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A B S T R A C T

The microstructure evolution near the central axis during hot extrusion for the fine-grained TiB2/Al-Zn-Mg-Cu
composites fabricated by powder metallurgy is studied by experimental observation at different locations in the
remaining die. The significant increase of the fraction of ultrafine grains and texture evolution indicates the
extensive dynamic recrystallization at the narrowest position of the die. The deformed grains are distinguished
from the undeformed grains with the parameter of grain orientation spread (GOS). And the deformed grains are
generally rotated around the extrusion direction. Additionally, the introduced submicron TiB2 particles have the
potential to stimulate the dynamic recrystallization associated with progressively increased misorientation of
subgrain boundaries, and even change the spatial distribution of the low angle grain boundaries. The preferential
activation of {111} 〈1−10〉 system and non-octahedral (NOC) slip system {001} 〈110〉 contributes to the
formation of strong deformation fiber texture according to the analysis of the Schmid factor. It is supposed that
grain boundary sliding accommodated dislocation slip mechanism controls the microstructure evolution.

1. Introduction

It has been recognized that the mechanical properties and physical
properties of the alloys/composites are greatly influenced by the mi-
crostructure of the materials fabricated through the thermo-mechanical
process, especially by grain size refinement described by well-known
Hall-Petch relationship [1–3]. These different thermo-mechanical pro-
cessing technologies, such as hot torsion [4], hot rolling [5,6], hot ex-
trusion [7], are greatly studied, generally inducing strong deformation
texture. The ratio and type of these possible textures depend on the
processing parameters, especially the processing temperature and strain
rate. Numerous experimental efforts have been directly devoted to
understanding the formation and transformation of deformation tex-
tures [4–7]. Furthermore, a number of theoretical models have been
reported to successfully simulate the evolution of deformation textures
through finite element analysis associated with specified deformation
mode and activation slip systems [8,9]. Hot extrusion is one of the most
often used hot working processes in the industrial application for light-
weight metals. The predominant deformation texture of 〈111〉//ex-
trusion direction is often observed which is supposed to facilitate

strength enhancement, accompanied with weaker 〈001〉//extrusion
direction in aluminum alloys [10,11]. However, the development of
these fiber textures formed during extrusion is rarely investigated.

In addition to strong deformation textures induced through hot
extrusion, coarse grains are also greatly refined, which is attributed to
the occurrence of dynamic recrystallization (DRX) [12,13]. The for-
mation of much finer grains compared with original coarse micro-
structure usually indicates the occurrence of dynamic recrystallization
[12]. The DRX mechanisms can be mainly summarized as two types
based on the nucleation and growth characteristics: continuous dy-
namic recrystallization (cDRX) and discontinuous dynamic re-
crystallization (dDRX) [14]. The new grains form as a result of the in-
crease in sub-boundary misorientation brought about by continuous
accumulation of the dislocations introduced by the deformation, which
is typical as cDRX [15]. The onset of geometric dynamic recrystalliza-
tion (GDRX) may be observed with large strain when the separation of
prior boundaries approaches the subgrain size [16]. Another me-
chanism of formation of new grains is that new grains nucleate by grain
boundary bulging followed by grain growth and the serrated grain
boundaries are often observed, which is typical as discontinuous
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dynamic recrystallization (dDRX) [15]. It is well acknowledged that
dynamic recrystallization grains often nucleate at the primary grain
boundaries due to higher stored energy. Therefore finer primary grain
size gives rise to a higher fraction of grain boundaries and leads to DRX
[15]. The studies on the effect of introduced ceramic particles on the
microstructure evolution during thermo-mechanical process generally
conclude that the observations of weaker deformation texture and finer
mean grain size result from particles stimulated nucleation mechanism
[15,17,18].

However, these studies are generally focused on the coarse-grained
materials and based on the dislocation slip mechanism. There is rare
research on the microstructure evolution of the fine-grained materials
during the thermo-mechanical process. The composites fabricated by
powder metallurgy have finer grain size usually smaller than 10 μm.
Deformation mechanism maybe transit from dislocation slip control to
grain boundary sliding mechanism which is the typical deformation
mechanism for ultrafine-grained materials especially deformed under
elevated temperature [19–21].

In the present work, the microstructure evolution during hot ex-
trusion of the fine-grained composites fabricated by rapid solidifica-
tion/powder metallurgy (RS/PM) is investigated using a scanning
electron microscope (SEM) with electron back-scattered diffraction
(EBSD). Firstly, the microstructures of the composites after spark
plasma sintering, at different locations in the remaining die are char-
acterized and analyzed by EBSD. The parameter of grain orientation
spread (GOS) is used to distinguish the undeformed grains from de-
formed grains. Furthermore, the deformation texture is discussed in
terms of selection of slip systems under elevated temperature according
to the analysis of the Schmid factor.

2. Experimental procedure

The composite powders with pre-embedded nanoscale TiB2 particles
were fabricated by gas atomization. The chemical composition of the
composite powders in this study is 10.02wt% Zn, 2.5 wt%Mg, 2.5 wt%
Cu, 4.86wt% Ti, 2.23wt% B and balance Al. The atomized powders
were directly subjected to spark plasma sintering (SPS) on an FCT H-HP
D 25 system. The sintering experiments were conducted at the tem-
perature of 480 °C and under uniaxial loading of 50MPa for 5min in a
graphite mold with an inner diameter of 40mm. The heating rate was
about 100 °C/min, the standard 12:2 pulse sequence was adopted. The
sintered compacts were in diameter of 40mm and height 40mm. The
compacts were machined into billets with a diameter of 39.5mm and
put in the steel mold heating in the electrical resistance furnace to
723 K. The billet was extruded with an extrusion ratio of 16 under a
ramp speed of 0.8mm/s. Fig. 1a shows the schematic illustration of the
extrusion setup used in the present study.

The microstructure of the composites was studied by electron back-
scattered diffraction (EBSD). The observed positions were illustrated in
Fig. 1b including position A, B, C, D, E and F. The position A represents
the materials after SPS without extrusion, position B, C, D, and E are
located within material remaining in the extrusion die, whereas posi-
tion F was completely extruded. The different positions represent dif-
ferent equivalent strain that the materials have undergone during ex-
trusion. There is an empirical expression evaluating the equivalent
strain at each position according to the corresponding extrusion ratio:

= Bln( ) (1)

The true strain that the composites underwent at each position is
calculated according to the above expression as shown in Fig. 1c. The
material remaining in the die was spark machined along the extrusion
center axis and then polished with increasingly finer emery paper. After
a finial emery paper with 3 μm diamond powder, the material was then
polished with 1.5 and 0.5 μm diamond colloidal solution. Finally, the
material was polished by Leica EM TIC 3× for 1.5 h. Thereafter, the
microstructure was characterized by TESCAN MAIA3 scanning electron

microscope (SEM) and equipped BRUKER e-FlashHR electron back-
scattered diffraction (EBSD) detector. For comparison, the extruded
microstructure of the alloy under the same extrusion condition is also
characterized by EBSD, and the microstructures of materials remaining
in the die are not observed.

3. Results

Fig. 2 gives the IPF maps of the composites at different positions
shown in Fig. 1b. The X direction is perpendicular to the compression
direction at location A on the sintered sample and parallel to the ex-
trusion direction (ED) at other locations. The thick black lines represent
the high angle grain boundaries (θ > 15°) and thin green lines re-
present the low angle grain boundaries (2° < θ < 15°). The TiB2

particles are in black spots. In Fig. 2a, some subgrains are observed
whereas most of the grains are not deformed with a small fraction of
low angle grain boundaries. In Fig. 2b, grains are deformed along the
direction perpendicular to ED. With further deformation, the deviation
angle between ED and grains deformation direction tends to decrease as
shown in Fig. 2c, d. The IPF images at the position of E and F show that
the grains are elongated along ED. Fig. 3 shows the measured deviation
angle between ED and grains deformation direction at each position.
The deviation angle gradually decreases to 0° with increasing strain.

Fig. 4 displays the inverse pole figures (IPFs) from EBSD analysis at
each position. Fig. 4a and b show the IPFs at the location of A and B
exhibiting the weak 〈101〉//Y0 direction texture. The Y0 direction is
parallel to the compression direction during SPS at location A and
perpendicular to ED at other locations during extrusion. Due to the
axisymmetric process of the extrusion, the Y0 and Z0 direction are in-
terchangeable at the EBSD pattern on the extruded sample. However, at
location B, the equivalent true strain is low and the samples may un-
dergo further compressive strain due to the little smaller diameter of
the compact than the inner diameter of the extrusion mold, it is sup-
posed that the grains are deformed along Y0 direction which is per-
pendicular to ED for consistency. The maximum IPF intensity is in-
creased from 1.31 at position A to 2.36 at position B. The IPFs at
location C and D exhibit the weak 〈101〉//Z0 direction. However, the
maximum IPF intensity is identical in two positions. With further de-
formation, the microstructures exhibit the 〈111〉//X0 direction at po-
sition E and F as shown in Fig. 4e and f. The X0 direction is along the
extrusion direction. The maximum intensity increases from 4.66 at
position E to 7.36 at position F. In addition to the formation of 〈111〉
fiber texture at position F, the microstructure exhibits weak 〈001〉 fiber
texture along the ED.

Fig. 5 shows the evolution of fraction of 〈001〉 and 〈111〉 fiber
texture at each position. The maximum deviation angle of 15° is
adopted. The volume fraction of 〈001〉 and 〈111〉 fiber texture after
spark plasma sintering is minimum. With increasing deformation, the
volume fractions of these deformation textures increase generally.
However, there is a little change at position of B, C and D. The volume
fraction of 〈111〉 fiber texture at position E increases rapidly to 37.8%
from 15.7% at position D and fraction of 〈100〉 fiber texture is com-
parable to that at the position D. After complete extrusion, the volume
fraction of 〈111〉 fiber texture at position F is comparable to that at
position E and the volume fraction of 〈100〉 fiber texture is increased
steeply from 16.4% at position E to 30.8% at position F.

Fig. 6 analyzes the evolution of the fraction of low angle grain
boundaries (LAGBs), mean LAGBs and mean high angle grain bound-
aries (HAGBs) during extrusion at each position. The mean LAGBs
(HAGBs) is defined as the sum of misorientation of LAGBs (HAGBs)
multiplied by the according volume fraction. The formation of LAGBs
results from rearrangement of dislocations produced during extrusion.
The deformation strain during spark plasma sintering is small and the
volume fraction of LAGBs is lowest. In general, the mean LAGBs and
fraction of LAGBs increase until at position E as a result of increased
equivalent strain, despite that the mean HAGBs have the opposite trend.
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However, there is a decrease in the fraction of LAGBs and mean LAGBs
at location F. This may result from the occurrence of post-DRX since no
timely quench can be performed for extrusion direction. The micro-
structures produced by DRX are unstable at elevated temperature. The
new dislocation-free grains involving the rearrangement of dislocations
produced during extrusion may nucleate and grow further.

Fig. 7 indicates the evolution of the average grain size and the
fraction of the ultrafine grains at each position. Although the average
grain size shows no large variation, the mean grain size decreases with
increasing equivalent strain. The grain size steeply increases when the
compact is completely extruded at location F. This may result from
grain growth due to the longer duration at the elevated temperature
after extrusion since no timely quench. The fraction of ultrafine grains
steeply increases to 22% at position E and the average grain size at
position E is finest. The steep increase of these ultrafine grains usually

results from the occurrence of dynamic recrystallization. It means that
the dynamic recrystallization greatly occurs at position E.

One parameter which has been employed to distinguish the de-
formed grains from the undeformed grains is the grain orientation
spread (GOS). GOS of grain i is expressed as:

=GOS i
J i

w( ) 1
( ) j

ij
(2)

where J(i) is the number of pixels in grain i, wij is the misorientation
angle between the average orientation of grain i and the orientation of
pixel j. During hot deformation, the deformed grains have a high value
of GOS, and the recrystallized grains or undeformed grains possess the
low value of the GOS. The parameter of GOS has been used to in-
vestigate the dynamic recrystallization of Al alloy, Mg alloys and other

Fig. 1. (a) The schematic illustration of the extrusion setup; (b) the selected observed locations in the remaining die; (c) the corresponding strain at each selected
position.

Fig. 2. The inverse pole figures (IPF) at each position. The high angle grain boundaries (HAGBs) with θ > 15° are in thick black line; the low angle grain boundaries
(LAGBs) are in thin green lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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alloys under hot working [22,23]. Fig. 8 shows the EBSD IPF maps of
components at position E (a) with GOS > 1°; (b) with GOS > 1° and
〈111〉 fiber texture; (c) with GOS > 1° and 〈100〉 fiber texture; (d)
with GOS < 1°. The component of grains with GOS > 1° consists of
deformed grains, and the component of grains with GOS < 1° consists
of recrystallized grains and boundary sliding grains. Fig. 8e–h give the
corresponding misorientation axes distribution in the sample co-
ordinate, X and Y direction represent ED and radial direction respec-
tively. It is observed that the maximum density of misorientation axes
for deformed grains occurs near the ED in Fig. 8e. However, the crys-
tallographic direction of the ED cannot be determined. For the com-
ponent of deformed grains with 〈111〉 fiber texture, the misorientation
axes distribution is more concentrated around ED as shown in Fig. 8f.
For the component of grains with 〈001〉 fiber texture, the misorienta-
tion axes distribution occurs around ED. However, the distribution is
comparatively diffuse. The distribution of the misorientation axes for
the undeformed/recrystallized grains is random. Fig. 8i–l show the
misorientation axes distribution in the crystal coordinates. For de-
formed grains, the misorientation axes distribute along the direction in
the (10−1) plane and mainly focuses around 〈101〉 and 〈111〉 direc-
tion. As for the component of grains with 〈111〉 fiber direction, the
misorientation axes focus in the vicinity of 〈111〉 direction, there is,
however, a spread away from 〈111〉 direction to the closest 〈112〉 di-
rection in Fig. 8j. Rotation axis of 〈112〉 is the Taylor axis of slip system
of (11−1) 〈1−10〉. In Fig. 8k, the misorientation axes are distributed
along different directions encompassing 〈101〉 and 〈112〉 direction.
Rotation axis of 〈101〉 is the Taylor axis of slip system of (001)
〈10−1〉. For the component of grains with GOS < 1°, the mis-
orientation axes distribute rather randomly and no obvious con-
centrated intensity could be observed which is similar to the result
obtained from the misorientation axes in the sample coordinates.
Fig. 8m–p display the corresponding misorientation angle distribution.
The percentage of LAGBs is 7.9%, 16.4%, 41.9% and 3.2% respectively
for four components. Both grain boundary sliding (GBS) mechanism
and dynamic recrystallization behavior contribute to the lowest fraction

of LAGBs.
Although the parameter of GOS has been employed to distinguish

the undeformed grains from deformed grains, it is difficult to distin-
guish the recrystallized grains and boundary sliding grains through this
parameter. There are many studies on the orientation of recrystallized
grains with deformed matrix and found that the recrystallized grains
have a 40°〈111〉 relationship to the deformed matrix [24,25]. Dryzy-
mala et al. [26] investigated recrystallization behavior in stable alu-
minum-base single crystals and found that there were 7 classes of
misorientation axes including 〈001〉, 〈011〉, 〈012〉, 〈111〉, 〈112〉,
〈122〉 and 〈123〉 low-index directions. Near 〈111〉 axes was not the
single main misorientation axes, axes belong to the neighborhood of
〈221〉 and 〈012〉 directions and to a lesser degree of 〈112〉 were often
highly represented. In the present work, Fig. 9 shows three typical or-
ientation of grains with GOS<1° to the neighboring deformed matrix

Fig. 3. The deviation angle between extrusion direction and grain deformation
direction at each position.

Fig. 4. Inverse pole figures generated from EBSD analysis at each position. And the maximum intensity is also indicated.

Fig. 5. The fraction of 〈111〉 and 〈001〉 fiber texture evolution at each position.

Fig. 6. The mean LAGBs in black line and dots, mean HAGBs in red line and
dots, and the fraction of LAGBs in blue line and dots at each position. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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at position E. Fig. 9a shows the IPF map of grain cluster 1. The grain A
has a GOS<1° and grain B has been deformed with several small angle
grain boundaries. The misorientation axis distribution in the sample
coordinates is displayed in Fig. 9b. It is observed that the orientation of
grain A is linked to the orientation of grain B by rotation around mis-
orientation axes as marked by the red point T1. Fig. 9c gives this rotated
crystallographic axis as 〈102〉 axes. Fig. 9d gives another IPF map of
grain cluster 2. As analyzed above, the orientation of grain C is linked to
the orientation of grain D by rotation around crystallographic 〈112〉
axes. Fig. 9g shows another IPF maps of grain cluster 3. The orientation
of grain E is rotated around a crystallographic axis as 〈101〉 axes.
Therefore, the special orientation of grain A, C and E to the neighboring
deformed matrix makes it reasonable to assume that the grains A, C and
E are recrystallized grains.

Fig. 10a shows the EBSD quality pattern at position E. The TiB2

particles are in black spots. The HAGBs are in thick black lines, the
LAGBs with 5° < θ < 10° are in red lines and the LAGBs with
10° < θ < 15° are in green line. Most of the identified TiB2 particles
are located at grain boundaries whereas there are also some particles

distributed within grains. The LAGBs without interaction with TiB2

particles are usually perpendicular to ED. The presence of TiB2 particles
within grains influences the spatial distribution of LAGBs. Fig. 10b–d
give three typical grains in which TiB2 particles interact with LAGBs.
The LAGBs around TiB2 particles lie parallel or inclined to the ED and
LAGBSs away from TiB2 particles are perpendicular to the ED. Fig. 10e
gives the IPF map of one grain without identified TiB2 particles. It is
observed that the LAGBs are perpendicular to the ED.

Fig. 11a displays the IPF map of deformed grain A with several
subgrains. The LAGBs with 5° < θ < 10° are in thick red lines and
LAGBs with 10° < θ < 15° are in thick yellow lines. The grain A
shows the orientation with 〈111〉 crystallographic axis nearly parallel
to ED. Most of the subgrains have misorientation angle in the range of
5°–10° in red lines. However, there is a subgrain A1 with a mis-
orientation angle larger than 10°. This subgrain has a comparatively
different orientation with 〈101〉 crystallographic axes nearly parallel to
ED. Fig. 11b gives the misorientation line scan along the red arrow
direction. The misorientation steeply increases at the subgrain
boundary. Therefore, the subgrain is assumed as the dynamic re-
crystallization nucleus. Fig. 11c exhibits the IPF map of deformed grain
B and recrystallized grain C. Fig. 11d gives the typical misorientation
line scan along the red arrow direction marked in Fig. 11c. The or-
ientation of the recrystallized grain C is similar to that of the subgrain
A1 in Fig. 11a, and the orientation of deformed grain B is similar to the
orientation of grain A. The misorientation between the deformed grain
B and recrystallized grain C reaches 32°. Therefore, the grain C is as-
sumed to be progressively continuous dynamic recrystallized grain
from the deformed matrix B. Fig. 11e gives the IPF maps of grain D and
there is one TiB2 particle located within grain D. And Fig. 11f shows the
misorientation line scan along the red arrow. The introduction of TiB2

particle leads to the formation of subgrain D1 with larger misorienta-
tion of 11°. The subgrain D1 is assumed as the particle stimulated re-
crystallized nucleus. Fig. 9g shows another IPF map of grain E and grain
F. The TiB2 particle is located at grain boundary between F and E. And
the misorientation between grain F and grain E reaches to 38°. The TiB2

particle has successfully simulated dynamic recrystallization. In addi-
tion, the EBSD pattern of the extruded alloy without TiB2 particles

Fig. 7. The variation of the mean grain size and a fraction of ultrafine grains.

Fig. 8. The inverse pole figure (IPF) maps of the grains with (a) grain orientation spread (GOS) > 1°; (b) GOS > 1° and 〈111〉 fiber texture with maximum deviation
angle of 15°; (c) GOS > 1° and 〈100〉 fiber texture with maximum deviation angle of 15°; (d) GOS < 1°. (e)–(h) are the misorientation axes in the sample
coordinates for the component in (a)–(d), respectively. The X direction represents the extrusion direction and Y direction represents the radial direction. (i)–(l) are
the misorientation axes in the crystal coordinates for the grains component in (a)–(d), respectively. (m)–(q) are the faction of low angle grain boundaries (LAGBs) for
the grains component in (a)–(d), respectively.
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under the same extrusion condition is given in Fig. 12a. The average
grain size about 3.12 μm in Fig. 12b is larger than the final average
grain size of extruded composites at location F. Additionally, the aspect
ratio of the extruded alloy is larger. Therefore, the TiB2 particles in the
present work have stimulated dynamic recrystallization.

From the bright-field transmission electron microscope (TEM)
images in Fig. 13a–c, the interaction of dislocations produced during
extrusion with second phases including TiB2 particles, interphases and
Al3Zr can be observed. The accumulation of dislocations around the
second phases constitutes the driving force for dynamic recovery and
dynamic recrystallization. A critical particle size should be reached to
provide enough driving force to trigger particle stimulate nucleation
(PSN), which was reported by Humphreys et al. [27], McNelley et al.
[16] and Huang et al. [28]. And it is concluded that the critical size for
PSN decreases with increasing strain, and PSN occurs at particles> 1
μm typically [28]. A smaller critical particle size about 0.68 μm was
also found in the annealed Fe-0.4C alloy. In the present work, the TiB2
particles size are in the range of 25–500 nm with a mean average size of
100 nm according to our previous study [29]. The TiB2 particles are too

fine to stimulate the dynamic recrystallization nucleation under the
processing condition in the present work. However, the critical particle
size model should take the particle clusters and fine grain size into
consideration. Although the TiB2 particles are uniformly distributed in
the matrix, there are also some TiB2 particles in clusters at local regions
as shown in red arrows in Fig. 10a. These local TiB2 particles clusters
have the potential to stimulate dynamic recrystallization behavior. This
effect was also reported in Ref. [30] that second-phases particle clusters
in AA3104 aluminum alloy were very powerful preferential re-
crystallization nucleation sites. In addition to particle clusters, the large
fraction of grain boundaries with more stored energy can improve the
ability for particles to stimulate the dynamic recrystallization behavior.
Relatively obvious dislocation walls can be observed in Fig. 13d–f,
showing the typical characteristic of dynamic recovery and re-
crystallization.

Fig. 9. (a) (d) (g) Typical inverse pole figure (IPF)
maps of three grain clusters with one recrystallized
grain neighbored to the deformed matrix. (b) (e) (h)
The misorientation axes in the sample coordinates
showing a rotation of recrystallized grain around
different axes. (c) (f) (i) The misorientation axes in
the crystal coordinates showing the rotation axis
along the crystallographic axes respectively.

Fig. 10. (a) shows the EBSD quality map at position
E. The low angle grain boundaries (LAGBs) with
misorientation 5° < θ < 10° are shown in red lines,
with misorientation 10° < θ < 15° in green lines
and the high angle grain boundaries (HAGBs) with
misorientation θ > 15° in thick black lines. The TiB2

particles are shown in black spots. (b)–(d) give three
typical examples showing the interaction of subgrain
boundaries with a TiB2 particle located within the
grain. (For interpretation of the references to colour
in this figure, the reader is referred to the web ver-
sion of this article.)
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4. Discussion

4.1. The formation of deformation texture

Mayama et al. [31] have modeled the full extrusion process of
magnesium alloy by finite element analysis, and calculated the strain
components εxx, εzx, εyy at three positions along the radial direction
from a central point to the periphery in the plane perpendicular to the
extrusion direction. And it was found that the shear strain εzx near the
central axis is negligibly small to the normal strain, while εzx at the
peripheral position is comparable to the normal strain. It was concluded
that the deformation near the central axis of the extruded rods is well
approximated by equi-biaxial compressive straining. The volume ele-
ments are predominated by normal stress. It was well acknowledged
that the formation of deformation texture is dominated by the activated
slip system [32–34]. When the resolved shear stress along the slip di-
rection on the slip plane reaches the critical resolved shear stress
(CRSS), the slip system is activated. The {111} 〈110〉 slip system is well
acknowledged to be predominated during deformation at room tem-
perature in aluminum alloys. The microstructure and local crystal-
lography in aluminum alloys during deformation were systematically
studied [26,35]. However, at elevated temperature, in addition to the

usual {111} 〈110〉 slip system, non-octahedral (NOC) slip systems are
also possible to be activated including {110} 〈110〉, {112} 〈110〉 and
{100} 〈110〉 [36]. Maurice and Driver et al. [37] have analyzed the
activation of slip systems during high-temperature plane strain com-
pression of aluminum crystals. It was concluded that at low tempera-
ture regime, the slip system was dominated by {111} 〈110〉, at inter-
mediate temperature {111} and {110} 〈110〉 slip systems occurred
concurrently and at high temperature the {110} 〈100〉 slip was domi-
nated. It was pointed out that maybe the {100} 〈110〉 family is most
significant contribution apart from {111} 〈110〉 slip system, because
the {100} planes are the most densely packed after {111} planes.

The selection of the activated slip systems depends on the resolved
shear stress τα along the slip direction and the critical resolved shear
stress (CRSS). The relation between the applied stress σ and τα on a
given slip system can be written using the Schmid factor S as

= S* (3)

= ×S S n (4)

where Sα is the slip direction vector, nα is the slip plane normal di-
rection vector. If τα is larger than CRSS, the slip system is activated.
However, CRSS of the different slip system at elevated temperature is
lack, and most studies assumed the strength of different slip system to

Fig. 11. (a) (c) show the inverse pole figure (IPF)
maps of single grain or two grains without TiB2

particles, (e) (g) show the inverse pole figure maps of
single grain or two grains with TiB2 particle. (b) (d)
(f) (g) give the misorientation line scan along the red
arrow marked in (a) (c) (e) (g). (For interpretation of
the references to colour in this figure, the reader is
referred to the web version of this article.)

Fig. 12. (a) IPF map of the extruded alloy; (b) the size distribution of the extruded alloy, average grain size and aspect ratio are given in the inset.
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be the same. Fig. 14 illustrates the schematic view of slip system of (a)
S1 (111) [−110] (b) S2 (10–1) [−10−1] (c) S3 (100) [011] and (d) S4
(112) [−110], respectively. Fig. 14i shows a schematic diagram of the
loading direction F and the angle φ. Fig. 14j shows the relation between
the calculated Schmid factor S of four slip systems and the angle φ. It is

observed that the Schmid factor of the S1 slip system and S3 slip system
predominate over the S2 and S4 slip systems. Therefore, resolved shear
stress on the S1 and S3 slip systems is larger than that on the other two
slip systems. During hot extrusion, if it is assumed that CRSS of the
different slip systems is identical, the S1 and S3 slip system will be

Fig. 13. Bright-field transmission electron microscope (TEM) images of extruded samples.

Fig. 14. Illustration of schematic view of the (a) S1 slip system; (b) S2 slip system; (c) S3 slip system; (d) S4 slip system; (e) rotation of S1; (f) rotation of S2; (g)
rotation of S3; (h) rotation of S4; (i) schematic view of applied load direction; (j) the calculated Schmid factor of four slip systems vs. applied load direction angle φ.
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preferentially activated in the materials along the extrusion axis. The
activation of the slip system not only depends on the Schmid factor but
also depends on the internal stress state of the volume elements. As for
the case of extrusion into rods, the normal stress εxx and εyy are identical
along the rod axis. The preferential activation of S1 and S3 slip systems
may be not applicable for the other cases like extrusion into plates or
hot rolling because the internal stress state of volume elements is not
symmetric. During hot rolling or ECAP, the complexity of the stress
distribution on the volume elements makes it more complex to predict
activation of the slip system.

According to the Taylor model, the slip plane and slip direction of
the activated slip system would rotate along the Taylor axis. The Taylor
axis is defined as:

= ×T S n (5)

The Taylor axis lies on the slip plane and perpendicular to the slip
direction. The Taylor axis of the four possible slip systems at elevated
temperature is summarized in Table 1. Fig. 14e, f, g and h show the
schematic illustration of the rotation of the slip plane along the Taylor
axis.

Next, the development mechanism of the fiber texture during hot
extrusion for aluminum alloy is discussed. It is specified to clarify the
reason why the normal directions of the {111} planes and {100} planes,
rather than that of the {110} planes, are parallel to the extrusion di-
rection. We first consider the 〈111〉 fiber texture. As discussed above,
the condition of applied stress on the {001} planes is taken into con-
sideration. The three equivalent slip systems including S1 (1 1 1) [−1 0
1], S5 (1 −1 1) [1 1 0] and S6 (−1 −1 1) [1 −1 0] are into con-
sideration. Fig. 15 shows the Schmid factor between the applied stress
and the three slip systems. It is observed that only when the applied
stress is parallel to the slip direction (φ=45°, 135°), the Schmid factors
of the three equivalent slip systems are identical, therefore, the three
slip systems can be activated simultaneously. In the range of
0° < φ < 45° and 135° < φ <180°, the Schmid factor of S6 is
highest. And in the range of 45° < φ < 135°, the Schmid factor of S5
is highest. Therefore, the single slip will occur unless the applied stress
coincides with 〈110〉 direction. In the material flow during hot extru-
sion, more than one slip system must occur simultaneously. Therefore,
lattice rotation will occur to make the applied stress coincide with
〈110〉 direction and stops at the φ=45° and 135°. In the case of ex-
trusion, the alignment of the 〈110〉 direction along compressive stress

direction gives rise to the alignment of 〈111〉 direction parallel with
extrusion direction, and the 〈111〉 fiber texture is eventually formed.
The formation of 〈100〉 fiber texture can be analyzed in the same way.

4.2. Grain boundary sliding accommodated dislocation slip

In addition to the predominated deformation mechanism of dis-
location slip, the grain boundary sliding (GBS) also contributes to the
microstructure evolution during hot deformation. The mechanism of
GBS has been extensively investigated especially in the field of super-
plastic behavior and creep behavior of polycrystalline materials
[38–40]. In general, GBS tends to predominate in fine-grained materials
at elevated temperature under low strain rate condition. Perez-Prado
et al. [41] have investigated the transition from slip to grain boundary
sliding in a discontinuously recrystallized superplastic aluminum alloy,
and found that grain boundary sliding occurred when the stress com-
ponent is in a value smaller than 2 and modulus compensated stress, σ/
E, decreases below about 6× 10−4. However, it is hard to relate the
ramp pressure during extrusion to tensile flow stress. The phenomena of
high strain rate superplasticity (HSRS) in the range of 10−1–50 s−1

have been found in the ultrafine-grained aluminum alloys fabricated by
powder metallurgy [42]. Mishra et al. [42] have listed the reported
high strain rate superplasticity behavior for rapidly solidified aluminum
alloys. For example, 2124–0.6Zr alloys fabricated by powder me-
tallurgy with grain size of 1 μm have a total elongation of 500% tested
at strain rate of 0.3 s−1 in the temperature range of 698 K–773 K,
7075–0.7Zr alloys fabricated by PM have a total elongation of 1000%
tested at the strain rate of 0.1 s−1 under the temperature of
698 K–823 K. It was reported, that under GBS control of deformation
random grain rotations would result in a predominant random texture
after deformation, while under dislocations slip control of deformation
grains rotation around a specific axis would result in specific de-
formation texture. During the process of hot extrusion, there is a re-
lationship to estimate the mean strain rate applicable to a conical die
with semi-angle as [43]:

= Vd ln B tan
d d

6 ( )
m

b

b e

2

3 3 (6)

where V is the extrusion speed in m/s, db and de are the diameter of
billet and extrudate respectively, B is the extrusion ratio, Φ is the semi-
angle. In the present work, the average strain rate is estimated to be
0.34 s−1. It should be noted that there is a spread of strain rate away
from the mean strain rate in the billet during extrusion. However, the
mean strain rate is very useful for analysis. Additionally, in the present
work, the average grain size after spark plasma sintering is approxi-
mately 2.3 μm and there is about a number fraction of 20% grains with
a size smaller than 1 μm. The extrusion temperature is 723 K. Therefore,
the GBS mechanism is possible to predominate in the ultrafine grains
under this processing condition.

According to the observation of the microstructure evolution, there
is always a faction of undistorted grains with GOS < 1° at each posi-
tion and these grains are usually in ultrafine size. The ultrafine grains
are usually assumed as recrystallized grains during hot working for
castings. It is not applicable in the present case. The fraction of ultrafine
grains has changed little at position A, B, C, D and steeply increased at
position E. The significant extrusion texture has been formed at position
E and the deformed direction of grains is parallel to the extrusion di-
rection. Therefore, it is reasonable to assume that significant dynamic
recrystallization occurred at strain between position D and E. There are
several phenomenological and theoretical models for hot working and
dynamic recrystallization [44] including the better accepted critical
strain model [45,46] and critical dislocation density model [47]. The
onset of nucleation of DRX is usually associated with the accumulation
of dislocations. The total dislocation density including dislocations
within cells and within cell walls increases with the increment of strain

Table 1
The Taylor axis of the four possible slip systems.

Slip system S1 S2 S3 S4

Taylor axis 〈11−2〉 〈010〉 〈01−1〉 〈11−1〉

Fig. 15. The relation between each slip system and angle φ.
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level. When the dislocation density in the deformed matrix reaches a
critical value, the nuclei for DRX will form on primitive grain bound-
aries. The dislocations density evolution during the thermomechanical
process is described by one parameter model (KM model) and multiple
parameter model (MPM) mode [48]. At position B, C and D, the dis-
location slip behavior preferentially occurs at larger grains with the
formation of LAGBs and there is a large grain orientation spread (GOS)
value. However, there is no grain orientation spread (GOS) in the grain
with ultrafine size. These grains are assumed to be predominated by
grain boundary sliding. Therefore, it is reasonable to assume the GBS
mechanism accommodated dislocation slip deformation mechanism is
responsible for the microstructure evolution during hot extrusion for in-
situ TiB2/Al-Zn-Mg-Cu composites fabricated by powder metallurgy,
although it is difficult to distinguish the recrystallized grains and grain
boundary sliding grains in the EBSD analysis.

The extensive occurrence of dynamic recrystallization at position E
does not mean that DRX is impossible to occur at position A, B, C and D.
A low fraction of subgrain boundaries with misorientation larger than
10° is formed at position A, B, C and D. Wither further deformation, the
misorientation will continue to increase. Additionally, the addition of
TiB2 particles could enhance the accumulation of dislocations and in-
crease the misorientation of subgrain boundaries. Therefore, in spite of
the substantial occurrence of DRX at position E, it is also possible to
occur at position A, B, C and D in the local region with high stored
energy due to deformation inhomogeneity.

5. Conclusion

In this study, the microstructure evolution during hot extrusion for
fine-grained in-situ TiB2/Al-Zn-Mg-Cu composites was investigated by
EBSD analysis along the extrusion axis. The substantial occurrence of
dynamic recrystallization is found at the narrowest position of the die.
The parameter of GOS has been employed to distinguish the deformed
grains from the undeformed grains. Consequently, the following con-
clusions are obtained.

1. The grain boundary sliding accommodated dislocation slip me-
chanism dominates the deformation mechanism and governs the
microstructure evolution.

2. The formation of strong 〈111〉 and 〈100〉 fiber texture results from
the preferential activation of {111} 〈1–10〉 and non-octahedral
(NOC) slip systems {001} 〈110〉 at elevated temperature.

3. The deformed grains are related to rotation around ED in the sample
coordinates, the grains exhibiting 〈111〉//ED orientation are linked
to rotation around the crystallographic direction of 〈111〉, and the
grains displaying 〈100〉//ED orientation are linked to rotation
around 〈101〉 and 〈112〉.

4. The submicron TiB2 particles in the fine-grained composites can also
stimulate the initiation of dynamic recrystallization behavior and
change the spatial distribution of subgrain boundaries.
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