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One of the most desired strengthening mechanisms in the carbon nanotube reinforced aluminum matrix
composites (CNT/Al) composites is the load transfer strengthening mechanism (LTSM). However, a fun-
damental issue concerning the LTSM is that quantitative measurements of load partitioning in these
composites during loading are very limited. In this study, in-situ neutron diffraction study on the tensile
deformation of the 3 vol.% CNT/2009Al composite and the unreinforced 2009Al alloy was conducted. The
{311} and {220} diffraction elastic constants (DECs) of the 2009Al alloy were determined. Using those
DECs the average stress in the 2009Al matrix of the composite was calculated. Then the average stress
in the CNTs was separated by using the stress equilibrium condition. Computational homogenization
models were also applied to explain the stress evolution in each phase. Predicted results agree with
experimental data. In the present case, the average stress in the CNTs reaches 1630 MPa at the yield
strength of the composite based on linear regression of the measured data, which leads to an increment
of yield strength by about 37 MPa. As the result of this work, an approach to quantify load partitioning
in the CNTs is developed for the CNT/Al composites, which can be applied to optimize the mechanical

properties of the composites.
© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

tence of load transfer strengthening mechanism (LTSM) via in-situ
tensile test of a CNT/pure-Al composite based on field emission

Carbon nanotubes (CNTs), due to their superior mechanical
properties, low density and good physical properties, are consid-
ered to be an ideal reinforcement for metal matrix composites
(MMCs). CNTs reinforced aluminum (CNT/Al) composites are con-
sidered to be good candidate materials for widespread engineering
applications, because of their excellent mechanical properties, good
plastic formability and machinability [1-4].

A thorough understanding of the strengthening mechanisms at
microscale is important for optimizing the mechanical properties
of the CNT/Al composites, as well as the manufacturing process.
George et al. [5] pointed out that three strengthening mechanisms
exist in the CNT/pure-Al composites, which are thermal mismatch,
Orowan looping and load transfer. Chen et al. [6] verified the exis-
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scanning electron microscopy (SEM) technique. Later, Zhou et al.
[7] also proved the existence of LTSM [7]. The shear strength of
CNT/pure-Al interface was found to be about 24.8 MPa [7]. Besides
the above mechanisms, grain refinement also caused significant
strengthening effect in the CNT/Al composites [2,8-11].

Among all the potential strengthening mechanisms, the LTSM
is the most desired one because it increases both the stiffness and
the strength of the composites [12,13]. Meanwhile, the superior
mechanical properties of the CNTs can only be utilized via the LTSM.
However, the LTSM is not well understood yet. One fundamen-
tal issue of the LTSM is that quantitative measurements of load
partitioning in these composites during loading are very limited
[14].

In-situ synchrotron X-ray diffraction and neutron diffraction are
novel experimental methods to analyze phase specific strains or
stresses in engineering materials. These methods have been applied
to investigate phase specific load partitioning in multi-phase mate-
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rials [15-21], e.g. the SiC continuous fiber/Ti-6Al-4 V composite
[15], the NiTi fiber/6082Al composite [16], and the TRIP steels [21].
In most of previous investigations, calculation of load partitioning
in a phase relies on the directly measured reflections of this phase
from synchrotron X-ray diffraction or neutron diffraction.

For CNT/metal composites, it is almost impossible to obtain clear
reflections of the CNTs using synchrotron X-ray diffraction or neu-
tron diffraction for strain determination [10,22,23], because of the
following facts. First, the content of CNTs in MMCs is usually small,
e.g. lower than 5 vol.% in the CNT/AI composites [24]. Second, CNT
is a nano-sized phase that leads to a significant peak broadening
effect. Third, only when the normal direction of {002} crystal plane
of CNT is parallel to the diffraction vector, the diffraction peak can
be detected [25]. Therefore, it is challenging to determine the stress
in the CNTs via diffraction methods directly.

In order to reveal the LTSM in the CNT/Al composites, we devel-
oped an approach to determine the average stress in the CNTs.
In-situ neutron diffraction study on the tensile tests of the 3 vol.%
CNT/2009Al1 composite and the unreinforced 2009Al alloy were
performed. The average stresses in the 2009Al matrix and the
CNTs were separated. Representative volume element (RVE) based
computational homogenization models were employed to simulate
stress evolution in the composite.

2. Experimental
2.1. Fabrication of composite

The CNT/2009AI1 composite was manufactured via a combined
process of (a) powder metallurgy (PM), (b) hot forging, (c) fric-
tion stir processing (FSP) and (d) rolling. The as-received multi-wall
CNTs had 10-15 nm diameter and ~5 pm length. 3 vol.% CNTs were
mixed with 2009Al alloy powders with an average 10 wm diameter
via a bi-axis rotary mixer at 50 rpm for 8 h with a ball to powder
ratio of 2:1. The mixed powders were cold compacted using a cylin-
der die, degassed to vacuum of 5.0 x 10~3 Pa and hot-pressed at
580 °C into cylindrical composite billet with 75 mm diameter and
75 mm height. An unreinforced 2009Al alloy billet with the same
dimension was manufactured using the same PM parameters.

The alloy and the composite billets were hot forged at 450 °Cinto
about 10 mm thick disc-plates. The forged plates were machined to
a thickness of about 8 mm and subjected to overlapping FSP under
a traveling speed of 50 mm/min and a rotation rate of 1000 rpm.
The FSP tool with a concave shoulder 20 mm in diameter and a pin
8 mm in diameter and 6.5 mm in length was used. The tool offset
was 2.8 mm between two adjacent FSP passes.

The FSP zones were taken out by machining the surrounding
materials away, and then were hot rolled into 1 mm thick sheet at
480 °C along the FSP traveling direction. The rolling reduction for
each rolling pass was less than 20 %. After each rolling pass, the
CNT/2009Al composite and the 2009Al alloy were annealed at 480
°C for about 30 min. The rolled 2009Al and 3 vol.% CNT/2009Al
composite sheets were then heat treated to T4 condition (solu-
tion treated at 495 °C for 1 h, water quenched and naturally aged
for 7 days). More details about fabrication of the CNT/Al compos-
ites using this combined process were reported in our previous
investigations [3,10,26,27].

2.2. Transmission electron microscope and electron backscatter
diffraction observation

The TEM specimens with a diameter of 3 mm and a thickness of
0.5 mm were cut from the 2009Al alloy and the composite. After
mechanical grinding to about 15 pm, the thin foils were subjected
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Fig. 1. Geometry and size (mm) of samples: (a) for ex-situ tension tests; (b) for
in-situ neutron diffraction.
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to ion bombardment for the final thinning. The microstructure
characterization was performed on an FEI Tecnai F20 TEM.

Grain structure of the 2009Al alloy was analyzed by electron
backscatter diffraction (EBSD) on a ZEISS SUPRA 55 SEM. The speci-
men for EBSD was prepared by grinding and mechanical polishing,
followed by electro-polishing in a solution with 10 % perchloric acid
and 90 % alcohol at —25 °C and 15V for 1 min.

2.3. Ex-situ tensile tests

Specimens cut from the 2009Al alloy and the composite were
used for ex-situ tensile tests in an Instron-5582 tensile machine at
room temperature, with a constant strain rate of 1 x 10-3 s”!, Exten-
someter was used to measure the tensile strain data. The geometry
and size of the ex-situ tensile specimens are shown in Fig. 1(a).

2.4. In-situ neutron diffraction

In-situ neutron diffraction during tension was conducted
at the neutron diffractometer STRESS-SPEC of FRM II. The Si
monochromator was selected using the {400} reflection yielding
a wavelength of A =1.67 A for neutron diffraction. The slit on the
incident beam side was 2 mm x 10 mm.

For each type of material, one specimen was used to measure the
Al {200} reflection at scattering angle 45°, and another specimen
was used to measure the Al {220} reflection at scattering angle 72°
and the Al {311}, {222} reflections were at scattering angle 89°. The
details about the specimens for in-situ neutron diffraction are listed
in Table 1. The geometry and size of the in-situ neutron diffraction
specimens are shown in Fig. 1(b). Strains are extracted from the
variations of peak positions.

Aload frame with aload capacity of 50 kN was located horizon-
tally on the sample table. The uniaxial tensile tests were performed
at room temperature to a strain of about 5%. During in-situ neutron
diffraction, all tensile tests were performed in load control (stress
holding) mode in the elastic deformation stage, following by dis-
placement control (strain holding) mode at a constant strain rate
of 1 x 103 s”1. Macroscopic strains were detected using an Instron
dynamic extensometer. The in-situ neutron diffraction setup is
shown in Fig. 2(a). A neutron diffraction pattern of S3 sample at
20 = 89° prior to loading is shown in Fig. 2(b), which shows the Al
{311} (high intensity) and {222} (low intensity) reflections.
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Table 1
In-situ neutron diffraction samples and the measured reflections.

Material name, Samples Measured reflections of 2009Al Scattering angle, 260
heat treatment
{311}, {222} 89°
2009Al alloy, T4 s1 (220} 72¢
S2 {200} 45°
{311}, {222} 89°
3 vol.% CNT/2009Al composite, T4 s3 (220} 720
4 {200} 45°

Fig. 2. In-situ neutron diffraction experiment: (a) setup of experiment, where an extensometer was bound on the sample using two black rubber bands; (b) a neutron

diffraction pattern.

2.5. Measurement of texture using neutron diffraction

The textures of the 2009Al alloy and the 3 vol.% CNT/2009Al
composite were also measured at STRESS-SPEC at MLZ (Garching,
Germany). The Ge monochromator was selected using the {311}
reflection yielding a wavelength of A =1.68 A for the neutron diffrac-
tion. The Al {111} and {200} complete pole figures were measured.
The orientation distribution function (ODF) was calculated using a
series expansion method with an expansion degree of Lyax = 28.

3. Computational homogenization

Two RVEs of the 3 vol.% CNT/2009Al composite were gener-
ated via the software GeoDict (Math2Market GmbH, Germany), as
shown in Fig. 3. In the Fiber RVE (Fig. 3(a)), all the CNTs were mod-
eled by generally aligned fibers. In the Fiber-Sphere RVE (Fig. 3(b)),
1.5 vol.% CNTs are modeled by aligned fibers and 1.5 vol.% CNTs are
modeled by spheres. The spheres were used to model the CNT clus-
ters. The size of the RVEs was 300 nm x 300 nm x 300 nm. The CNT
fibers had a length of 200 nm and a diameter of 15 nm. The CNT
spheres had a diameter of 60 nm. The RVEs were discretized into
uniform voxel meshes 3 nm in voxel size. Therefore, the meshed
RVEs had 100 x 100 x 100 uniform voxels.

The computational homogenization was based on the solution
of the following boundary value problem:

V.o=0 xeVY 1)
x € dY (2)

u=£&.x+u*,

where Eq. (1) is the equilibrium equation with obeing the Cauchy
stress tensor. Eq. (2) describes the periodic displacement u at point
x belonging to the boundary dY, and the fluctuation u* is periodic.

Table 2
Material parameters used for simulation in the present study.
Material Parameters Value
Initial yield strength, oo 385.0 MPa
2009Al Isotropic hardening modulus, H 700.0 MPa
Young’s modulus 72.4 GPa
Poisson’s ratio 0.33
CNT Young’s modulus 750.0 GPa
Poisson’s ratio 0.20

Y denotes the computational domain, and dY the boundary of the
computational domain. The tensor & was set as

0 0 O
E=|0 v o], (3)
0 0 O

where ¥ increases linearly from O to a target constant (e.g. 0.05 in
the present work). In this work, we adopted the periodic boundary
conditions because they are known to provide high accuracy of the
target properties even with small RVEs [28].

The 2009Al matrix was modeled by a time-independent J>-type
elasto-plastic constitutive law with an isotropic hardening rule that
reads [29]

o(¢)=o0¢+Hg, (4)

where ¢is the accumulated plastic strain, op the initial yield
strength, and H the isotropic hardening modulus. The material
parameters of the 2009AI matrix are listed in Table 2.

The CNTs were modeled by a linear elastic constitutive law.
The ideal Young’s modulus of single-walled CNTs is up to 1000
GPa [30,31], and that of multi-walled CNTs ranges from 270 to
950 GPa [32]. It is noted that the Young’s modulus of the CNTs
depends on both the types and the number of defects [33,34]. In
the present work, the CNTs were partially damaged during man-
ufacturing. Therefore, a reasonable value of 750 GPa was set for
the Young’s modulus of multi-walled CNTs. The Poisson’s ratio of
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Fiber-Sphere

Fig. 3. RVEs used for simulation of 3 vol.% CNT/2009Al composites: (a) all CNTs are modeled by generally aligned fibers, named as Fiber RVE; (b) 1.5 vol.% CNTs are modeled
by aligned fibers and 1.5 vol.% CNTs are modeled by spheres, named as Fiber-Sphere RVE.

Fig. 4. Grain structure of the 2009Al alloy determined via EBSD.

CNTs was set to 0.20 [35]. In the present model, the CNTs (fibers in
Fig. 3(b)) and the CNT clusters (spheres in Fig. 3(b)) are modeled by
the same elastic constitutive law.

The computational homogenization model was solved by
ABAQUS. During post processing, the averaged stresses in the
2009Al1 matrix (0)2009a and CNTs (o)cnts are calculated via the
following homogenization method

1
(0)i = [ odo, (5)

iJa,
Vi=/dw, (6)
;

S = / av., (7)
i Y

where V; is the phase volume, w; the phase domain, and i = 2009Al
or CNTs.

4. Results and discussion
4.1. Microstructures

The grain structure of the 2009Al alloy is shown in Fig. 4. Gen-
erally, the grains had elongated shape with long axis parallel to the

rolling direction. The average length and width of the grains were
178.3 and 91.1 wm, respectively. In Fig. 4, a large grain with 2151.3
pm length and 619.6 pwm width was observed, which formed due
to recrystallization during annealing treatment.

Fig. 5(a) shows that the grain size of the matrix in the 3 vol.%
CNT/2009Al composite was from ~0.1 to ~0.4 pm. It can be seen
that the CNTs caused significant grain refinement, agreeing with
previous works [2,10,23,36]. The CNTs distribution in the compos-
ite is shown in Fig. 5(b). The CNTs were cut into short nanotubes
with lengths from ~0.1 to ~0.3 wm. The dispersed CNTs aligned
along the rolling direction (RD) generally. In addition, some CNT
clusters were observed, which had an average diameter of about
60 nm.

4.2. Textures

Fig. 6 shows the calculated ODF ¢; — @ (Bunge notation [37]) at
three ¢, values (0°, 45° and 65°). It can be seen that both materials
had three texture components, including the Brass {110}<112 >, the
S {123}<643> and the Rotated Cube {001}<110> components. The
Brass {110}<112> and the S {123}<643> components are charac-
teristic rolling texture components in the FCC metals. The Rotated
Cube {001}<110> component is a characteristic recrystallization
texture component in the FCC metals.

The intensities of three texture components had some dif-
ferences between the alloy and the composite. The alloy was
dominated by the Brass {110}<112> deformation component with
peakintensity of 14.7 MRD, while the S {123}<643> and the Rotated
cube {001}<110> components were relatively weak. The composite
was dominated by the Rotated cube {001}<110> recrystallization
component with peak intensity of 4.6 MRD. Meanwhile, the other
two texture components were also strong. These results revealed
that the addition of CNTs stimulated the recrystallization in the
composite during the annealing treatments between rolling passes.

4.3. Macroscopic true stress-strain curves

The macroscopic stress—strain curves of all in-situ tensile speci-
mens are shownin Fig. 7(a). A typical stress relaxation phenomenon
was observed in all specimens during neutron diffraction mea-
surement period with strain holding. Such a stress relaxation
phenomenon can also be found in other in-situ neutron diffrac-
tion experiments during strain holding [38,39]. Fig. 7(b) shows
the average stress—strain curves during in-situ neutron diffraction,
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Fig. 5. TEM images of the 3 vol.% CNT/2009AIl composite: (a) grain structure; (b) CNT distribution.
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stress—strain curves from ex-situ experiments (N1 and N2), and the simulated curves.
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Fig. 8. Comparison of work-hardening rate during plastic deformation as a function of true strain between the 2009AI-T4 sample N1 and the 3 vol.% CNT/2009AI-T4 sample

N2.

as well as the stress-strain curves measured via ex-situ tensile
tests, denoting by “2009Al-T4, N1” and “3 vol.% CNT/2009AI-T4,
N2”, respectively. Similar to the Ref. [40], the average stress—strain
curves were obtained through time-average method. It can be seen
that with the addition of CNTs the average increase in the yield
strength of the composites was about 180 MPa. Fig. 7(b) reveals
that the elongation of the N1 2009Al alloy specimen was 15 %, while
that of the N2 composite specimen was reduced to 10 %.

The stress-strain curves predicted by the computational
homogenization model are also plotted in Fig. 7(b). The predicted
stress—strain curve based on the Fiber-Sphere RVE matched with
the measured curves of the composite specimens, especially the S3
specimen. The predicted stress-strain curve based on the Fiber RVE
was about 18 MPa higher than that predicted by the Fiber-Sphere
RVE.

Fig. 8(a) shows that the work hardening rate of the 2009Al
alloy decreased continuously with increasing the applied strain.
Differently, Fig. 8(b) shows that the work hardening rate of the com-
posite had abnormal characteristics, which was determined from
the fluctuation of stress-strain curve of the composite, i.e. “3 vol.%
CNT/2009Al1-T4,N2” in Fig. 7(b). Similar fluctuations of stress-strain
curves were also reported in previous works [3,41]. This behavior
is probably caused by local plastic deformation due to the fine grain
size. As observed in previous works [42-44], local plastic deforma-
tion, e.g. the Portevin-Le Chatelier band, is favored in Al alloys with
submicron grains. As pointed out by Yilmaz [43], the mechanism of
the Portevin-Le Chatelier band is quite complex, which is related
to the dislocation-dislocation interaction or the dislocation-solute
interaction.

According to the characteristics of the work hardening rate
curve, the plastic deformation of the composite can be divided
into three stages: stage I from strain 0.07%-1.5%, stage Il from
strain 1.5%-3.0%, and stage IIl after strain 3.0 %, as marked in
Fig. 8(b). The work hardening rate of the composite in stage I
had small variation. The corresponding stress—strain curves of the
composite specimens S3, S4 and N2 in Fig. 7(b) exhibited a stress
plateau in stage I. In stage II, the work hardening rate curve had
three major peaks [42,43,45]. In stage III, the work hardening rate
exhibited low values with multiple peaks. According to those char-
acteristics, local plastic deformation occurred in the composite
[44,46].

4.4. Lattice strains, stress partition and load transfer mechanism

Fig. 9 shows the lattice strains in the 2009Al alloy and the
2009AI matrix of the composite as a function of the applied strain.
The lattice strains in the 2009Al matrix were higher than those
in the 2009Al alloy. This indicates higher strength of the 2009Al
matrix. Fig. 9(a)-(d) shows that the lattice strains of the 2009Al
alloy increased continuously after yielding. However, in the 2009Al

matrix the lattice strains decreased after the yielding point until the
applied strain of 1.5 %. The drop of the Al {311} lattice strain was
larger than those of the {220} and {222} lattice strains (Fig. 9(b) and
(c)). This reveals an anisotropic microscopic plastic deformation
behavior.

Recalling the three plastic stages of the composite (Fig. 8(b)), the
reduction in lattice strains in Fig. 9 was attributed to local plastic
deformation in stage I. Recently, Zhang et al. [44] also observed
a significant reduction in the austenite {311} lattice strain in a
medium-Mn steel due to the propagation of Liiders band.

To characterize the LTSM quantitatively, the stresses in the
2009A1 matrix and the CNTs need to be separated. For this purpose,
appropriate reflections of the 2009Al matrix need to be selected.
Previous theoretical work by Clausen et al. [47] has shown that the
{311} lattice strain and the applied stress have a linear relationship
during both elastic and plastic deformation in FCC alloys. For this
reason, the {311} reflection is the most recommended one for char-
acterizing stresses and strains for FCC alloys. Other recommended
reflections for FCC alloys are the {422} and {220} reflections. In con-
trast, the {200} reflection is problematic for FCC materials because
it is measured at a small diffraction angle and is strongly affected
by intergranular strains [47,48].

It should be noted that the approximate linear response of
the recommended reflections to the applied stress is not always
valid during plastic deformation, especially in multiphase mate-
rials (like composites). The nonlinearity is mainly caused by load
transfer from the soft and compliant phase (usually the matrix) to
the stiff and hard phase (usually the reinforcement) [18,21]. Com-
pared with the materials including large sized reinforcements (e.g.
larger than several microns), the materials including nano-sized
reinforcements have stronger nonlinearity in the lattice strain vs.
applied stress curve of recommended reflections. For instance, in
an Fe-Cr-Ni-Al-Ti alloy strengthened by nano-sized hierarchical-
Ni2TiAl/NiAl particles, the slope of the recommended reflection
{110} for the BCC structured ferritic matrix changed significantly
during plastic deformation, with the partitioned load in the nano-
sized particles increasing rapidly [49].

As shown in Fig. 10(a), the {311} lattice strain vs. applied stress
curve of the 2009Al alloy had an ideal linear relationship during
elastic deformation and a slightly nonlinear relationship during
plastic deformation. The {311} lattice strain vs. applied stress curve
of the 2009Al matrix (S3 specimen) had a linear relationship dur-
ing elastic deformation and a strong nonlinear relationship during
plastic deformation. In the elastic stage, at the same applied stress
the {311} lattice strain in the 2009Al matrix was lower than that in
the 2009Al alloy, proving the existence of the load transfer mecha-
nism. Besides, Fig. 10(a) reveals that for the 2009Al matrix the slope
of the curve increased when the applied stress increased from 309
to 432 MPa. This phenomenon was caused by the onset of local
plastic deformation.
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Fig. 9. Lattice strain vs. applied strain curves of the 2009Al alloy and the 3 vol.% CNT/2009AI composite. Error bars of the measured lattice strains are shown for all curves.

Based on the datain Fig. 10(a), the average stresses in the 2009Al
matrix and the CNTs can be separated. The average stress in the
CNTs can be calculated based on the diffraction elastic constants
(DECs) and the stress equilibrium condition. For uniaxial defor-
mation of homogeneous alloys, the lattice strain &(nky along the
loading direction (LD) of {hkl} lattice plane relates to the applied

stress o'P and the DEC E}-Eld} as [50,51]:
LD
LD o
E{hkty = EID (8)
{hki}

From Eq. (8), the DEC ELP

(ki) of the 2009Al alloy can be calculated

easily via
LD
LD o
E{hkl} ) (9)
{hki}

The 2009Al alloy and the 2009Al matrix in the CNT/2009Al com-
posite should have the same DEC for the same {hkl} lattice plane,
because they have the same chemical composition and almost the
same texture. In addition, the elastic anisotropy of Al is weak, which
could reduce the influence of texture. Therefore, the {311} DEC of
the 2009Al alloy should be identical to that of the 2009Al matrix in
the composite. Based on this assumption, the average stress in the
2009Al matrix of the composite can be evaluated approximately.

The {311} DEC of the 2009Al alloy was determined by linear fit-
ting of the applied stress vs. lattice strain data of the alloy, as shown

in Fig. 10(a). The determined E}-3D“} of the 2009Al alloy was 72.36

GPa, which was very close to the macro Young’s modulus for Al
alloys, in accordance with Ref. [52]. Similarly, the {220} DEC of the
2009Al alloy was determined to be 70.81 GPa, as shown in Fig. 10(b).
Fig. 10(c) and (d) shows the Al {222} and {200} lattice strains with
respect to the applied stress. At the same applied stress, the {222}
and {200} lattice strains in the 2009Al matrix of the composite
were generally smaller than those in the 2009Al alloy, proving the
existence of the LTSM.

With the determined E{L?n} and E{lejzo}

age stress in the 2009Al matrix of the composite, cAl'Matrix can be
calculated by

Al-matrix _ pLD
o = E & 1kiy (10)

, subsequently, the aver-

The determined values of oAl"matrix hased on the Al {311} and
{220} reflections are plotted by the black short dashlinein Fig. 10(a)
and (b), respectively.

The average stresses in the 2009Al matrix oAl"matrix and CNTs
oNT have a relation to the total applied stress of the composite
along the loading direction, o™t which is called the stress equi-
librium condition

UTotal — (1 _ VCNT) O,Al—matrix + VCNTO.CNT (1 1)

where Vepr is the volume fraction of CNTs. Now, the average stress
in the CNTs can be extracted by

1
oONT _

=7 [O.Total _ (—1 — Venr) O.Al—matrix] (12)
CNT

The average stresses in the CNTs 0“NT determined based on the
measured Al {311} and {220} lattice strains are plotted in Fig. 11(a).
The determined values of c™T based on the Al {311} and {220} lat-
tice strains were very close to each other. In order to minimize the
errors, the determined values of oNT were linearly fitted. The fitted
line in Fig. 11(a) indicated that the average stress in the CNTs oNT
reached 1630 MPa at the yield strength (432 MPa) of the composite.

The average stress in the CNTs can also be calculated from
the RVE based computational model. The predicted average stress
in the CNTs using the Fiber-Sphere RVE is shown in Fig. 11(a),
which agreed well with the measured stress in the CNTs o™NT,
As expected, the predicted average stress in the CNTs based on
the Fiber RVE was higher because stronger load transfer effect can
be captured in this model. Moreover, both predicted stress-strain
curves (Fig. 11(a)) from the computational homogenization model
show that after macroscopicyielding, the average stress in the CNTs
increased rapidly. This dramatic stress increase behavior of the
reinforcements during plastic deformation was also observed in
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Fig. 11. Load transfer mechanism in the 3 vol.% CNT/2009Al composite: (a) average stress in CNTs; (b) stress increment of the composite during elastic deformation stage.

the (Al,03+Si)/Al composite through synchrotron X-ray diffraction
experiment [53].

Due to load transfer from the 2009Al matrix to the CNTs, the
average stress in the composite increases. The stress increment of

the composite due to the CNTs, oSN, can be calculated simply
by

CNT _ ~Total Al-matrix
Ostrelncre = @ -0

(13)

The calculated values of NI based on the Al {311} and
{220} reflections are shown in Fig. 11(b). The scattered data were
then linearly fitted, indicating that the yield strength of the 3 vol.%
CNT/2009Al composite increased about 37 MPa due to the LTSM.

For cylindrical fibers or whiskers reinforced composites, the
yield strength of the composites 0%, can be estimated based on
the modified shear lag model by [54]

y [s+2

0¥om = Oima Tvre'i‘(l — Vre) (14)

where o7, denotes the yield strength of the matrix, s the aspect
ratio of the reinforcement, V. the volume fraction of the reinforce-

ment. From Eq. (14), one can easily calculate the contribution of the
LTSM Aoy, by

1
Aoy = Ugom - 013413 = iamavres

(15)

Eq. (15) shows that with a given yield strength of the matrix
the increase in yield strength of the composite due to load transfer
depends on the volume fraction and the aspect ratio of the CNTs. If
the CNTs are well dispersed in the Al matrix, have large aspect ratio
and bond with the Al matrix well, the load transfer effect should be
stronger.

The average stresses in the matrix determined via Eq. (10)
as a function of the applied strain are shown in Fig. 12, which
were calculated based on the measured Al {311} and {220} lattice
strains. Furthermore, the corresponding predicted average stress
vs.applied strain curves are also shown in Fig. 12. Exceptin the early
plastic deformation stage the two experimental curves coincided
to each other. Generally, the predicted average stress vs. applied
strain curves agreed with the experimental curves. As expected, the
predicted curve based on the Fiber RVE was lower than that based
on the Fiber-Sphere RVE because stronger load transfer effect was
captured in the Fiber RVE model.
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The predicted Mises stress fields in each phase of the two RVEs
are shown in Fig. 13. At least three features can be observed. Firstly,
as shown in Fig. 13(a) and (c), the stress concentration position in
the matrix was located near the CNT ends. The Mises stresses in
the matrix near the middle of the CNTs were relatively smaller.
Differently, as shown in Fig. 13(b) and (d), in the CNTs, the stress
concentration position was located near the middle of length, while
the stresses near the CNT ends were relatively smaller. Such het-
erogeneous distribution of stress was mainly caused by the LTSM
[54]. Secondly, Fig. 13(a) and (c) show that the Mises stresses in
the gray colored regions were smaller than 385 MPa, i.e. still in
elastic state. This reveals that the deformation of the matrix at
microscale was heterogeneous. Thirdly, Fig. 13(b) shows that the
CNTs whose long axis was not parallel to or not near the loading
direction had lower stresses. Fig. 13(d) shows that the spheres had
much lower stresses compared with fibers. These results indicate
that in order to efficiently utilize the superior mechanical prop-

(C))

(b)

S, Mises
(Avg: 75%)
80

erties, the CNTs should be well dispersed and aligned along the
loading direction.

The above results reveal that the LTSM contributes a small por-
tion to the total increment of the yield strength (~180 MPa) of
the composite in the present case. Most increment of the yield
strength is caused by additional strengthening mechanisms. Sec-
tion 4.1 shows that the grain refinement of the Al matrix is one
important strengthening mechanism. Furthermore, as revealed by
Chen et al. [55], the strengthening mechanism of CNT/Al compos-
ites depends on the aspect ratio of CNTs. When the CNTs have an
aspect ratio smaller than 10, the strengthening mechanism is dom-
inated by the Orowan looping mechanism. When the CNTs have an
aspect ratio over 40, the LTSM dominates the strengthening mech-
anism. When the CNTs have an aspect ratio between 10 and 40,
there is a transition from the Orowan looping mechanism to the
LTSM [55]. For the 1.3 vol.% CNT/Al composites with different CNT
aspect ratios (from 6.5 to 55) in Ref. [55], increments of the yield
strengths due to the LTSM of the CNTs are in the range from 4.3 to
36.2 MPa.

With the above approach developed in this work, it is possible
to track the load transfer effect of the CNTs during loading of their
MMCs. The LTSM of the CNTs in their MMCs can be assessed exper-
imentally. This will help researchers to optimize practical methods
for maximum utilization of the spectacular mechanical properties
of the CNTs, resulting in development of new high-performance
MMCs reinforced by the CNTs in the future.

Evolution of full width at half maximum (FWHM) of diffraction
reflection

The determined FWHM includes three contributions: the instru-
ment, the grain size and the micro-stresses (mainly due to
dislocations). The determined FWHM as a function of 26 in Fig. 14(a)
were used to calibrate the measured FWHM of different speci-
mens. At scattering angles between 75° and 90°, the STRESS-SPEC

(©

S, Mises
(Avg: 75%)

Fig. 13. Predicted Mises stress (MPa) fields at the 0.7 % applied strain: (a) in the matrix and (b) the CNTs of the Fiber RVE; (c) in the matrix and (d) the CNTs of the Fiber-Sphere

RVE. The tension loading direction is along the Y-axis, i.e. the vertical direction.



X.X. Zhang et al. / Journal of Materials Science & Technology 54 (2020) 58-68

[0}
R

(@
0.8

0.7
0.6
0.5

0.4 -041°

Instrumental FWHM, °

0.3

20 40 60 80 100

Scattering Angle 26, °

120

0.4

Unloading stage

()
0.3

0.2

Te——
Plastic stage

FWHM, °
4

0.1

|

0 100 200 300 400 500 600 700
Applied Stress, MPa

Elastic stage

0.0

67
0.5
—e— 3vol% CNT/2009A1-T4, S3, {311} (b)
0.4 | —7—3vol% CNT/2000AI-T4, $3, {222}
2009A1-T4, $1, {311}
—4— 2009A1-T4, S1. {222} e
0.3 4N
" S
= 02 ° ;
= =y
0.0
-0.1
0 1 2 3 4 5 6
Applied Strain, %
0.25
(d)
0.20
A
0.15
s 0.10
=
2 005
0.00 81 (311
a s o)
-0.05
0 100 200 300 400

Applied Stress, MPa

Fig. 14. Evolutions of FWHM: (a) instrumental FWHM at different scattering angles measured using a standard Si powder; (b) FWHM vs. applied strain curves of different
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diffractometer had the lowest instrumental FWHM, with a value
of 0.41°. Therefore, at the scattering angle of about 90°, the Al
{311} and {222} reflections for all specimens were used to charac-
terize the FWHM. The values of FWHM plotted in Fig. 14(b)-(d)
were obtained using the original FWHM of the fitted peaks
subtracting 0.41°.

From the FWHM vs. applied strain curves in Fig. 14(b), it can
be seen that the FWHM of the 2009Al matrix in the composite
was larger than that of the 2009Al alloy. With the addition of
the CNTs, the composites had much smaller grain size than the
unreinforced Al alloys, agreeing with previous observations [2,10].
Previous investigations have shown that the dislocation density is
inversely proportional to the grain size (when the grain size is no
less than several tens of nanometer) during plastic deformation
[56-59]. Therefore, at the same applied strain the dislocation den-
sities in the CNT/Al composites should be higher than those in the
unreinforced Al alloys. Besides, the CNTs act as stiff obstacles to
dislocations during plastic deformation, which leads to an increase
in dislocation density.

The FWHM-applied stress plots in Fig. 14(c) and (d) clearly
show that the evolution of FWHM had three stages, i.e. an elastic
stage, a plastic stage and an unloading stage. During elastic defor-
mation, a few dislocations start to move within short distances
when the shear stress in the Burgers vector direction is higher than
the Peierls stress [60,61]. If neighboring dislocations with opposite
natures (positive and negative) encounter and vanish, the dislo-
cation density reduces and the FWHM values decrease slightly.
Similar phenomenon in a 7020AI-T6 alloy was observed by Zhong
et al. [61]. During plastic deformation, multiplication of disloca-
tions leads to an increase in dislocation density. Therefore, FWHM
increased with the applied stress during plastic deformation. The
flow stress oy relates to the dislocation density p through the Taylor
model [62]
of = 0o + Majub/p (16)
where oy is the friction stress, M the average Taylor factor, o a
material constant, i the shear modulus and b the Burgers vec-

tor. Therefore, as shown in Fig. 14(c)-and (d), FWHM increased
rapidly with increasing the applied stress. When the specimens
were unloaded, the dislocations were stored in the specimens,
resulting in a nearly constant FWHM.

5. Conclusions

(1) The 2009Al alloy and the CNT/Al composite exhibited the
same type of texture, including the Brass {110}<112 >, the S
{123}<643> and the Rotated cube {001}<110> components.
The CNTs stimulated the recrystallization in the composite dur-
ing the annealing treatments.

(2) In the elastic deformation, the lattice strains in the 2009Al
matrix were smaller than those in the 2009Al alloy, proving
the existence of the LTSM. The 2009Al {311} and {220} DECs
were determined to be 72.36 and 70.81 GPa, respectively. The
average stress in the 2009Al matrix of the composite can be
calculated using the DECs.

(3) The determined average stress in the CNTs indicates that the
value reached up to 1630 MPa at the yield strength of the com-
posite (432 MPa) based on linear regression of the measured
data. The LTSM contributed to an increment of yield strength
by about 37 MPa. The predicted average stress in the CNTs from
the computational model agreed with measured data during
elastic stage, and increased rapidly during plastic stage.

(4) The FWHM of the 2009Al matrix and the 2009Al alloy decreased
slightly during elastic stage, and increased sharply during plas-
tic stage due to increase in dislocation density. During plastic
stage, the absolute FWHM s and their increments of the selected
lattice planes in the 2009A1 matrix were higher than those in
the 2009Al alloy at a given strain.
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