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Abstract: Friction stir channel pressing (FSCP) is a new solid-state method for producing metal matrix composite, which was
invented by the authors based on the principles of friction stir welding and equal channel angular pressing. The carbon nanotubes
(CNTs) reinforced 7075 aluminum alloy composites (CNTs/Al-7075) were fabricated by FSCP, with different volume percentages of
CNTs (0%, 2% and 4%). The distribution of CNTs in Al-7075 matrix and the microstructures including fine grains and second-phase
particles were analyzed by optical microscope, scanning electron microscope and transmission electron microscope. The solution and
aging treatments were used for improving the microstructures and the mechanical properties of the CNTs/Al-7075 composites. The
results show that the CNTs/Al-7075 composite with a uniform distribution of CNTs is fabricated by FSCP. The grain refinement of
Al-7075 is realized by FSCP, and further finer grains are obtained by introduction of CNTs. The grains of CNTs/Al-7075 composite
become finer with increasing the volume percentage of CNTs. The precipitation behavior of second-phase particles of the Al-7075
produced by FSCP and the CNTs/Al-7075 composite is improved by the solution and aging treatments, resulting in an increase in
micro-hardness. The strengthening mechanisms of the CNTs/Al-7075 composite include fine-grain strengthening, dislocation
strengthening, load transfer mechanism and second-phase strengthening, among which the second-phase strengthening plays a
leading role.
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Carbon nanotubes (CNTs) have received more and more
attention due to their unique structure and properties, which
are considered as the reinforcement for fabricating the light-
weight and high-strength composites”. Aluminium and its
alloys are preferred choices for such fabrication due to their
low density, high specific strength and modulus®. The 7075
aluminum alloy (Al-7075), as a kind of commonly used
aluminum alloy, plays a significant role in automobile,
aerospace and marine applications” . The fabrication of
CNTs reinforced Al-7075 (CNTs/Al-7075)

provides a new vision for further and wide use of Al-7075.
Is)

composites

Powder metallurgy™ and stirring-melt casting®” have been

used for preparing the CNTs reinforced aluminium alloy
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composite. Friction stir processing (FSP) is invented to
improve the strength and ductility of material by making the
grains finer and uniformly dispersed™. The CNTs reinforced
aluminium alloys with different contents of CNTs have been
also fabricated by FSP” """, Compared to the above preparation
technologies, the advantages of FSP for preparing CNTs rein-
forced aluminium alloy composite are as follows: (1) vacuum
or protective gas is not required; (2) there is no high-
temperature
processing; (3) there is no problem of metal powder

interface reaction due to the solid-state
contamination in the preparation. However, a few processing
passes are needed to achieve a uniform distribution of CNTs

in aluminum alloy matrix, and to increase the interface contact

Foundation item: Open Fund of National Defense Key Disciplines Laboratory of Light Alloy Processing Science and Technology (EG202203331); Open Fund of
State Key Laboratory of Advanced Welding and Joining (AWJ-23R03); Open Fund of Jiangxi Key Laboratory of Forming and Joining Technology for Aerospace
Components (EL202203323); Start-up Fund of Nanchang Hangkong University (EA202203138)

Corresponding author: Xing Li, Ph. D., Professor, Zhejiang E. O. Paton Welding Technology Research Institute, Hangzhou 310000, P. R. China, E-mail: xingli 59@
126.com

Copyright © 2023, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



Song Xiao et al. / Rare Metal Materials and Engineering, 2023, 52(10):3424-3432 3425

area between CNTs and aluminum alloy matrix for promoting
reaction ", The friction stir processing pass should not be
excessive as it may cause extreme melting in the aluminum
alloy matrix, resulting in the large cavities in stir zone and
coarse microstructure!. Besides, the composite is only
fabricated in the stir zone, also called as affected zone of
stirring pin, but not in the whole aluminum alloy matrix. To
overcome the drawbacks of FSP to produce the CNTs
reinforced aluminium alloy composite, a new solid-state
preparation method is expected.

Friction stir channel pressing (FSCP) is invented by the
authors, which is based on the principles of friction stir
welding!* ™ and equal channel angular pressing"®. Fig. 1
shows the schematic of FSCP. Two prepared samples were
pressed by the press blocks from both sides of the channel.
The prepared sample was an aluminum alloy matrix
embedded with CNTs. The frictional heat was generated
when the rotating friction tool and the samples were
contacted. The samples become soft and were mixed by the
stirring effect of rotating friction tool. The mixed materials
were pressed out of the squeeze mold as the press blocks
continue to press the samples from both sides of the channel,
resulting in a cylindrical bar of CNTs reinforced aluminum
alloy composite.

In this study, different volume percentages of CNTs (0%,

Friction tool
Cover plate

Press block

~ | Prepared sample

Out port

Fig.l1 Schematic of friction stir channel pressing

2% and 4%) were embedded into Al-7075 matrix as prepared
samples. These prepared samples were used to fabricate the
CNTs/Al-7075 composite by FSCP. Then, the solution and
aging treatments were used for the CNTs/Al-7075 composite.
The distribution of CNTs in Al-7075 matrix, the grain
refinement, the second-phase particles, and the microhardness
were analyzed for the CNTs/Al-7075 composite. The
strengthening mechanism of the CNTs/Al-7075 composite
was discussed.

1 Experiment

The Al-7075 (T6) commercial aluminum alloy with a
desired size of 120 mmx12 mmx10 mm was prepared as the
matrix. Table 1 shows the chemical composition of Al-7075.
Some holes with 3 mm in diameter and 8 mm in depth were
drilled on the surface of the Al-7075 matrix by a drilling
machine, as shown in Fig.2. The CNTs were supplied by a
commercial supplier and no further purification was
considered. The CNTs were filled in the holes of the Al-7075
matrix and compacted. Three volume percentages of CNTs
were considered: 0vol%, 2vol% and 4vol%.

The friction stir channel pressing machine was self-
designed, as shown in Fig.3. The original samples prepared
for fabricating the CNTs/Al-7075 composite were pressed by
the press blocks from both sides of the squeeze mold under
the cover plate. The pressing speed of the press block and
the rotary speed of the friction tool were 0.28 mm/min and
315 1/min, respectively. The CNTs and the Al-7075 were
mixed in the squeeze mold by the stirring effect of rotating
friction tool. The mixed material of CNTs and Al-7075 was
pressed out of the squeeze mold from the out port, resulting in
a cylindrical bar of CNTs/Al-7075 composite.

Samples prepared with different processing parameters
were defined in Table 2. The base material Al-7075 was
defined as Sample B. Friction stir channel pressing of Al-7075
was defined as Sample F, which was then submitted to heat
treatment, defined as Sample F-H. The solution treatment at
480 °C for 2 h and artificial aging at 120 °C for 24 h were

Table 1 Chemical composition of Al-7075 (wt%)

Zn Mg Cu Ti Fe Si Cr Mn Al
5.10-6.10 2.10-2.90 1.20-2.10 0.20 0.50 0.40 0.18-0.28 0.30 Bal.
»H/
(N4
£
\ A 120 ‘
[ 7 \
3
o o

Fig.2 Original sample prepared for fabricating CNTs/Al-7075 composite
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Fig.3 Self-designed friction stir channel pressing machine

considered. The 2vol% CNTs/Al-7075 composite and 4vol%
CNTs/Al-7075 composite prepared by FSCP were defined as
Sample F2C and Sample F4C, respectively. Sample F2C-H
and Sample F4C-H indicate that the samples undergo the
solution treatment and artificial aging.

The cross sectional microstructure of each sample was
observed by optical microscope (OM) after etching with the
Keller’s reagent (1 mL HF+1.5 mL HCI+2.5 mL HNO,+95
mL distilled water). The average grain size was measured by
the linear pitch method according to GB/T 6394-2002. The
FEI Quanta 200 Scanning electron microscope (SEM) was
used to observe the second-phase morphology and energy
adopted. The JEM-2010 (HR)
transmission electron microscope (TEM) was used to observe

spectral analysis was
the microstructures. The TEM sample was cut along the cross
section of the CNTs/Al-7075 composite with a precision
cutting instrument. The plane spacing of second-phase
particles was calculated by the of Digital
Micrograph. The HVS-100 microhardness tester was used to
identify the microhardness of each sample.

software

2 Results and Discussion

2.1 Homogeneity of CNTs/Al-7075 composite

A cylindrical bar of 4vol% CNTs/Al-7075 composite is
fabricated by FSCP. The length of the cylindrical bar can be
up to 245 mm with 8.2 mm in diameter, and the surface is
smooth except for few slight extrusion marks. There are no
macroscopic defects in the cross-section macrograph of the
4vol% CNTs/Al-7075 composite, as shown in Fig.4a. Further-
more, the strong agglomeration interaction between CNTs
cannot be observed. Fig.4b shows the SEM image of a local
region in the cross section of 4vol% CNTs/Al-7075
composite, and no visible gaps or other defects can be found.
The EDS maping for element C was carried out within an area
of 2 mmx2 mm, as marked by the white frame in Fig.4b. It
can be seen in Fig. 4c that the element C is distributed

uniformly. The microhardness distribution is considered for
verifying  the of 4vol% CNTs/Al-7075
composite. The testing area is a square of 5 mmx5 mm and
the spacing of testing points is 0.5 mm, as shown in Fig.4a. It

homogeneity

can be seen from Fig.4d that the microhardness value of the
4vol% CNTs/Al-7075 composite ranges from 127x9.8 MPa to
137%9.8 MPa, with an average value of 131x9.8 MPa. It can
be inferred that the 4vol% CNTs/Al-7075 composite
fabricated by FSCP is homogeneous, based on the analysis of
cross-section macrograph, distribution of element C and
microhardness distribution.

The uniform dispersion of CNTs in the aluminium alloy
matrix is critical to the enhanced properties of composite, but
due to the high content of CNTs, it is not easy to achieve
uniform dispersion. According to Esawi et al'”, it is difficult
to disperse the CNTs with a content greater than 2wt% by the
powder metallurgy technology, and the improvement in tensile
strength of the composite cannot be realized. Zhang et al"
have used a higher energy input during FSP to obtain a better
dispersion of 3.2vol% CNTs in Al matrix. Liu et al'? have
adopted five passes of FSP to achieve uniform dispersion of
6vol% CNTs in Al matrix. The dispersion of CNTs in FSCP is
also based on the plastic material flow. The author will try to
change the processing parameters to realize a higher content
of CNTs for fabricating the composite in future study.

2.2 Grain refinement and microhardness

The microstructure of base material Al-7075 is shown in
Fig. 5a, which presents irregular strip structure along the
rolling direction. As shown in Fig.5b, homogeneous and fine
equiaxed grains with an average grain size of 15 pum are
obtained after FSCP, and several grains have a large size about
30 um. Friction stir channel pressing is a technique based on
the development of friction stir welding and equal channel
angular pressing, which is attributed to the dynamic
recrystallization of highly deformed grains due to the large
plastic deformation during processing """, Fig.5c shows the
microstructure of Al-7075 processed by FSCP after heat
treatment. Its grains are equiaxed, while the grain size is
smaller and more uniform, with an average size of about 8
pm. Due to the short processing time of FSCP and the rapid
heat conduction of aluminum alloy, and the sharp decrease in
temperature of material when it is extruded from the machine,
some grains are not completely recrystallized, resulting in
several large grains. These large grains have stored large
deformation energy and the heat treatment provides a driving
force for them to continue complete recrystallization, resulting
in the further refinement of the grains after heat treatment.

Fig. 5d shows the microstructure of 2vol% CNTs/Al-7075
composite. With the introduction of carbon nanotubes, the

Table 2 Samples produced by different processing parameters

Sample B F F-H F2C F2C-H F4C F4C-H
FSCP No Yes Yes Yes Yes Yes Yes
Content of CNTs/vol% 0 0 0 2 2 4 4
Heat treatment No No Yes No Yes No Yes
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Fig.4 Homogeneity of 4vol% CNTs/Al-7075 composite: (a) cross-section macrograph, (b) SEM image of a local region in the cross section, (c)

EDS mapping of element C inside the white frame marked in Fig.4b, and (d) microhardness distribution inside the black frame marked in

Fig.4a

grains become finer than those in Fig.5b, with an average size
of 8.5 um. The grain size decreases to 3.0 pm with increasing
the fraction of CNTs to 4vol%, as shown in Fig.5f. The CNTs
may refine the grains of composite in two ways. Firstly, the
CNTs become nucleation particles in the recrystallization
process of composite during FSCP. When the grains begin to
grow up, the CNTs as a special second-phase particle pin the
grain boundary. The grain boundary is hard to migrate, which
refines the grains of 4vol% CNTs/Al-7075 composite.
Secondly, when the composite is subjected to deformation, the
CNTs can hinder the movement of dislocations and eventually
lead to the accumulation of dislocations. When the dislo-
cations accumulate, sub-grain boundaries will be produced,
which can finally form grain boundaries to further refine the
grains. A further reduction in size is realized for the CNTs/Al-
7075 composites after the heat treatment, as shown in Fig.5d
and Se.
2.3 Precipitation hardening behavior

Fig. 6a and 6b show TEM images of second-phase
particles in grain and grain boundary of Sample B,
respectively. It can be seen that rod-shaped particles and
elliptical particles are distributed uniformly in the grain, and
rod-shaped particles are distributed discontinuously in the
grain boundary, with a large distance between adjacent
particles. Fig. 6¢c and 6d show the enlarged images of the
particles in grain and grain boundary. The diameter of rod-
shaped particle is 20—30 nm and the length is 50-80 nm, while
the diameter of elliptical particle is 40—80 nm. As shown in
Fig.6a, the XRD patterns of Sample B indicate that a-Al and
MgZn, are detected. The HRTEM images for the rod-shaped
particle and elliptical particle are shown in Fig. 6¢ and 6f,

respectively, in which two-dimensional lattice fringes are
observed. The marked lattice of rod-shaped particle is 0.3951
nm and that of elliptical particle is 0.4475 nm, which are
identical to the (101) and (100) facets of MgZn,, respectively.
Therefore, it can be inferred that these particles can be
determined as MgZn, by combining the lattice measurements
with the XRD results.

It can be seen from Fig. 6g and 6h that the second-phase
particles in grains and grain boundaries of Al-7075
become larger after FSCP, and the quantity of second-phase
particles is also decreased, compared with those in Fig. 6a
and 6b. Therefore, the strengthening effect of second-phase
particles in Al-7075 decreases after FSCP, resulting in a
decrease in microhardness from 1587.6 MPa to 1107.4 MPa.
The heat treatment T6 is considered to improve the
microstructures of Al-7075 after FSCP. Fig. 6i and 6k show
the microstructures after heat treatment and enlarged images
for the second-phase particles are shown in Fig.6j and 6l. It
can be found that the second-phase particles become finer
and are distributed more uniformly in the grains and
grain boundaries than those in Fig. 6g and 6h. Therefore,
the microhardness of Al-7075 produced by FSCP is
increased obviously after heat treatment, from 1107.4 MPa to
1734.6 MPa.

Fig.7 shows the XRD patterns of Sample B, Sample F and
Sample F-H. It can be found that MgZn, is the main
precipitate in Al-7075. The characteristic peak of MgZn,
cannot be detected in FSCP of Al-7075, which is caused by
the dissolution of MgZn,. There are more characteristic peaks
of MgZn, in FSCP of Al-7075 after heat treatment than those
in Al-7075.
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Fig.5 OM microstructures of Sample B (a), Sample F (b), Sample F-H (c), Sample F2C (d), Sample F2C-H(e), Sample F4C (f), and Sample

FAC-H (g)

Fig. 8a shows TEM image of second-phase particles in
grain of 4vol% CNTs/Al-7075 composite. There are a small
number of rod-shaped particles with different sizes. Fig. 8b
shows TEM image of second-phase particles in grain
boundary of 4vol% CNTs/Al-7075 composite. The second-
phase particles are coarsened. After heat treatment, the
second-phase particles in grains or grain boundaries
become finer and the quantity is increased, as shown in Fig.8c
and 8d.

Fig. 9 shows the XRD patterns of 4vol% CNTs/Al-7075
composite and 4vol% CNTs/Al-7075 composite after heat
treatment. The characteristic peak of MgZn, cannot be
detected in 4vol% CNTs/Al-7075 composite, while it can be
detected in 4vol% CNTs/Al-7075 composite after heat
treatment. The characteristic peak of Al,C, can be detected for
two samples.

Friction stir channel pressing of Al-7075 is accompanied by
the effect of heat, so the second-phase particles in grain and at
grain boundary become coarse, and the quantity of second-
phase particles is decreased. The solution and aging
treatments can improve the microstructure, by which the
second-phase particles become finer and are distributed more

uniformly in the grains and at grain boundaries. The addition
of CNTs leads to a decrease in the distribution uniformity of
second-phase particles in the CNTs/Al-7075 composite, and
second-phase particles become coarse. The solution and
aging treatments can also make the second-phase particles
become finer and more uniformly distributed in the grains
and grain boundaries for the CNTs/Al-7075 composite.
Therefore, the precipitation behavior of second-phase particles
of the AlI-7075 produced by FSCP and the CNTs/Al-7075
composite can be improved by the solution and aging
treatments.

2.4 Interfacial bonding characteristics

The TEM is used to investigate the interfacial structure
between Al-7075 matrix and CNTs. The interfacial bonding
characteristics between Al-7075 matrix and CNTs are shown
in Fig. 10. The CNTs retain the typical structure and
the bonded interfaces between Al-7075 matrix and CNTs
are well, where no visible gaps or other defects can be found.
A strong interface between CNTs and aluminium matrix can
transfer the load effectively, which is beneficial to the
mechanical property of composite. According to Chen
et al™, the formation of AI,C, between CNTs and aluminium
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Fig.7 XRD patterns of Sample B and Sample F (a), as well as Sample F-H (b)

alloy matrix can be regulated by changing the sintering tem-
perature, which is beneficial to the interfacial strength and
load transfer efficiency. Zhou et al® found that the stress con-
trast around AlL,C, leads to the enhancement of the anchor
effect from the Al matrix, which may hinder the local inter-
facial slippage and constrain the deformation of the Al matrix.

2.5 Strengthening mechanism in CN'Ts/Al-7075 composite
According to the Hall-Petch relation, grain refinement is
beneficial to the yield strength, which is related to the micro-
hardness. It can be found from Table 3 that the microhardness
is increased with decreasing the grain size for the samples
without heat treatment (Sample F, Sample F2C and Sample
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Fig.8 TEM images of second-phase particles in Sample F4C (a, b) and Sample F4C-H (c, d); HRTEM images of second-phase particles in

Sample F4C (e, f)
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Fig.9 XRD patterns of Sample F4C and Sample F4C-H

F4C), and the same trend is shown for the samples with heat
treatment (Sample F-H, Sample F2C-H and Sample F4C-H).

Table 3 Grain size and microhardness of different samples

Sample B F F-H F2C F2C-H F4C F4C-H

Grain size/um - 150 80 85 5.5 3.0 1.5

Microhardness,
HV/x9.8 MPa

162 113 177 124 183 135 190

However, comparing sample F and sample B, it can be found
that equiaxed and uniform grains are obtained in sample F, but
the microhardness of sample F is lower than that of sample B
with irregular strip structure. The grains of Al-7075 are
refined after FSCP, which is beneficial to the improvement of
microhardness. However, the Al-7075 is a typical aluminum
alloy reinforced by the second-phase particles, and its

strengthening effect mainly comes from the dispersed second-
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Interface

Fig.10 Representative TEM image of interface in CNTs/Al-7075

composite

phase particles. Furthermore, comparing sample F4C and
sample F-H, it can be found that the microhardness is not
increased with decreasing the grain size and introduction of
CNTs. According to Nam'™), compared to the Al matrix, the
increase in yield strength of CNTs/Al composite originates
from a synergistic strengthening of the addition effect of
CNTs and the grain refinement of composite, in which the
addition effect of CNTs on the increase in yield strength is
much higher than the effect of grain refinement. Here, it can
be inferred that the effect of CNTs addition and the grain
refinement of CNTs/Al-7075 composite on the increase in
microhardness is much weaker than the effect of second-phase
particles.

3 Conclusions

1) It is possible to fabricate a carbon nanotubes reinforced
Al-7075 composite, with a uniform distribution of the carbon
nanotubes by friction stir channel pressing.

2) The grain refinement of Al-7075 can be realized by
friction stir channel pressing, and further finer grains can be
obtained by the introduction of carbon nanotubes. The
precipitation behavior of second-phase particles in the Al-
7075 produced by friction stir channel pressing and the CNTs/
Al-7075 composite can be improved by the solution and aging
treatments.

3) The microhardness of the Al-7075 after friction stir
channel pressing or the CNTs/Al-7075 composite is
lower than that of the received Al-7075. The solution
and aging improve the

treatments are effective to

microhardness.
4) The strengthening mechanism of CNTs/Al-7075 com-
posite includes fine grain strengthening, dislocation

strengthening, load transfer mechanism and second-phase

particles strengthening, in which second-phase particles

strengthening plays a leading role.
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R B EIRIE T RS F RN K EIER 7075 8 E E M1

ROV, OESM, W WY, MRERRA?, IR, BREAE?

(1. FEMTRE: BESN LIRS SEREPE AR50, LA EE 330063)
(2. WE/RIE TR S SeitE e Sk B K i msiie =, IRV W/KIEE 150001)
(3. WL R FBE, Wi HMH 310000)

(4. B EMA RS TLPE AU s 5 1R AR s, TIPE FE 330063)

T OZE: BRI T R AR R T R R AN S e A B R AR 0 — BB AR & S SR B A AR IR T SR TR
PEEIESE T, @RI FAR BRI E (CNTS) (0%. 2% F14%), il T HRGKE IR 7075 8 & &3 AR (CNTs/
Al-7075). JEIRFERAER. F BT BRI G T RS T T CNTSTE AL-7075 SR s o AR fiE,  DARCSZ A AR AN 5
LYVRIES “HBURLRRAE o SR FH ] RN 00 AL 2 2403 CNTS/AL-7075 52 G M R ALSVRI ) 24 e e o S5 AR W, SR 00 R B 5% P 512k
A LA 4 CNTs 43 43 4 21 1) CNTs/AL-7075 A M RL, S8 7075 586 & 55k s R4k, 3@ 5 51 N CNTs 38 58 AH v] 3R 13 58 9 41/ (¥ ki 41
21, B%E CNTs ARG, CNTs/AL-7075 52 A MR SRS INANAL o[BI VAR 5040 2T 5038 T 4004 BE 08 T 15 T 1 4% 1) 7075 SR A
CNTs/A1-7075 5L A MR S ZAUAT AT v, AL A B 13 B4 . ONTS/AL-7075 52 & M R BRALHLEI S5 6 T 40 Al . ArA s
o BTN AR, P DU AR A .
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