEOL JEM-2100) were used to study the
microstructure and strain of the as-extruded SiC,/Al compo-
site. STEM (JEOL JEM-2100F) was used to observe the
grain structure of the 2014 Al matrix.

Figs. 2(a) and 2(b) are the optical morphology of a com-
posite before and after extrusion, respectively. The SiC
clusters into a colony in the as-cast state and is uniformly
distributed in the Al matrix after extraction. Special care was
taken in sample preparation for EBSD analysis because of
the large difference in physical and chemical properties of the
SiC particulates and the 2014 Al matrix. To ensure the desired
surface roughness of the SiC,/2014 Al composite for EBSD
analysis, samples were prepared by Ar-ion cross-sectional
polishing (CP, JEOL SM09020) under an accelerating vol-
tage of 5 kV and a beam current of 0.1 mA for 10 h. An ob-
servation area larger than 0.5 mm x 1.5 mm could be pre-
pared. Fig. 2(d) shows the surface roughness of the samples
prepared by mechanical grinding and CP. In the mechani-
cally ground sample, the height difference between the SiC
particulate and Al matrix measured by confocal scanning
optical microscopy (dark line in Fig. 2(b)) was at the
micrometer level. In contrast, the height difference in the
CPed sample was imaged in topological mode using an
electron-probe microanalyzer (EPMA-TOPO, JEOL 8500F)
(Fig. 2(c)). Measurement by atomic force microscopy (AFM,
Molecular Imaging Pico Scan 2500) showed that it was at
the nanometer scale (Fig. 2(d)).To observe the microstructure
at the SiC,/2014 Al interface region by TEM, site-specific
samples were prepared by the focused-ion-beam technique
(FIB, SII SMI 3050). The thickness of the sample was ap-
proximately 60 nm.
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Fig. 2. Morphology and surface roughness of SiC;/2014 Al: (a) optical image of as-cast SiC,/2014 Al; (b) confocal scanning optical
image of hot-extruded SiC,/2014 Al prepared by mechanical grinding; (c) back-scattered image of a cross-section of polished (CPed)
SiC,/2014 Al in topological mode (EPMA-TOPO); (d) comparison of the surface roughness across the line in the corresponding im-
ages ((b) & (c)) for the two samples (the data for the CPed sample are multiplied by 10 for clarity).

3.2. EBSD characterization of the SiC,/Al composite

A local misorientation map generated by EBSD can be
used to characterize the strain in the 2014 Al matrix of the
composite [26]. Local misorientation is defined as the aver-
age lattice orientation difference between each point and its
eight neighbors. Misorientations greater than 5° are regarded
as grain boundaries [27]. Fig. 3(a) is a low-magnification
local misorientation map of the as-extruded SiC,/2014 Al
composite perpendicular to the extrusion direction, where
some localized regions of misorientation in green stripes are
clearly observed in the 2014 Al matrix. This observation
indicates an inhomogeneous distribution of strain in the com-

posite after extrusion. The grains of the 2014 Al matrix are
equiaxed, showing a size distribution of ~3.0 = 1.3 um. Fig.
3(b) shows a high-magnification image of the local miso-
rientation distribution in the grains around a SiC particu-
late in the as-extruded composite. According to the color
scale [28], the local misorientation is unevenly distributed:
some grains show a higher extent of strain accumulation
than others do. This uneven deformation of grains is rea-
sonable because the crystal orientation of each grain is
different. However, because of the resolution limit of
EBSD, details of the region near the SiC particulate are not

shown.
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Fig. 3. Local misorientation map: (a) grain boundary and misorientation map of a hot-extruded SiC,/2014 Al; (b) the misorienta-
tion map around SiC. Black lines in (a) are grain boundaries, § > 5°; Rainbow scales in (a) and (b): pink represents SiC; blue
represents 0° misorientation from reference; red represents 10° misorientation from reference.
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3.3. TEM/STEM characterization of as-extruded SiC,/Al
composite

The bright-field TEM image shows a strong strain con-
trast fringe in the 2014 Al matrix similar to that reported in
[29], where individual grains cannot be observed (Fig.
4(a)). The [011]-zone SAED pattern clearly indicates a lat-
tice rotation around the zone axis between 2° and 5° (Fig.
4(b)), where the measured rotation of the diffraction spot is
consistent with the local misorientation observed by EBSD.
No particular strain contrast is observed in the SiC parti-

culate. Details of the grain structure neighboring the SiC
particulate is revealed by a bright-field STEM image (Fig.
5(a)), where the strain contrast plays a minor role. The
dark dots are fine CuAl, precipitates. As sketched in Fig.
5(b), two types of Al grains neighbor the SiC particulate:
those directly adjacent to the SiC are equiaxed grains of
submicron scale (~0.2 pm), and those in the outer region
are elongated grains ~1 pum in the longitude direction. The
thickness of the equiaxed grains zone is 2-3 um around
the SiC particulate.
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Fig. 4. (a) Bright-field TEM image of SiC,/2014 Al showing strong strain contrast in the Al matrix; (b) SAED pattern of the circled

region in (a), showing a crystal rotation of approximately 2°-5°.
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Fig. 5. (a) Bright-field STEM image of SiC,/2014 Al showing grains of the Al matrix at the SiC,/Al interface (the dark dots are

CuAl,); (b) schematic of the grains between the SiC particles in (a).

4. Discussion

Because the processing temperature (450-470°C) is well
above the recrystallization initiation temperature of Al
(320°C), both deformation and recrystallization occur in the
Al matrix during the hot extrusion. Even though the FEM
simulation indicates rather high and uniform strain in the Al
matrix between the SiC particulates (Figs. 1(d) and 1(e)),
experimental observations show rather limited residual
strain in the Al matrix and equiaxed grains of Al in general.
The mean size of the Al grains is ~3.0 um and exhibits a
Gaussian distribution. These results indicate that recrystalli-
zation in the Al matrix during hot extrusion even though it is
not accounted for in the FEM simulation [30].

In the area adjacent to the SiC particulate, the FEM si-
mulation indicates a rather high strain and quickly decreases
as a function of distance from the particulate (Fig. 1(e)).
This region is estimated to be ~1 pm. Within this region, the
STEM image indicates much finer grain size than those
away from the particulate (Fig. 5). This result is consistent
with the high strain predicted by the FEM simulation. The
recrystallization nucleation rate C can be described by the
Arrhenius equation as follows:

0
C=Cpe kT (1)
where Q is the recrystallization nucleation activation energy;
R is a gas constant; T'is the absolute temperature; and C; is a
proportional constant. According to a previous study [31],
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the recrystallization nucleation activation energy can be de-
creased by a large deformation. However, recrystallization
and growth during extrusion is strongly affected by both
thermodynamics and kinetics, especially under an excessive
extrusion speed of 2 m/min. Even though both the Al matrix
near and far from the SiC particulate tends to recrystallize,
the kinetics only allows the grains close to the SiC particu-
late to recrystallize fully under the present extrusion process.
Thus, the nucleation rate close to the SiC particulate is high
because of the large strain leading to a much finer grain than
those far from the particulate. Moreover, the thickness of the
fine grain region around the SiC particulate (Fig. 5(a))
roughly agrees with the length of the rapid decrease region
of strain in the simulation (Fig. 1(g)).

5. Conclusions

The results of the present work show that plastic defor-
mation and recrystallization in the 2014 Al matrix occur si-
multaneously during the hot extrusion process. Strain accu-
mulates obviously adjacent to the SiC particulates and de-
creases quickly with increasing distance. A platform region
of strain distribution is found between the SiC particulates.
The uneven distribution of strain gives rise to different re-
crystallization behavior of the metal matrix during hot ex-
trusion. Understanding the evolution of grain structure dur-
ing hot extrusion offers an opportunity to optimize the hot
extrusion process parameter and thus improve the desired
properties.
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