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A B S T R A C T

The determination of the optimum processing window of a material at elevated temperatures is essential for
metal forming. Such an “ideal” processing window could be characterized by the workability parameters of
power dissipation efficiency, Ziegler's instability criteria, and the presence of favorable microstructures. The
purpose of the present study is to develop three-dimensional (3D) processing maps of a 2.0 wt% carbon nanotube
(CNT) reinforced 2024Al nanocomposite and to manifest continuous changes of power dissipation efficiency and
flow instability domains involving key processing parameters of temperature, strain rate, and strain via iso-
thermal compressive tests. The optimal hot working parameters of the 2024Al base alloy and the 2.0 wt% CNT/
2024Al nanocomposite were identified to be at higher temperatures and lower strain rates, with a moderately
smaller processing window for the nanocomposite due to the strengthening effect of CNTs and microstructural
complexities. Instability occurred at higher strain rates and lower temperatures for both base alloy and nano-
composite. In the stable domain dynamic recrystallization was observed to occur, and the fraction of re-
crystallized grains increased with increasing deformation temperature, along with the presence of more random
textures.

1. Introduction

Carbon nanostructures, such as carbon nanotubes (CNTs), have
been considered as effective reinforcements for metal matrix compo-
sites (MMCs) and have been the center of interest for several studies in
the literature [1–4]. In addition to their lightweighting attribute, CNTs
possess remarkable properties including ultra-high specific strength and
stiffness [5–8]. To manufacture high-performance CNT-reinforced alu-
minum matrix composites (AMCs), it is necessary to establish a proper
processing window via constructing material processing maps and
identifying desirable microstructures. Some previous studies focused on
the hot deformation behavior of lightweight alloys to control their
forming process and obtain desired microstructures and mechanical
properties. For instance, Gao et al. [9] studied the hot deformation
behavior of a TA15 titanium alloy and observed the microstructural
changes, where continuous dynamic recrystallization (CDRX) occurred.
Similarly, Wang et al. [10] studied the main softening mechanisms of a
6061Al/B4C composite via hot compression testing, and also observed
the happening of dynamic recrystallization (DRX).

Processing maps are of special importance since they represent a
powerful tool for identifying the optimal processing parameters during

manufacturing of materials at elevated temperatures. The design of new
alloys relies heavily on hot working, and the relevant microstructural
features are strongly influenced by thermo-mechanical processing
parameters such as temperature, strain rate and strain during hot de-
formation [11,12]. Hence, through the development of processing
maps, prevalent deformation mechanisms and microstructural features
could be determined in different conditions. In this context, constitutive
equations and processing maps were developed and presented in the
literature for various alloys and composites such as Mg alloys [13–15],
Al alloys [11,16–20], Cu alloys [21], high entropy alloys (HEAs) [12],
Ni-based superalloys [22], Al6063/0.75Al2O3/0.75Y2O3 nanocompo-
site [23], 20 vol% SiCP/2024Al nanocomposite [24], and B4C particu-
late-reinforced Al composite [18]. In addition to the conventional two-
dimensional (2D) processing maps, some attempts were also made at a
three-dimensional (3D) analysis of the safe (i.e., stable) processing
window [17,25,26].

The advantage of 3D processing maps relative to the conventional
2D processing maps lies in the possibility of visualizing the “con-
tinuous” changes of power dissipation with respect to the processing
parameters at the same time, rather than having to look at each pro-
cessing map separately which might lead to a “discontinuity” in the
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observed results when comparing different maps at varying strain
amounts. Hence, via the 3D processing maps it is easier to identify the
local peaks of efficiency of power dissipation, so as to better choose the
optimum processing parameters for hot working of materials. Metals
like aluminum with high stacking fault energy might experience some
difficulties in DRX during hot deformation. However, the presence of
some alloying elements or reinforcements could alter the tendency to
DRX [27]. DRX has indeed been observed to occur in the particulate- or
whisker-reinforced AMCs [16,23,24,28], thus providing an opportunity
to optimize the processing window and to achieve the desired post-
deformation properties based on the evolution of microstructures.

Based on the brief literature review above, while different types of
reinforcements have been studied for AMCs in terms of their hot
workability and optimal processing windows, no information on 3D
processing maps is available for the CNT-reinforced AMCs, to the best of
the authors’ knowledge. It is unclear how the CNT additions would
influence the safe processing window and instability region of the
composite and what impact this would have on the microstructural
features such as DRX. Therefore, the present study was aimed to con-
struct 3D processing maps of a 2.0 wt% CNT/2024 Al nanocomposite
via isothermal compression up to 400 °C at different strain rates, while

emphasizing the underlying deformation mechanisms in the safe/stable
processing regions via EBSD and XRD analyses. The effect of the ad-
dition of CNTs in the composite on the stable and unstable regions in
relation to the thermo-mechanical processing parameters was also
identified.

2. Experimental details

The studied nanocomposite consisted of 2.0 wt% CNTs mixed with
2024Al alloy powders having a composition (in wt%) of 4.5 Cu, 1.5 Mg,
0.6 Mn, and Al (balance). The average diameter of the 2024Al powders
was ~ 10 µm. The as-received CNTs (95–98% purity) were synthesized
using chemical vapor deposition (CVD). CNTs had entangled
morphologies with a length of> 5 µm and an outer diameter of
10–20 nm. The as-mixed powders of 2024Al and 2.0 wt% CNTs were
dispersed by ball milling for 6 h at a rotational speed of 400 rpm and a
ball powder ratio of 15:1, using a stir milling machine with hardened
steel balls of 5 mm in diameter. No extra pre-treatment was conducted
on the CNTs before milling, however 2.0 wt% stearic acid was added to
prevent serious cold-welding. The as-milled powders were cold-com-
pacted in a cylinder die, degassed, then hot pressed at 560 °C for 1 h

Fig. 1. Typical SEM micrographs showing the microstructural features and EBSD orientation maps of (a, c) the 2024Al alloy and (b, d) the 2.0 wt% CNT/2024Al nanocomposite,
respectively. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article).
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into cylindrical billets. The as-pressed billets were hot extruded at
450 °C with a ratio of 25:1. The 2.0 wt% CNT/2024Al nanocomposite
was finally solid solution-treated at 495 °C for two hours, quenched in
water at RT and then naturally aged (i.e., in the T4 condition).
Cylindrical specimens with a diameter of 5 mm and a height of 8 mm in
concordance with ASTM E9-09 standard were prepared, with the
compression axis parallel to the extrusion direction (ED). Compression
tests were carried out until failure at 200 °C, 250 °C, 300 °C, 350 °C and
400 °C, at strain rates of 0.001, 0.01, and 0.1 s−1, using a computerized
United testing machine equipped with an environmental chamber
having a temperature accuracy of± 5 °C. Samples were first heated up
to the deformation temperatures and held for 300 s in order to maintain
a steady deformation temperature. A calibration curve at each tem-
perature was obtained to get rid of the machine deformation in eval-
uating the stress-strain curves. To verify the reproducibility of the re-
sults, two tests were performed for each combination of strain rate and
deformation temperature.

Scanning electron microscope (SEM) JSM-6380LV along with an
Oxford energy dispersive X-ray spectroscopy (EDS) system was used to
observe microstructures. EBSD analyses were carried out at a step size
of 0.1 µm by means of Oxford integrated AZtecHKL advanced EBSD
system with NordlysMax2 and AZtecSynergy along with a large area
analytical silicon drift detector. To characterize the initial micro-
structures, samples were polished via standard metallographic techni-
ques. No etching was done for SEM investigations and the polished
surfaces were examined directly. As for EBSD, sample surface was first
mechanically polished, then electro-polished in an electrolyte of 10 ml
nitric acid and 40 ml ethanol for about 30 s at 20 V and RT.
Crystallographic texture was determined with a PANalytical X-ray dif-
fractometer (XRD) with Cu Kα radiation at 45 kV and 40 mA in a back
reflection mode by measuring partial pole figures (i.e., ranging between
Ψ = 0° and 75°). The correction of the defocusing due to the rotation of
XRD sample holder was made using the experimental data obtained
from aluminum powder diffraction. Texture data obtained via XRD
were subsequently evaluated using the Matlab-based MTEX software
[29]. EBSD data were analyzed by means of the AZtecHKL EBSD data
acquisition software of Oxford Instruments.

3. Results

3.1. Initial microstructural features

Fig. 1(a) and (b) present typical SEM micrographs of the 2024Al
alloy and 2.0 wt% CNT/2024Al nanocomposite, respectively. Both
micrographs indicate the presence of some coarser particles. A close
examination of Fig. 1(b) revealed two types of particles which could be
differentiated by their distinct size and shape, with one of them being
uniformly-distributed nanoparticles in the Al matrix of the nano-
composite. These particles were identified in our previous studies via
TEM [30,31] as singly-dispersed CNTs, which were shortened com-
pared to the as-received ones due to the significant breakup during
milling (i.e., the shear effect). As for the coarser particles in both
Fig. 1(a) and (b) for the alloy and nanocomposite, they were revealed
previously to be mainly Cu-containing Al2Cu particles [30]. The pre-
sence of Al2Cu particles was also acknowledged in the 5.0 wt% CNT-
reinforced 2024Al nanocomposites [32]. Our previous XRD analysis
and HRTEM examination on the nanocomposite [30,31] also revealed
the presence of the aluminum carbide Al4C3 being either directly at-
tached to CNTs or in the matrix in the vicinity of CNTs. Some coherent
interfaces between CNTs and matrix were also observed, which played
a major role in the direct bonding between the matrix and reinforce-
ment (i.e., load transfer effect [30,33]).

Fig. 1(c) and (d) display EBSD orientation maps for the 2024Al alloy
and 2.0 wt% CNT/2024Al nanocomposite, respectively, where the map
color legend was projected towards the ED. Larger elongated grains in
both alloy and nanocomposite mainly exhibited a 〈111〉 orientation

(blue color), with some elongated grains orientated in the 〈001〉 di-
rection (red color). Equiaxed grains present in Fig. 1(c) and (d) ex-
hibited more randomized orientations or assorted colors. Likewise,
EBSD maps of a laminated CNT/7055Al nanocomposite were studied in
[34] and the presence of a strong 〈111〉 fiber texture was reported. In
fact, this orientation was acknowledged as a hard orientation in the
face-centered cubic (FCC) structures, in direct relation to the normal
{111}〈110〉 slip systems [35]. Elongated grains in Fig. 1(c) and (d)
along the ED were credited to the severe plastic deformation during
extrusion since microstructural features are highly dependent on the
deformation process [36]. As seen from Fig. 1(c) and (d), grain re-
finement was achieved due to the presence of CNTs in the nano-
composite. Similarly, SiC particles were also reported to reduce grain
sizes of 2024Al matrix [37]. The grain refinement in MMCs due to CNT
additions was also observed in [38,39]. Second-phase particles ob-
served in Fig. 1(a) and (b) (i.e., nano-sized CNTs and Cu-containing
particles) played a significant role in controlling grain sizes via stimu-
lating the nucleation of recrystallization and pinning grain boundaries
(GBs) [40]. A force related to the size of particles and the energy of GBs
was required to move a boundary beyond a particle [41]. In the present
nanocomposite, the CNTs would cause a strong “motion restriction” of
GBs by acting as strong pinning forces (i.e., the frictional forces to the
moving of GBs [38]), effectively prohibiting the grain growth and
therefore leading to grain refinement as observed in Fig. 1(d).

3.2. Flow behavior

Fig. 2(a) and (b) present the change of the compressive yield
strength (CYS) as a function of both temperature and strain rate via 3D
surface plots for the 2024Al and the 2.0 wt% CNT/2024Al, respectively.
The main advantage of such 3D surface plots lay in preserving the
continuity of results when transitioning between various test condi-
tions. Obviously, a decrease in temperature and an increase in the strain
rate led to increasing CYS values. While a similar trend was observed
for both the alloy and nanocomposite, the overall CYS was higher for
the nanocomposite at a given deformation temperature and strain rate.
Thus, the strengthening role of CNTs in the nanocomposite was clearly
demonstrated. This was mainly attributed to the judicious composite
effect exerted by the well-dispersed CNTs along with the Hall-Petch
strengthening mechanism (i.e., the GB strengthening), where the ma-
terial gains in strength by refining its average grain size due to in-
creasing interactions between dislocations and GBs. The motion of
dislocations during deformation was impeded by GBs to form disloca-
tion pile-ups owing to the presence of barriers caused by the mis-
orientations between neighboring grains. Grain refinement in the pre-
sent nanocomposite could be seen in Fig. 1(d) in comparison with
Fig. 1(c). Thus, the smaller the grain size is, the more GBs are present,
leading to a more difficult dislocation movement and thus a higher flow
stress. Similar grain refinement observations and the related increase in
the deformation resistance were also reported in [42–44]. As also seen
from Fig. 2, while both alloy and nanocomposite exhibited lower CYS
values at higher temperatures, a better response was observed for the
nanocomposite. This could be attributed to the augmented thermal
activation and the kinetic energy of metal matrix which boosted the
dislocation movements at elevated temperatures [45]. It is also noted
that the compressive behavior of the present 2024Al base alloy was
highly improved (i.e., before being further enhanced by CNT additions)
in comparison with the conventional wrought 2024Al alloy in T4
condition [46]. Various factors might have contributed to this en-
hancement, mainly ball milling, which has resulted in a more refined
microstructure in conjunction with a likely increase of dislocation
density arising from the high-energy collision from the balls. The effect
of milling time on the mechanical properties of a pure Al was examined
by Choi et al. [42], who reported that the YS of the unmilled Al (~
60 MPa) could be elevated to higher values due to milling. For different
milling times, the following YS values were reported: ~ 210 MPa after
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6 h, ~ 250 MPa after 12 h, ~ 300 MPa after 18 h, and ~ 380 MPa after
24 h. The effective improvement of YS between the milled and unmilled
Al, even for the shortest milling times could be explained by the major
grain refinement credited to the Hall-Petch effect. Another reason for
the improvement of the mechanical properties in both alloy and na-
nocomposite, which could be linked to the fabrication process as well,
was the spontaneous reaction between Al and O2 when exposed to air
during milling of 2024Al powders. The formed Al2O3 particles were
then dispersed in the 2024Al matrix after extrusion, leading to an ad-
ditional increase in the strength via the Orowan strengthening me-
chanism [30,31,47,48]. Naturally, the addition of CNTs and the pre-
sence of Al2Cu particles played an important role in strengthening the
nanocomposite via a number of mechanisms, including load transfer,
thermal mismatch, Orowan looping, and Zener drag effect [30,31,47].

3.3. Processing maps

3.3.1. Basis of processing maps
Processing maps represent the most effective alternative for de-

termining the optimal hot workability regions of materials. The concept
of processing maps relies on the dynamic material model (DMM)
[17,19,25], according to which the workpiece dissipates power during
hot deformation and the constitutive response of the material at a given
temperature depends essentially on strain rate and to a lesser extent on
strain [14]. The total power per unit volume P absorbed by the

workpiece during plastic flow may be expressed as a sum of two com-
plementary terms [15],

∫ ∫= + = +P G J σdε εdσ̇ ̇ ,
ε σ

0

̇

0 (1)

where G represents the power dissipated by plastic deformation, most
of which is converted into heat, and J represents the dissipation through
microstructure evolution (e.g., dynamic recovery, dynamic re-
crystallization, superplastic flow, phase transformation, crack propa-
gation). At any given temperature and strain, the partitioning of power
between J and G is given by [14],

=
∂

∂
=

dJ
dG

σ
ε

mln
ln ̇

, (2)

where m is the strain rate sensitivity of the material. Knowing the va-
lues of m, dissipation through the microstructure evolution J may be
normalized with respect to Jmax to obtain a dimensionless parameter
called the efficiency of power dissipation [25], i.e.,
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The change of η with temperature and strain rate reveals the fea-
tures of power dissipation arising from microstructural changes in the
workpiece, creating the power dissipation map. This map could be
presented as contour plots of efficiency change in the temperature-
strain rate domain where different regions (i.e., corresponding to dif-
ferent η values) signify different deformation mechanisms. A continuum
instability criterion, obtained based on the extremum principles of ir-
reversible thermodynamics, could also be provided as [20],

=
∂ +

∂
+ <ξ ε m m

ε
m( )̇ ln( / 1)

ln ̇
0. (4)

The instability parameter ξ ε( )̇ in Eq. (4) could be used to mark out
the flow instability regions after being evaluated as a function of tem-
perature and strain rate. The instability map was obtained when
ξ ε( )̇ <0, representing the occurrence of flow instability. With the va-
lues of η and ξ ε( )̇ at different temperatures, strain rates and strains,
processing maps can be established by superimposing the instability
maps over the power dissipation maps. Conventional 2D maps along
with 3D processing maps will be analyzed in the coming sub-sections.

As mentioned above, the processing maps were built on the basis of
a series of isothermal compression tests performed at different strain
rates and temperatures while fixing the strain amount each time. Two
tests were also conducted in each condition to ensure the reproduci-
bility of the results. Once all the data in different conditions were col-
lected and η and ξ ε( )̇ values were calculated, Matlab curve fitting
toolbox was used to achieve a higher resolution of the processing maps.
Using this toolbox, it is possible to fit a surface of the form v = f(x, y) to
the data in the vectors (x, y, v). The arrays of data obtained during the
experiment are then interpolated and specific query points (xq, yq), as
labeled in the Matlab terminology, are specified. The interpolated va-
lues vq are then returned and the new surface is obtained knowing that
it would always pass through the initial (i.e., experimental) data points
defined by the x and y arrays, as the only purpose of the fitting is to
achieve higher resolution and better looking images within the margins
defined by the experimental data. The further details needed to con-
struct the 3D processing maps and their advantage will be addressed
below in the designated sub-sections.

3.3.2. Conventional 2D processing maps
Fig. 3(a)–(c) show the 2D processing maps of the 2024Al obtained at

strain values of 0.1, 0.3, and 0.5, respectively. The same strain values
were chosen for the 2D processing maps of 2.0 wt% CNT/2024Al in
Fig. 4(a)–(c). The colored areas in Figs. 3 and 4 separated by contour
lines designate the degree of efficiency (i.e., the η values calculated
based on Eq. (3)). The limit of the highest efficiency region in each map

Fig. 2. Three-dimensional (3D) surface plot showing the changes of compressive yield
strength (CYS) with deformation temperature and ln (strain rate) of (a) the 2024Al alloy,
and (b) the 2.0 wt% CNT/2024Al nanocomposite.
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was approximated by the dashed boxes, i.e., indicated by R1 in Figs. 3
and 4. The highlighted regions R2 denoted the flow instability domains
plotted based on Eq. (4). The peak efficiency values showed a slight
variation from one map to the other for both materials. For instance, for
the 2024Al, the peak value of η varied from ~ 35% at ԑ = 0.1, to ~
37% at ԑ = 0.3, to ~ 39% at ԑ = 0.5. A similar variation of the max-
imum η values was also reported in [19] for the 2024Al alloy, from ~
39% at ԑ = 0.1, to ~ 44% at ԑ = 0.3, to ~ 46% at ԑ = 0.5. The larger η
values in [19] than the current ones could be related to their higher
upper temperature limit of 500 °C, compared with 400 °C in the present
work. Also, the fabrication process, where samples of as-cast 2024Al
were studied in [19], could have played a role. Efficiency was also
reported to increase with increasing strain in [25]. A similar trend was
observed for the nanocomposite in Fig. 4 as well (η~ 27% at ԑ= 0.1, ~
29% at ԑ = 0.3, and ~ 30% at ԑ = 0.5).

The stable domains with fairly high values of efficiency (R1 Figs. 3
and 4) corresponded to the deformation at higher temperatures and
lower strain rates. On the other hand, the flow instability domains R2

corresponded to lower temperatures and higher strain rates. Limits of
R1 also varied with strain for both alloy and nanocomposite. For the
2024Al, it went from 280 to 400 °C/0.001–0.006 s−1 at ԑ = 0.1, to
260–400 °C/0.001–0.008 s−1 at ԑ = 0.3, and 275–400 °C/
0.001–0.01 s−1 for ԑ = 0.5. As for the nanocomposite in Fig. 4, R1

changed with strain: 303–400 °C/0.001–0.01 s−1 at ԑ = 0.1,
280–400 °C/0.001–0.006 s−1 at ԑ = 0.3, and 285–400 °C/
0.001–0.009 s−1 at ԑ = 0.5. Instability region R2 also varied moder-
ately with strain in both materials. By comparing the extent of each of
the regions between the alloy and the nanocomposite, the “safe” (i.e.,
stable) window was observed to relatively shrink for the nanocompo-
site. This was expected since the structural complexity introduced by
CNTs led to the restriction of the working window, demanding a tighter
process control. Likewise, Malas et al. [28] studied the difference of the
optimum processing windows between a P/M-2024Al and a P/M-
2024Al reinforced with 20 v/o SiCw. They reported that the safe pro-
cessing for the composite occurred over a narrower range of tempera-
ture and strain rate, which was associated with the presence of

Fig. 3. Processing maps of the 2024Al alloy at a true strain of (a) ԑ = 0.1, (b) ԑ = 0.3, and (c) ԑ = 0.5, respectively. (For interpretation of the references to color in this figure, the reader
is referred to the web version of this article).
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reinforcement (being a rigid ceramic phase in a plastically-deformed
matrix), risking cavitation, and whisker fracture at lower temperatures.
Similar results on the safe regions of an A356 alloy and an A356 re-
inforced with 5 wt% B4C composite were reported in [18], where the
maximum efficiency region was observed to be smaller for the nano-
composite as well, which reflected the impact of reinforcement. The
effect of the fabrication process was also considered in [28], where
wrought 2024Al showed a wider processing window than ingot 2024Al
due to homogenization and reconstitution of the microstructure as a
result of prior thermomechanical treatment.

Whether it is the reinforcement or the addition of alloying elements,
a change introduced to the base alloy would affect its optimum pro-
cessing window. In this context, the 7150Al base alloy reported in [16]
witnessed single stable domains at fixed strains like the case of the
2024Al in Fig. 3. A peak efficiency of 42% at 450 °C and 0.01 s−1 was
first achieved in the 7150Al base alloy. Then, when higher Zr contents
(0.12–0.15%) were added to the alloy, the precipitation of Al3Zr dis-
persoids influenced the processing maps. The safe domain appeared to

shrink toward higher temperatures and higher strain rates [16]. This
was similar to the present work (303–400 °C/0.001–0.01 s−1)
(Fig. 4(a)) in comparison with Fig. 3(a) (280–400 °C/0.001–0.006 s−1).
A decrease in the efficiency values was also reported after adding Zr
element in the 7150Al alloy, similar to the present alloy and nano-
composite (i.e., ηmax ~ 35% in Fig. 3(a), and ~ 27% in Fig. 4(a)). At
different strains in [16], safe domains narrowed down when increasing
temperatures and decreasing strain rates, and flow instability regions
expanded toward lower strain rates, being also similar to the char-
acteristics of the present alloy in Fig. 3(b) (260–400 °C/
0.001–0.008 s−1 vs. 280–400 °C/0.001–0.006 s−1), and the nano-
composite in Fig. 4(b) and (c) (275–400 °C/0.001–0.01 s−1 vs.
285–400 °C/0.001–0.009 s−1). It should be noted that, in addition to
the safe domains positioned at higher temperatures lower strain rates, a
second stable domain was observed in [19] in the range of 250–300 °C
and 10–100 s−1. Since such high strain rates could not be obtained in
the current study, the existence of the second stability window could
not be verified. In an Al6063/0.75Al2O3/0.75Y2O3 nanocomposite, the

Fig. 4. Processing maps of the 2.0 wt% CNT/2024Al nanocomposite at a true strain of (a) ԑ = 0.1, (b) ԑ = 0.3, and (c) ԑ = 0.5, respectively. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article).
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optimum processing domains for hot working were also observed to be
positioned only at high temperatures and low strain rates [23], which
was similar to the situation of the studied materials.

3.3.3. 3D processing maps
Based on the 2D processing maps in Figs. 3 and 4, some differences

were noted with respect to strain values. However, plotting the pro-
cessing maps in this traditional way does not allow the contemplation
of the effect of strain continuously since the maps are shown separately
at each strain. Thus, it would be better to depict the evolution of the
processing parameters during deformation in a continuous manner.
This could be achieved by plotting 3D processing maps and flow in-
stability maps which were developed for the alloy and nanocomposite
in Figs. 5–8. Such a representation has the advantage of identifying the
safe hot processing conditions of the whole deformation process di-
rectly, which is more convenient when observing the behavior of a
specific material. This technique was previously used in [25] for an
AZ31B Mg alloy and in [17] for an AA7050 alloy. An attempt to con-
struct a 4D processing map was also introduced in [19] for a 2024Al
alloy.

In the present study, 3D power dissipation maps were constructed
while introducing “slices” at chosen values of one of the parameters
(i.e., ԑ in Fig. 5, T in Fig. 6, and ε ̇ in Fig. 7). Obtaining these plots not
only satisfies representation purposes, but also helps display specifically
targeted planes (i.e., at designated values of any of the process para-
meters) through the volumetric set of data by creating a “slice surface”
in the domain of the volume. Not only does this feature allow a clear 3D

representation based on the fitted experimental data, but also it allows
a “cut-through” view so as to see a combined effect of all process
parameters as well as the effect of a designated one among them along
the different slices. Fig. 5(a) and (b) illustrate the 3D power dissipation
maps of the 2024Al and the 2.0 wt% CNT/2024Al sliced at ԑ= 0.1, ԑ=
0.3, and ԑ = 0.5, respectively. The effect of strain on the efficiency of
power dissipation η could be seen vertically in Fig. 5 through the var-
iation of the grid levels, which proved that η varied reasonably with
increasing strain. The higher η values of the base alloy relative to the
nanocomposite were well appreciated through the change of color flow
in Fig. 5. Fig. 6(a) and (b) present the second slicing option based on the
temperature values for the alloy and nanocomposite, respectively.
Three representative temperatures of 200, 300, and 400 °C were
chosen. The η increased with increasing temperature for both materials,
with a higher value for the alloy. At each chosen temperature, η dis-
played an increasing value towards lower strain rates. Fig. 7(a) and (b)
demonstrate the effect of strain rate on the efficiency values sliced at
0.001, 0.01, and 0.1 s−1. η clearly increased with decreasing strain rate
for both materials. In Fig. 7(a) for the 2024Al, at the lowest strain rate
of 0.001 s−1 two different regions could be identified, which could not
be seen in the 2D maps of Fig. 3. Thus, the 3D representation helps
gather more information on the behavior of the material. As seen from
Fig. 7(a), η values of ~ 20% were seen at higher and lower strains and
at a lower temperature range (200–275 °C), indicating the effect of
strain on the processing maps. These two regions also appeared for the
nanocomposite to some extent. Based on the high efficiency regions in
Figs. 5–7, one could infer that the favorable conditions for hot

Fig. 5. 3D power dissipation maps of (a) the 2024Al alloy and (b) the 2.0 wt% CNT/2024Al nanocomposite sliced at a true strain of ԑ = 0.1, ԑ = 0.3, and ԑ = 0.5, respectively. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article).

Fig. 6. 3D power dissipation maps of (a) the 2024Al alloy and (b) the 2.0 wt% CNT/2024Al nanocomposite sliced at a temperature of 200, 300, and 400 °C, respectively.
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processing remained in the regions of higher temperatures and lower
strain rates, since the domains with a higher efficiency of power dis-
sipation commonly represented the optimum processing conditions
[11].

3D flow instability maps were also generated for the alloy and na-
nocomposite while considering only higher strain rate regions in-be-
tween 0.01 and 0.1 s−1 based on Figs. 3 and 4. Larger instable regions
were observed for the nanocomposite at all the chosen strain rates. Most
negative ξ values were seen around the applied lower temperature limit
(i.e., ~ 200 °C) in Fig. 8(a). A bigger region of flow instability was
noted for the nanocomposite, where the most negative ξ values ap-
peared at 0.1 s−1 (Fig. 8(b)). The instability region almost vanished at
0.01 s−1 for the alloy. The 3D instability maps suggested that the hot
workability of the alloy and nanocomposite became inferior as the
strain rate increased, i.e., it became progressively difficult to deform the
alloy and nanocomposite at higher strain rates. It is generally accepted
that flow instability was associated with the localized shear initiated by
high strain rates [14].

4. Discussion

Throughout the literature, the microstructures related to safe (i.e.,
stable) domains have been attributed to dynamic recovery (DRV), dy-
namic recrystallization (DRX) and superplasticity, depending on the
materials [25]. Several studies were reported in this context. For in-
stance, a similar 2024Al alloy was studied by Malas et al. [28] and DRX

was reported at lower strain rates starting from 250 °C. Generally, the
peak value of η reflecting the occurrence of DRX in the Al alloys was
ranged from 35% to 50% [24], which is in agreement with the present
2024Al as shown in Fig. 3 (~ 35% at ԑ = 0.1, ~ 37% at ԑ = 0.3, and ~
39% at ԑ= 0.5). However, the peak value of η was reported to decrease
in the AMCs, which also conformed well to the findings in Fig. 4. This
observation could be attributed to the increase of power dissipated by
plastic work during hot deformation for the AMCs, since they admit a
larger number of fine reinforcing particles which would potentially
raise their flow stress [24].

Based on the information provided above, the purpose of this sec-
tion is to observe the deformed microstructures and textures in the
stable domains while comparing them to the initial features observed
prior to deformation in Fig. 1. Such a discussion would help understand
the microstructural and textural mechanisms that played a role in dis-
tinguishing the safe hot working widows for the 2024Al alloy and
2.0 wt% CNT/2024Al composite. Since these safe windows were iden-
tified to be positioned at higher temperatures and lower strain rates for
both alloy and composite, the deformed microstructures and crystal-
lographic textures were analyzed at 300, 350, and 400 °C and at a fixed
strain rate of 0.001 s−1. EBSD analyses were conducted for the 2024Al,
while XRD analyses were performed for the nanocomposite, since it was
challenging to obtain accurate EBSD results of MMCs [49–51], espe-
cially after plastic deformation due to the poor fit of the solution to the
pattern (i.e., with large mean angular deviation (MAD) values [52]).
The importance of the EBSD analysis and the XRD pole figures that will

Fig. 7. 3D power dissipation maps of (a) the 2024Al alloy and (b) the 2.0 wt% CNT/2024Al nanocomposite sliced at a strain rate of 0.001 s−1 (log(ε )̇ =−3), 0.01 s−1 (log(ε )̇ =−2), and
0.1 s−1 (log(ε )̇ = −1), respectively.

Fig. 8. 3D flow instability maps of (a) the 2024Al alloy and (b) the 2.0 wt% CNT/2024Al nanocomposite sliced at a strain rate of 0.01 s−1 (log(ε )̇ = −2), 0.03 s−1 (log(ε )̇ = −1.5), and
0.1 s−1 (log(ε )̇ = −1), respectively.
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be discussed throughout this section lies in their ability to depict the
behavior of the material from the lower limit of the stable region to the
upper limit which is characterized by the highest η values. Texture
components by means of EBSD inverse pole figures (IPFs) and XRD pole
figures will also be identified, in addition to the study of the re-
crystallized fraction component maps.

IPFs reflecting the orientation components developed in the 2024Al
alloy were presented in Fig. 9. At the initial stage, prior to deformation,
a maximum intensity of 4.05 MRD (multiples of a random distribution)
was observed at the location D1 (Fig. 9(a)). This confirms that the
majority of the grains were initially parallel to 〈111〉. After hot com-
pression at 300 °C (Fig. 9(b)), the 〈111〉-oriented component became
weaker with a maximum intensity of ~ 3.2 MRD and the formation of a
new faint component D2 was detected. When the deformation tem-
perature increased to 350 °C, the corresponding IPF revealed a more
random orientation in the absence of the previous D1 (or 〈111〉 com-
ponent), with a maximum density of ~ 2.5 MRD for D2 and faint
transient positions D3 and D4 (Fig. 9(c)). At a deformation temperature
of 400 °C, D2 persisted with only a slightly lower density of ~ 2.4 MRD
(Fig. 9(d)). Thus, D2 could be considered as a “DRX texture component”
for the 2024Al alloy.

The recrystallized fraction of the specimens deformed in the safe
region via EBSD analyses is shown in Fig. 10(a), (c) and (e) for 300,
350, and 400 °C, respectively, along with their corresponding quanti-
fication histograms shown in Fig. 10(b), (d) and (f). By means of EBSD,
it is possible to distinguish recrystallized grains from deformed ones
based on the internal statistics of the grains. It is known that for a de-
formed grain, the dislocation density is high and dislocations are ar-
ranged in substructures, which result in local misorientations of several
degrees within the grains [53]. In contrast, recrystallized grains have
much lower dislocation densities, thus, the grain internal statistical
information can be used to identify the nature of the grains. One
method is to determine the overall spread in orientations within a grain,
i.e., by obtaining the grain orientation spread (GOS). For a given grain,

GOS is the average deviation between the orientation of each point (or
pixel) within the grain and the average orientation of the entire grain.
GOS values of recrystallized grains are lower than those of deformed
grains and a threshold value is required to differentiate recrystallized
grains among others. In the present study, a “recrystallized” grain was
set to have a GOS value of<~ 2°, while a grain marked to be “sub-
structured” had a GOS value in-between 2° and 5°. When the GOS value
was> 5°, the grain was labeled as “deformed”. As seen from Fig. 10,
the recrystallized grain fraction increased with increasing deformation
temperature. While the increase from 300 to 350 °C was only ~ 2%, a
significant gain in the recrystallized fraction occurred from 350 to
400 °C with a ~ 8% increase. This was expected since a maximum ef-
ficiency of power dissipation of ~ 39% was attained at 400 °C and
0.001 s−1, introducing a more homogenized microstructure due to
DRX. These observations were in agreement with those reported in
[28], where DRX occurred above 250 °C at lower strain rates. Also, the
2024Al exhibited fine equiaxed grains with no significant grain growth
below a deformation temperature of 425 °C, and abnormal grain growth
occurred beyond a temperature of 482 °C [28]. This limit was much
higher than our highest deformation temperature of 400 °C. As a result,
continuous DRX was essentially present where new grains nucleated
evenly at high temperatures and low strain rates. Indeed, for the metals
with high stacking fault energy (e.g., Al alloys), the main mechanism
for DRX is continuous dynamic recrystallization (CDRX) at higher de-
formation temperatures [54], and the new grains could be formed by
transforming the low-angle grain boundaries to high-angle grain
boundaries. Therefore, the peak efficiency of power dissipation may be
mainly attributed to grain refinement by CDRX.

In order to understand the evolution of the crystallographic texture
in the composite within the optimal processing window, {110} pole
figures at consecutive deformation stages were analyzed in comparison
with the initial {110} pole figure prior to deformation (Fig. 11(a)).
Initially, the majority of {110} poles were aligned parallel to RD with a
maximum intensity of ~ 4.4 MRD located at component P1. After

Fig. 9. EBSD inverse pole figures of the 2024Al alloy (a) undeformed, and deformed at (b) 300 °C, (c) 350 °C, and (d) 400 °C at a strain rate of 0.001 s−1.
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compression at 300 °C and 0.001 s−1, a clear texture randomization and
a split of intensity from P1 (Fig. 11(a)) to P2 and P3 (Fig. 11(b)) were
observed, with an intensity decrease to ~ 3.0 MRD. At higher

temperatures (Fig. 11(c) and (d)), the splitting of intensities persisted
with a decrease of MRD values from ~ 2.9 MRD at 350 °C (Fig. 11(c)),
to ~ 2.6 MRD at 400 °C (Fig. 11(d)).

Fig. 10. EBSD recrystallized fraction component maps along with their quantification histograms of the 2024Al alloy deformed at (a, b) 300 °C, (c, d) 350 °C, and (e, f) 400 °C at a strain
rate of 0.001 s−1.
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As described above, a maximum efficiency of power dissipation of ~
30% was attained at 400 °C and 0.001 s−1 for the nanocomposite which
corresponded to the condition of deformation of Fig. 11(d). The de-
creased intensity of P2 and P3 was likely related to the formation of new
orientations, as indicated by the arrows in Fig. 11(d). “DRX texture
component” could hence be identified for the nanocomposite through
the two poles P2 and P3. DRX was also observed in the high-temperature
deformed microstructures of a composite fabricated with fine SiCP and
2024Al powders [24], where the presence of fine SiCP particles induced
a high rate of dislocation generation in their vicinity during hot de-
formation, which represented preferred sites for the development of
recrystallization nuclei [24]. It was also reported in [55] that the
2024Al with 8 µm SiCp exhibited small equiaxed grains with a high
dislocation density at temperatures of 320–400 °C, indicating that DRX
occurred during hot deformation as well. The nucleation of DRX pro-
moted by the presence of reinforcements leads to an increased dis-
location density in the nearby matrix [47], which is consistent with the
present 2.0 wt% CNT/2024Al nanocomposite. Furthermore, in the
texture studies of deformed samples of AZ61+Sr alloy at 350 °C and
450 °C, it was reported that the texture became more random and the
intensity of the components became lower with increasing deformation
temperature [56]. Indeed, the increased fraction of recrystallized grains
was always linked to texture weakening [57], and the volume fraction
of recrystallized grains increased at higher temperatures and lower
strain rates [11]. These results reported in the literature were in
agreement with the observations in Fig. 11.

5. Conclusions

Via dynamic material modeling and Ziegler's instability criterion,
3D processing maps were constructed to reflect the continuous changes
of power dissipation efficiency and flow instability domains in terms of
temperature, strain rate, and strain. High-temperature compression
tests for the 2024Al and the 2.0 wt% CNT/2024Al nanocomposite in a
temperature range of 200–400 °C at a strain rate of 0.001–0.1 s−1 were
conducted. The following conclusions could be drawn.

1) Single optimum domains of hot deformation for the alloy and na-
nocomposite were identified to be positioned at higher temperatures
and lower strain rates, with a relatively smaller processing window
for the nanocomposite due to the presence of CNTs and the more
complicated microstructural features.

2) The processing maps revealed that the maximum efficiency of power
dissipation obtained at 400 °C and 0.001 s−1 was ~ 39% for the
2024Al alloy and ~ 30% for the 2.0 wt% CNT/2024Al nano-
composite.

3) Instability was observed to occur at higher strain rates and lower
temperatures for both alloy and nanocomposite. While the instable
region at 0.01 s−1 almost vanished for the alloy, it still remained for
the nanocomposite.

4) EBSD and XRD analyses revealed an increasing fraction of re-
crystallized grains with increasing deformation temperature, along
with a more randomized texture accompanied by a decrease of

Fig. 11. {110} pole figures of the 2.0 wt% CNT/2024Al nanocomposite (a) in the undeformed state, and after compression at (b) 300 °C, (c) 350 °C, and (d) 400 °C at a strain rate of
0.001 s−1.
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texture intensity. This corroborated the occurrence of dynamic re-
crystallization in the stable region of the alloy and nanocomposite.
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