Available online at www.sciencedirect.com
-y

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 28(2018) 1695—-1704

Transactions of
Nonferrous Metals
Society of China

‘j“t

ELSEVIER

Science
Press

www.tnmsc.cn

Hot deformation and processing maps of as-sintered
CNT/Al-Cu composites fabricated by flake powder metallurgy

Chun-hong LI'?, Ri-sheng QIU', Bai-feng LUAN', Wei-jun HE', Zhi-giang LI’

1. College of Materials Science and Engineering, Chongqing University, Chongqing 400044, China;
2. College of Metallurgy and Materials Engineering,
Chongqing University of Science and Technology, Chongging 401331, China;
3. School of Materials Science and Engineering, Shanghai Jiaotong University, Shanghai 200240, China

Received 22 June 2017; accepted 15 November 2017

Abstract: The deformation behaviors of as-sintered CNT/Al-Cu composites were investigated by isothermal compression tests
performed in the temperature range of 300—550 °C and strain rate range of 0.001-10 s~' with Gleeble 3500 thermal simulator system.
Processing maps based on dynamic material model (DMM) were established at strains of 0.1-0.6, and microstructures before and
after hot deformation were characterized by scanning electron microscopy (SEM), electron backscatter diffraction (EBSD) and
high-resolution transmission electron microscopy (HRTEM). The results show that the strain has a significant influence on the
processing maps, and the optimum processing domains are at temperatures of 375-425 °C with strain rates of 0.4—10 s ' and at
525-550 °C with 0.02—10 s~' when the strain is 0.6. An inhomogeneous distribution of large particles, as well as a high density of
tangled dislocations, dislocation walls, and some sub-grains appears at low deformation temperatures and strain rates, which
correspond to the instability domain. A homogeneous distribution of fine particles and dynamic recrystallization generates when the
composites are deformed at 400 and 550 °C under a strain rate of 10 s ', which correspond to the stability domains.
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composites with a uniform and individual distribution of

1 Introduction

Aluminum-based metal matrix composites (MMCs)
have been widely used in the fields of aerospace,
electronic packaging, and transportation because of their
light weight, fitting strength and ductility, high aspect
ratio modulus, and good thermal conductivity [1,2].
Carbon nanotubes (CNTs) exhibit a nano-scale size, high
elastic modulus, very high tensile strength, low density,
and high aspect ratio, which make them a suitable
candidate for the reinforcement of MMCs [3-5].
Composites  of and CNTs (CNT/Al
composites) have recently become very attractive

aluminum

structural materials due to their broad structural
applicability in areas such as the automobile, aerospace,
and aircraft industries [6—9]. Flake powder metallurgy
(FPM) is an effective way to fabricate CNT/Al

CNTs, which can improve the mechanical properties of
the composites [10—12]. Sintering is one of the most
important aspects of powder metallurgy, since the
material properties after sintering will directly affect
their final properties after extrusion. Tremendous
attention has been paid to the used sintering technology,
including its process, temperature, time, and atmospheric
conditions. However, few investigations have been
conducted on the microstructure and flow behavior at
elevated temperature of as-sintered CNT/Al composites
fabricated by FPM. Precise investigations of the high-
temperature forming characteristics and microstructural
evolution of the sintered state may provide a reference
for the subsequent extrusion process.

Flow stress—strain curves and the processing maps
deformation

are widely wused to characterize

behavior [13—18]. Flow stress is a very important
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parameter during hot deformation, which affects the
microstructure and deformation ability of materials.
Changes in this flow stress, which are induced by
processing parameters including temperature, strain rate,
and strain, can be researched through the flow stress—
strain curves. Processing maps based on the dynamic
material model (DMM), on the other hand, have been
widely used to analyze the thermal workability of many
materials, such as Al, Mg, and Ti alloys as well as steel,
over a range of temperatures and strain rates [19—24].
From the processing maps, the optimum, instability,
cracking, dynamic recrystallization, and superplasticity
domains can be deduced. In this study, the effects of
deformation temperature, strain rate, and strain on flow
stress during hot compression of as-sintered CNT/Al-Cu
composites were studied, the processing maps at
different strains were established, and the optimum
processing domains were determined. Furthermore, the
microstructural evolution during hot compression was
analyzed. The main objective is to investigate the
deformation behavior of the as-sintered CNT/Al-Cu
composites and clarify their microstructural evolution,
thereby providing theoretical guidance for their hot
deformation.

2 Experimental

As-sintered CNT/Al-Cu composite specimens for
testing and analysis in this work were synthesized by
Shanghai Jiao Tong University through FPM. First, a
nano-flake Al alloy powder with 4% Cu (Al1-4%Cu) was
prepared by ball-milling in an attritor at 423 r/min and at
room temperature for 4 h, followed by a surface
modification ~ with  polyvinyl  alcohol (PVA).
Subsequently, multi-wall CNTs (30—50 nm in diameter,
3 um in length) functionalized with carboxyl groups
were dispersed into water by ultrasonication and mixed
with the as-prepared Al alloy nano-flakes (final CNT
content was 1.5%). After mechanical stirring, the mixed
powder was dried under Ar at 500 °C and compacted
using 50 MPa at 600 °C.

Isothermal compression tests were carried out on a
Gleeble 3500 simulator at deformation temperatures of
300, 350, 400, 450, 500, and 550 °C with strain rates of
0.001, 0.01, 0.1, 1, 5and 10s”". Cylindrical compression
specimens were 8.0 mm in diameter and 12.0 mm in
height. Prior to isothermal compression, specimens were
heated to the deformation temperature and held for
3.0 min. Then, samples were compressed until a reduction
ratio (strain) of 0.6 was reached. After compression,
specimens were immediately quenched into water.
prepared through a
conventional mechanical polishing using diamond

The specimens were

suspension before observation under field emission
scanning electron microscopy(FE-SEM)(JSM—7800F,
JEOL), equipped with an Oxford Instrument Aztec EDS
and a NordlysMax® Electron Backscatter Diffraction
(EBSD) system. The SEM and EDS analyses were
carried out with an accelerating voltage of 15 kV and
emission current of 130.8 pA, respectively. The duration
of spot scan of EDS was 300 s per spectrum. The EBSD
scans were run with an accelerating voltage of 20 kV and
a step size of 50 nm. For EBSD observations, specimens
were electrolytically polished with a solution of 10%
(volume fraction) perchloric acid and 90% alcohol after
mechanical polishing. The distributions of CNTs and
dislocations in the matrix were characterized by
high-resolution  transmission electron  microscopy
(HRTEM) (JEM—2100F, JEOL) at 200 kV after ion
thinning.

3 Results and discussion

3.1 Flow stress behavior

Figure 1 shows the true stress—true strain curves of
as-sintered CNT/Al-Cu alloy composites at different
temperatures and strain rates. The flow stresses increase
sharply with increasing strain until peak flow stress
occurs due to the increase of dislocation density.
Accumulated dislocation can significantly impede further
deformation and thus lead to higher strength. However,
this phenomenon is not obvious at high deformation
temperatures (500 and 550 °C). At a strain rate of
0.001 s', the stress—strain curves remain steady after
peak flow stress, while they decrease after peak flow
stress at higher strain rates. The characteristics of these
flow stress curves can be explained in terms of work
hardening and flow softening phenomena. Essentially, a
dynamic competitive process occurs between work
hardening caused by dislocation reduplication, pileup,
and tangle, and softening caused by dynamical recovery
When
softening is sufficient to offset the effects of hardening, a

and dynamical recrystallization. dynamic
smooth flow state is reached. When the effects of
hardening are not sufficient to balance the dynamic
softening effects, flow stress will continue to decline
after reaching peak value. In addition to the above, some
curves present oscillations, which indicates that dynamic
recrystallization occurs, especially at high deformation
temperatures and strain rates. High strain rates cause
more deformation heating, which promotes an increase
in dynamic stress
increases with the strain rate at each specific deformation
temperature, and decreases with increasing temperature

recrystallization. Finally, flow

at each distinct strain rate.
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Fig. 1 True stress—true strain curves for as-sintered CNT/Al-Cu composites at various temperatures: (a) 0.001 s '; (b) 0.01 s™';
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3.2 Processing maps

Processing maps based on the dynamic material
model (DMM) have been widely used to understand the
hot workability of materials [25,26]. According to the
DMM, the workpiece is considered a power dissipater, in
which the total power (P) consists of two parts as
expressed in Eq. (1); G represents power dissipation
through plastic deformation, of which most is converted
into heat, and J stands for power dissipation through
microstructure transitions such as dynamic recovery,
dynamic recrystallization and phase transformation.
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where o is the instantaneous flow stress and &£is the
applied strain rate. The strain rate sensitivity (m) is
defined by Eq. (2). When the value of m is 1, the material
is in the ideal dissipation state and J reaches the
maximum value Jpa.
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The flow stress can be represented as
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where K is the fitting coefficient.

The power dissipation capacity of the material can
be evaluated by the efficiency of power dissipation, 7,
which is defined as follows:

J 2J 2m
- S _em 4
g J P m+l @

max

The value for #n describes different microscopic
mechanisms at the variable rates and temperatures as
they correspond to a range of power dissipation
coefficients.

By making the power dissipation coefficient as a
function, the power dissipation map, of which different
domains correlate with specific microstructural
mechanisms, can be obtained by drawing a contour map
in the two-dimensional plane composed of In & and
temperature [27].

According to the peak values for the power
dissipation coefficient in the powder dissipation diagram,
the best processing area, including processing
temperature and deformation rate, can be determined.
However, some high dissipation coefficients correspond
to high degrees of damage, such as superplastic
deformation or fracture of particles. In view of this, the
instability criterion, based on the extreme principles of
irreversible thermodynamics, is introduced as a
continuum criterion for the occurrence of flow
instabilities. This criterion is defined in terms of another
dimensionless parameter &( &) [28].
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When &(¢) <0, the system is not stable and moves
into the flow instability region. The rheological
instability map can be obtained by drawing the contour
map in the two-dimensional plane composed of In & and
temperature. Thus, the processing map is constructed by
superimposing the instability map on the power
dissipation map [29].

Based on the above principle, the processing maps
of as-sintered CNT/Al-Cu composites at strains of 0.1,
0.2,0.3, 0.4, 0.5, and 0.6 are derived, as shown in Fig. 2.
The contour numbers represent the efficiency of power
dissipation and the gray parts correspond to instability
regions. The maps obtained at different strains differ
significantly and indicate that strain has a strong
influence. The instability area is small at all strains,
especially at a strain of 0.1. When the strain is higher
than 0.1, instability areas easily occur at low
temperatures and strain rates. Another instability area
exists within the temperature range of 450—550 °C and
strain rate range of 0.05—0.36 s ! at strains of 0.2, 0.3,
and 0.4. The area within the temperature range of
450-550 °C and strain rate range of 0.001-0.005 s
becomes an instability region at strains of 0.4 and 0.5.
The deformation temperature and strain rate for the peak
value of the power dissipation efficiency in the safe
working area are next selected as the optimal processing
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Fig. 2 Processing maps of as-sintered CNT/Al—Cu composites at different strains: (a) 0.1; (b) 0.2; (¢) 0.3; (d) 0.4; (e) 0.5; (f) 0.6
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parameters for thermal deformation. A clear domain
exhibiting the peak efficiency of power dissipation
occurs within the temperature range of 375—425 °C and
strain rate range of 0.4—10 s”'. Moreover, it can be seen
that another safe working area with a high power
dissipation efficiency exists when the deformation
temperature is 550 °C. When the strain is 0.6, as shown
in Fig. 2(f), the instability region is in the temperature
range of 300—370 °C and strain rate range of 0.001—
0.3 s”'. Two optimum processing domains are therefore

obtained, one is in the temperature range of 375-425 °C
and strain rate range of 0.4—10 s with peak efficiency of
15%, and the other is in the temperature range of
525-550 °C and strain rate of range 0.02—10 s ' with
peak efficiency of 15%.

3.3 Microstructural analysis

The microstructure of the initial composite is shown
in Fig. 3. From the SEM image in Fig. 3(a), two types
of second phases indicated by the white and black arrows

B e
0 20 40 60 80 100 0 20 40 60 80 100

Distance/pm

Fig. 3 Initial microstructures of as-sintered CNT/Al-Cu composites: (a) Scanning electron microscopy (SEM) image; (b) Electron
backscatter detection (EBSD) image; (c) Energy dispersive spectroscopy (EDS) line scan results across indicated line;
(d) Transmission electron microscopy (TEM) image; (e, f) High-resolution TEM images of carbide nanorods and CNTs, respectively
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respectively clearly exist, strip- and particle-like, that
precipitated from the Al matrix. The strip-like phases
disperse in the matrix uniformly, while particle phases
appear to aggregate. According to the EDS line analysis
results (Fig. 3(c)), the strip-like phases contain Al, Cu,
and Fe elements, while the particle-like phases contain
Al and Cu elements. Some voids appear after sintering,
indicating that the composites are not dense enough.
From the EBSD results (Fig. 3(b)), it is found that grains
are elongated, which may be caused in the FPM process.
In addition, the grain size of the matrix is 200—400 nm.
From TEM analysis, we can also identify some rod-like
phases in the Al matrix, of which some are shortened
CNTs attributed to significant fracturing during the
milling process as indicated by the white arrow in
Fig. 3(d), while others are Al,C; formed by reactions of
Al with the CNTs, as indicated by the red arrow in
Fig. 3(d). Figures 3(e) and (f) show HRTEM images of
Al,C; and CNTs, respectively, indicating that both
AlLC;—Al and CNT-Al are densely bonded. The
observed uniformly dispersed rod-like phases are
favorable for the comprehensive performance of these
materials. The multilayer structures caused by flake
powder metallurgy are also observed by TEM (Fig. 3(d)),
the thickness of the flake is about 400 nm. The rod-like
phases on the Al flakes hinder the growth of Al grains,
insulting the grains are small and elongated.

The microstructure of the composites, which can be
significantly affected by hot processing, will influence
their mechanical properties. Therefore, it is necessary to
research the effects of thermal processing parameters on
the microstructures of the as-sintered CNT/Al-Cu
composites. studies have shown that
deformations are usually concentrated at the center of
hot-compressed specimens, and that the microstructures
can be highly variable among different regions [30].
Figure 4 shows the microstructures of different parts of
as-sintered CNT/Al—Cu composites with a strain of 0.6
synthesized at 350 °C and a strain rate of 0.1 s . Severe
deformation occurs at the center of the specimen, and
this deformation gradually decreases from the center to
the surface of the cylinder. In addition, cavities disappear
at the center, while they remain at the edge; this
illustrates that the central part of the material is denser
than the edge after compressive deformation. Stress
produced during deformation crushes the strip-like
phases and causes dispersion of the particle-like phases.
Table 1 shows the widths of the deformation regions due
to stress/strain coordination. An increase in the width of
the large deformation region, which implies that the
deformation is more and more uniform, occurs upon
increasing the loading strain rate and decreasing the
deformation temperature. Thus, the flow stress increases
with the strain rate at a specific deformation temperature,

Previous

Fig. 4 Microstructures of different zones for as-sintered CNTs/Al-Cu composites at 300 °C and 0.1 s ': (a) Upper zone of central

area 1; (b, ¢, d) Lower zone of central areas 1, 2 and 3, respectively



Chun-hong LI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1695—1704 1701

Table 1 Widths of deformation regions of CNT/Al-Cu
composites deformed under varying conditions

Width/mm
Temperature/°C = - 5
0.001 s 0.1s 10s
300 1.49 1.60 1.91
450 0.66 1.05 1.66

but decreases with increasing temperature at a distinct
strain rate. These results are consistent with the
stress—strain curves above.

Figure 5 shows typical images of the second phases
under different deformation conditions. After hot
deformation, the two types of second phases are sheared
due to deformation stress. Figure 5(a) shows the
distribution and size of second phases deformed at
300 °C and 0.001 s, which are located in the instability
region. It can be seen from Fig. 5(a) that the phases are
relatively coarse and that particles formed agglomerates
in the matrix. The inhomogeneous distribution of these
large particles is an adverse process during hot
deformation, contributing to the instability domains at
low deformation temperatures and strain rates. With an
increase in temperature, these coarse second phases
gradually dissolve into the matrix, leading to a decrease
in the number of particle-like and strip-like phases.
Meanwhile, fine phases that may form during hot
deformation are uniformly dispersed in the matrix, as
shown in Fig. 5(b) in samples deformed at 400 °C and
10 s™'. When the temperature reaches 550 °C, the coarse
second phases disappear and the number of finer phases
increases, as shown in Fig. 5(c). The homogeneous
distribution of fine particles is a beneficial process
during hot deformation. Therefore, stability domains
occur at 400 and 550 °C at a strain rate of 10 s

The TEM images and EBSD maps at the center
zone of specimens under different deformation
conditions are shown in Figs. 6 and 7. Figures 6(a) and
(b) show the TEM microstructures of composites
deformed at 300 °C and 0.001 s™'. The initial grains
contain a high density of tangled dislocations, dislocation
walls, and some sub-grains that generate by the
movement of the dislocations and dislocation walls. The
boundaries of the initial grains are nearly straight. The
observed microstructure is a typical dynamic recovery
structure. From the processing map, this domain belongs
to the instability region. Therefore, deformation
temperatures and strain rates in the instability domain
should be avoided during hot deformation. As the strain
rate increases, the amount of dislocations increases as
well, and the accompanying increase in defect density
increases the flow stress. The amount of stored energy
increases with an increase in deformation temperature,
leading to sufficient mobility of the dislocations. Thus,

S gn

Fig. 5 Typical images under different deformation conditions:
(a) 300 °C, 0.001 s '; (b) 400 °C, 10s™"; () 550 °C, 10 s

some dislocations are annihilated by climbing and
cross-slipping that occurs upon increasing the
temperature, and the dislocation density decreases, as
shown in Figs. 6(c) and (d), leading to a low flow stress.
Meanwhile, the dispersions including CNTs, ALC; and
Al—Cu intermetallic serve as obstacles to hinder the
movement of dislocations and pinned the motion of grain
boundaries, and decrease the tendency for activation of
softening mechanism as EZATPOUR et al [31,32]
mentioned. When the temperature rises, the
re-dissolution of the second phase particles leads to a
decrease tendency of second phases. The obstacle of
dislocations and grain boundaries
weakened and the tendency for activation of softening
mechanism increase. Hence, dynamic recrystallization is
easy to occur during high deformation temperatures.
Figures 6(c) and 7(a) show the TEM image and
EBSD map of samples deformed at 400 °C and 10 s,

movement is
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- Initial grain boundry

Fig. 6 TEM images of as-sintered CNT/Al-Cu composites after deformation under varying conditions: (a, b) 300 °C, 0.001 s ;

(c) 400 °C, 10s™"; (d) 550 °C, 10 s™!

L
3
-

Dislocation wall

1

Fig. 7 Inverse pole figure (IPF)—colored electron backscatter detection (EBSD) maps under different deformation conditions:

(a) 400 °C, 10s™"; (b) 550 °C, 10 5"

indicating that the dislocation density decreases
significantly. The original microstructure is replaced by a
recrystallized microstructure and grains are refined.
When the deformation temperature is increased further
to 550°C, the microstructure also becomes a
recrystallization microstructure, while size of some
grains increases, as shown in Figs. 6(d) and 7(b).
Dynamic recrystallization is a beneficial process during

hot deformation. Thus, the deformation conditions of 400
and 550 °C at 10 s ' belong to the optimum processing
domains, which is in good agreement with the prediction
based on the hot processing maps in Fig. 2. From the
TEM images, we identify that several rod-like phases are
uniformly dispersed in the Al matrix after hot
deformation, as indicated by the blue thick arrows in
Figs. 6(c) and (d).
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4 Conclusions

1) The grains of as-sintered composites of carbon
nanotubes (CNTs) and Al with 4% Cu (Al-Cu),
fabricated by flake powder metallurgy, are hindered
effectively by CNTs or Al,C;. The grain size of the
matrix is 200—400 nm and the composites have a
multilayer structure.

2) In the temperature range of 300—550 °C and
strain rate range of 0.001-10 s', flow stress increases
with increasing strain rate at a specific deformation
temperature, while it decreases with increasing
temperature at a specific strain rate. The strain has a
significant effect on the processing maps, and the
optimum processing domains are at 375—425 °C and
0.4-10 s as well as at 525-550 °C and 0.02-10 s™'
when the strain is 0.6.

3) The second phases are crushed and particle-like
phases disperse at the center zone of the specimens after
deformation. With increasing temperature, the particle
size decreases and particles are distributed uniformly,
which benefits the deformation and mechanical
properties. Dynamic recrystallization easily occurs at the
presented optimum processing domains, while the initial
grains contain a high density of tangled dislocations and
dislocation walls in the instability domains.
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