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Carbon nanotubes (CNTs) reinforced Al composites with a unique intragranular dispersion were obtained by
using ultra-short CNTs. Nano-scaled CNTs were uniformly distributed inside the ultrafine Al grains. In com-
parison with typical CNT/Al composites with intergranular CNTs dispersion, this intragranular CNT/Al com-
posites enable stronger dislocation pinning and retention, thereby exhibits simultaneous improvement in
strength and ductility. The present intragranular dispersion strategy will provide inspirations for fabricating

strong and ductile nanocarbon reinforced metal matrix composites.

1. Introduction

The boom of modern industry has brought new opportunities and
challenges to the development of metal matrix composites which
demonstrate unique mechanical properties including high specific
elastic modulus, specific strength and wear resistance [1,2]. Especially,
carbon nanotubes (CNTs) reinforced aluminum composites (CNT/Al), as
a representative of metal matrix nanocomposites, have been brought to
the forefront and extensively studied due to the desire for lighter and
stronger structural materials in aerospace, automotive and trans-
portation industries [3,4]. Many researches have been conducted on the
preparation technology, microstructure and properties of CNT/Al com-
posites [4-10]. Similar to other metal matrix composites, CNT/Al
composites also possess improved strength, elastic modulus but low
ductility, which becomes a bottleneck that hinders their applications.
The weak interfacial bonding between CNTs and Al significantly de-
teriorates the strength and ductility and many studies have been done to
improve the interfacial bonding [11-13]. However, the intrinsic reason
is that along with the uniform dispersion of CNTs at grain boundaries,
the grain size of the Al matrix is refined to ultra-fine grain (UFG) scale,
which lacks of dislocation storage ability and leads to insufficient strain
hardening rate [14-16]. To alleviate the dilemma of strength and
ductility in Al composites, various architectural design strategies were
proposed, such as nanolaminate architecture [9], alignment architecture
[8] and bimodal architecture [17], which did improve the ductility to
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certain extent through the reduction of CNTs agglomeration, and/or
introducing extrinsic toughening effect, or changing the grain configu-
ration [4]. However, in all those architectural CNT/Al composites,
intergranular distribution of CNTs can hardly trigger the intrinsic
toughening mechanism.

It is generally accepted that for ultrafine grained metals, introduce
intragranular nanoparticles would not only effectively improve strength,
but would also benefit to ductility intrinsically by increasing the strain
hardening ability [15,16,18,19]. Thus, intragranular dispersion of CNTs
would be a promising pathway to further improve the strength and
ductility in CNT/Al composites. However, intragranular CNTs are rarely
reported in Al matrix composites. Recently, Kang’s work shows that
intragranular CNTs distribution in Al could be achieved by ball milling
in the glove box environment to satisfy rigid no-oxidation condition
[20]. However, inhibiting oxidation of Al is difficult during actual pro-
cess because of the high activity of Al [21] and the factors affect intra-
granular CNTs still remain unclear.

We here demonstrate that by using ultra-short CNTs with dozens of
nanometers, intragranular CNT/Al composites could be fabricated even
in the presence of unavoidable oxygen. Ultra-short CNTs with length less
than 100 nm were obtained by a novel short-cut treatment via a high-
speed shearing process. Compared with the intergranular CNT/Al
composites, the intragranular CNT/Al composites possess higher dislo-
cation density and improved strain hardening rate, which significantly
improves the yield strength and tensile ductility, while maintaining the
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high enhancement efficiency of Young’s modulus.
2. Experimental

Graphitized CNTs (~15-30 nm in diameter and ~5-30 pm in length)
and the atomized spherical pure Al powders (99.9% purity, ~20-40 pm
in diameter) were chosen as raw materials. The fabrication of CNT/Al
composites includes the high-speed shearing process for shortening
CNTs and the flake powder metallurgy process for dispersing the CNTs
and producing the composites.

2.1. Fabrication of ultra-short CNTs

To obtain ultra-short CNTs, ZrO; balls (80-120 pm in diameter) were
mixed with CNTs and processed in a high-speed mechanical powder
processor at 1500 rpm for 15 min, during which CNTs were shortened by
the severe collision between ZrO, balls when passing through the small
clearance (3 mm) between the blades and chamber wall [22,23], and
then they were separated from the ZrO, balls by washing with alcohol
and dried. The original CNTs and the CNTs treated by high-speed
shearing process were named as Long CNTs and Short CNTs,
respectively.

2.2. Flake powder metallurgy process to fabricate composites

0.5 wt.% Long and Short CNTs were mixed with Al powders and 1 wt.
% stearic acid by shift-speed ball milling process in the stainless steel jar
filled with Ar atmosphere [6], respectively, which includes low-speed
ball milling (135 rpm for 6h) and high-speed ball milling (270 rpm for
1h). Degassing treatment were carried out at 375 °C for 3h between low
and high-speed ball milling to remove stearic acid. Finally, the com-
posites powders were compacted and sintered in a vacuum furnace
(107! Pa) at 600 °C for 2h and extruded at 450 °C with an extrusion ratio
of 25:1, as shown in Fig. 1. The composites reinforced with Long CNTs
and Short CNTs were named as Long CNT/Al composites and Short
CNT/Al composites, respectively.

2.3. Materials characterization

The microstructure of CNTs and CNT/Al composites was examined
by a scanning transmission electron microscope (STEM, Talos F200X
G2) operated at 200 kV. Focused ion beam milling (PIPS 695, Gatan)
was used to prepare TEM samples of the composites. A SEM (MIRA 3,
TESCAN) was used to characterize the evolution of CNTs and Al powders
during ball milling. Raman spectroscopy tests were performed on SEN-
TERRA R200-L with the 1064 nm line of an Ar+ laser as the excitation
source, to identify the structural evolution of CNTs during fabrication.
The grain size of materials was probed by electron backscattered
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Fig. 1. Schematic diagram of fabrication of Long and Short CNT/Al composites
via shift-speed ball milling, sintering and hot extrusion process.
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diffraction (EBSD, NordlysMax3, Oxford) with a length step of 100 nm.
The surface of EBSD samples was firstly grinded with 320-4000 grit
metallographic silicon carbide papers, then polished in diamond sus-
pensions, and finally ion polished (EM TIC 3X, Leica). The oxygen
content of samples was measured by Oxygen-Nitrogen-Hydrogen
Analyzer (EMGA-830, HORIBA Ltd.). The quasi-static tensile tests of
plate samples with 8 mm gauge length and 1 mm thickness were con-
ducted on a universal testing machine (Instron 3344) equipped with an
automatic contacting extensometer at a constant strain rate of 5 x 1074
s~1 at room temperature. The Young’s modulus of composites was
measured by resonance test at room temperature (Nihon-tech ET-RT)
[24]. The length of CNTs in final composites was obtained by mea-
surement from TEM images. The dislocation density evolution of com-
posites during deformation was detected by X-ray diffraction with a Cu
Ko radiation source and estimated from the Williamson-Smallman
relation [25]:

p=23 < e‘/z/dx,wb )
where <&2>1/2 denotes the micro-strain, dxgp the crystallite size and b

the absolute value of Burgers vector for a full dislocation {111}<110>
in fcc Al (b = 0.02862 nm).

3. Results
3.1. Microstructure evolution of Long and Short CNT/Al composites

Fig. 2a and b shows representative TEM micrograph of Long CNTs
and Short CNTs. The initial length of Long CNTs was about 5-30 pm, and
it was dramatically decreased to ~20-100 nm after high-speed shearing
process. The insets show the corresponding HRTEM images, where the
obscure outer layer of Short CNTs may result from the inevitable
structural damage during the process. This is in agreement with the
Raman spectra in Fig. 2e. The Ip/Ig value of Long CNTs was only 0.12 +
0.02, while it increased to 1.01 + 0.03 after short-cut treatment. During
low-speed ball milling, the original spherical aluminum powders were
deformed into nanoflakes and CNTs were dispersed uniformly on their
surfaces as shown in Fig. 2c and d. It is worth noting that Long CNTs
were also fractured during low-speed ball milling process, and the length
decreased from 5-30 pm to about 150-500 nm, as shown in Fig. 2c.
Raman spectra in Fig. 2e show that the Ip/Ig value of Long and Short
CNT/Al composite powders after ball milling were 1.02 + 0.11 and 1.04
+ 0.16, respectively, which indicated that the Long CNTs were also
damaged during the ball milling process. The Ip/Ig value of the final
Long CNT/Al and Short CNT/Al composites were also almost the same,
to be 1.08 + 0.09 and 1.09 + 0.11, respectively. The peak for G-band of
CNTs slightly shifted to higher wavelength after ball milling, which is
related to the reduction in C-C distance by compression during ball
milling and hot-extrusion [26]. The characteristic peaks of CNTs, D and
G band, were clearly detected, and Al4C3 peaks were very weak. This
indicates that most CNTs were well kept in both composites.

3.2. Microstructure of CNT/AL composites

3.2.1. Spatial distribution of CNTs in CNT/Al composites

Fig. 3a and b shows the TEM microstructure of Long and Short CNT/
Al composites. In the Long CNT/Al composites, most CNTs were found
located at grain boundaries, as shown in Fig. 3a. While in the Short CNT/
Al composites, CNTs were mostly found inside the grains, as shown in
Fig. 3b. Fig. 3c and d count the percentages of CNTs with different length
ranges located in grain interiors or at grain boundaries, which were
obtained based on TEM images. From the collected data, about 95%
CNTs were located at grain boundaries in Long CNT/Al composites, in
which the average length of CNTs is about 185 + 54 nm. However, in
Short CNT/Al composites with average CNTs length of 51 + 25 nm,
about 60% CNTs are located in grain interiors and 40% CNTs are located


Liu
高亮


Q. Liu et al.

T00pme % -

e

100nm

Composites Part B 217 (2021) 108915

Intensity (a.u.)

ALC;  Dband G band
~865 cm! ~1350 cm? ~1580 cm!
1.09 /| Short CNT/Al composites
Long CNT/Al composites
....._.'.'9?.3/"\.__.// ! B D
i ‘ )/ \ ,I’ | Short CNT/Al powders
S I
1.02 // \_..r‘; k Long CNT/Al powders
1.01 J i Short CNTs
Ip/Ig=0.12 Long CNTs
400 800 1200 1600 2000 2400

Raman shift (cm™)

Fig. 2. TEM images of the (a) Long CNTs, (b) Short CNTs, with inset showing corresponding HRTEM. SEM images of (c) Long CNT/Al powders and (d) Short CNT/Al
powders after low-speed ball milling, the inset shows Al nanoflakes, () Raman spectra of Long and Short CNTs and the corresponding CNT/Al composite powders

and the extruded composites.
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Fig. 3. TEM images of Long (a) and (b) Short CNT/Al composites. Percentage of intergranular and intragranular CNTs and their length distribution in extruded

composites: (a) Long CNT/Al composites, (b) Short CNT/Al composites.

at grain boundaries. For those shorter than 95 nm, some of them are
distributed in grain interiors and some are at grain boundaries. While
those longer than 95 nm are only found at grain boundaries.

3.2.2. Structure of CNTs in CNT/Al composites

The distribution of CNTs in Long CNT/Al composites is shown in
Fig. 4a, as marked with white arrows. Fig. 4b shows the HRTEM struc-
ture of CNTs, where a layer of y-Al;03 was found between CNTs and Al.
Some y-Al;03 with low contrast were also detected inside grain interiors
in Long CNT/Al composites, and the corresponding HRTEM is shown in
Fig. 4c (the inset shows the FFT image). Some Al4C3 nanorods were
detected in matrix and the HRTEM structure is shown in Fig. 4d.

The distribution of CNTs in Short CNT/Al composites is shown in
Fig. 4e, as marked with white arrows. The HRTEM structure of CNTs
located at grain boundary shows that a layer of y-Al,O3 was found be-
tween CNTs and Al, which is similar with Long CNT/Al composites.
Fig. 4g shows the HRTEM structure of intragranular CNTs, where the

layer structure of CNTs is well remained. The y-Al,O3 were sometimes
found inside grain interior and the HRTEM structure was shown in
Fig. 4h. The formation of y-Al,03 in samples is due to the high activity of
Al, even purge ball milling jars with argon [21]. The y-Al,03 may be
fractured and may encapsulate CNTs inside during the ball milling
process because both CNTs and y-Al;Os are dispersed between Al
nanoflakes. Besides, the interfacial energy between CNTs and Al is about
1.0 J/m? [27]. However, the interfacial energy of y-Al,03 and Al is about
—2.254 J/m? [28]. Therefore, the inclusion of CNTs inside y-Al»Oj3 is
beneficial to decrease the thermodynamic energy, which may also lead

to the formation of y-Aly03 on CNTs along grain boundaries in CNT/Al
composites.

3.2.3. EBSD images of AL, Long and Short CNT/Al composites

Fig. 5 shows the EBSD images of Al, Long and Short CNT/Al com-
posites. All the samples exhibited elongated grains. The average grain
sizes of Al, Long and Short CNT/Al composites are about ~974 nm, 488
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Fig. 4. STEM images of (a) Long CNT/Al composites, white arrows showing CNTs and (b—d) HRTEM showing structure of CNTs, y-Al;03 and Al4Cs; (e) Short CNT/Al
composites, white arrows showing CNTs, (f~h) HRTEM showing structure of the CNTs and y-Al,O3,
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Fig. 5. EBSD images and corresponding grain size distribution: (a-b) Al, (c-d) Long CNT/Al composites, (e-f) Short CNT/Al composites.

nm and 603 nm, respectively. The smaller grain size of composites is due
to the existence of CNTs, which pin the movement of grain boundary
during recrystallization. In Short CNT/Al composites, the ultra-short
CNTs introduce smaller Zener force upon grain boundary, resulting in
significant grain growth comparing with Long CNT/Al composites.
Therefore, the grain size of Short CNT/Al composites is relatively larger
than that of Long CNT/Al composites.

3.3. Mechanical property of Al and CNT/Al composites

Fig. 6a and b shows the engineering tensile stress—strain curves and
true stress-strain curves of Al and CNT/Al composites (the uniform
elongation was marked by hollow dots), respectively, and the data were
listed in Table 1. The Young’s modulus of Al, Long and Short CNT/Al
composites were ~75.4, ~79.7 and ~79.6 GPa, respectively.

The yield strength and tensile strength of Long CNT/Al composites
were 204.1 + 3.3 and 268.6 + 2.4 MPa, which were ~11.8% and
~16.7% higher than those of Al (182.6 + 3.1 and 230.0 + 3.8 MPa),
respectively. However, the elongation decreased from 14.2 + 0.2% to
10.3 + 0.3%. While the yield and tensile strength further increased to
232.2 + 2.0 and 302.9 + 3.1 MPa in the Short CNT/Al composites

(~27.2% and ~31.7% enhancement over Al), respectively, but main-
tained similar elongation (14.1 + 0.5%). These results indicate that
intragranular CNTs are more effective in strengthening the Al matrix
and more beneficial to retain ductility than intergranular CNTs. The
corresponding curves of strain hardening rate (6 = do/de) are shown in
Fig. 6¢, where the Short CNT/Al composites possessed the highest strain
hardening rate. The strengthening efficiency (R) of intragranular CNTs
in this study was compared with various CNTs spatial distributions in Al
(Fig. 6d). The R is defined by (6c-61n)/Wsom, Where 6. denotes tensile
strength of composites, oy, the tensile strength of matrix, wy the weight
fraction of CNTs. Obviously, most intergranular CNTs including ho-
mogenous and lamellar structure increase reinforcement efficiency at
some expenses of ductility. Comparing with intergranular CNTs, intra-
granular CNTs without oxygen possess better retention of elongation but
insufficient reinforcement efficiency. However, the ultra-short intra-
granular CNTs in this study exhibit the highest reinforcement efficiency
without sacrificing ductility.

To explore the source of the higher flow stress of the Short CNT/Al
composites, the tensile loading-unloading testes at intervals of 0.5%
nominal strain was carried out to study the Bauschinger effect [29-31].
The loading-unloading curves of Al, Long and Short CNT/Al composites
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are shown in Fig. 7a. The effective stress and back stress of materials

Tabl,e 1 . . were calculated based on the methods in the study of Yang et al. [30]. As
Tensile properties of the Al, Long CNT/Al and Short CNT/Al composites. shown in Fig. 7b—d, compared with Al, the Long CNT/Al exhibited
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Fig. 8. Fracture morphology of (a) Al, (b) Long CNT/AI composites and (c) Short CNT/Al composites.

3.4. Fracture morphology of Al and CNT/Al composites

Fig. 8 shows the SEM images of fractured surface of Al, Long and
Short CNT/Al composites. Both Al and composites exhibited typical
ductile fracture surface consisted of dimples. However, in Long CNT/Al
composites, large cave was observed, which was related to local early
failure. In the Al and Short CNT/Al composites, the size of dimples was
more uniform. This indicated that no obvious local early failure occurred
in Al and Short CNT/Al composites.

3.5. Interaction of dislocations and CNTs in composites

Fig. 9a and b shows the STEM images of Long and Short composites
after 4% tensile deformation (the sample for STEM observation of
composites was cut from the middle of parallel zone of dog-bone spec-
imen). In Long CNT/Al composites, dislocations were mainly hindered
at the CNT/Al interface. In Short CNT/Al composites, dislocations were
captured by intragranular CNTs before slipping to grain boundary. The

corresponding evolution of dislocation density measured by XRD is
shown in Fig. 9c and d. The dislocation densities of the as-extruded Long
and Short CNT/Al composites were ~6.90 x 10'3> m~2 and ~8.82 x
10'® m~2, respectively. After 4% tensile deformation, the dislocation
densities of the Long and Short CNT/Al composites increased to ~1.76
x 10" m=2 and ~3.52 x 10'* m~2, respectively, ~155% and ~300%
enhancement over extruded state. The more dramatic increase of
dislocation density in the Short CNT/Al composites confirmed that
intragranular CNTs were more beneficial to dislocation accumulation in
ultrafine grain matrix [15], leading to higher strain hardening rate (as
shown in Fig. 6¢) and enhancement of uniform elongation according to
the Conside're criterion [32].
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Fig. 9. STEM images and dislocation density of composites after 4% tensile deformation: (a), (c) Long CNT/Al composites and (b), (d)Short CNT/Al composites.
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4. Discussions
4.1. The effect of CNTs length on their distribution

The formation of intragranular CNTs distribution in ultra-fine grain
is accomplished by grain boundary (GB) migration and detachment of
CNTs from GB [33]. When the driving force reaches the resistance Zener
force, GB will detach from the particles and leave the particles inside the
grains. The driving force mainly comes from the reduction of GB, which
is independent of particles size [34]. However, the pinning force
induced by particles is greatly affected by their size, which can be
estimated by:

Fz = 2nyR+c0s0:sind ()]

Where y is the grain boundary energy, R is the particle size and 6 is the
angle between the GB line and the direction of GB motion [35].
Therefore, compared with Long CNTs, the ultra-short length of Short
CNTs significantly reduces the Zener force, which is thermodynamically
beneficial to the intragranular distribution.

Besides, particle size significantly influences the mobility kinetics of
particles and GB. The mobility of particles can be expressed as:

my = pDQ*TRKT) (3

Where p, denotes the surface density of atoms, D, the surface diffusion
constant, 2 the atomic volume, R the particle size, k the Boltzmann’s
constant and T the absolute temperature [36]. And the GB mobility is
determined either by the particle mobility at low particle mobility or by
the GB mobility at high particle mobility [36]. Thus, the large size of
particles will dramatically decrease the mobility kinetics of particles,
thereby reducing the mobility kinetics of GB. According to TEM obser-
vation in Fig. 3, the length of intragranular CNTs is generally less than
95 nm. Therefore, the critical length for the detachment of CNTs from
GB at present deformation condition is estimated to be about 95 nm.
Whereas the length of CNTs in the Long CNT/Al composites (185 + 64
nm) was much longer than that of CNTs in Short CNT/Al composites, as
shown in Fig. 3a, resulting in the inhibition of the detachment of CNTs
from GB.

The results indicate that ultra-short length of CNTs is critical to
achieve intragranular CNTs in Al matrix in this study. In Kang’s work
[20], it was supposed that the intragranular CNTs is accomplished by
rapid surface diffusion of Al during ball milling. So, they suggest that
no-oxidation condition is critical because oxygen layer will limit the
diffusion-driven cold welding. Differently, in this study, intragranular
CNTs are achieved by the interaction of CNTs and GB during the
movement of GB in deformation process, which may be more suitable for
practical process. Besides, the introducing of y-Al;O3 is beneficial to
protect CNTs from the formation of Al4Cs with Al

4.2. Strengthening mechanisms induced by CNTs in composites

The main strengthening mechanisms in CNT/Al composites include
thermal mismatch, grain refinement, load transfer and Orowan mech-
anism [21,37]. The thermal mismatch strengthening mechanism is
related to the thermal expansion coefficients between CNTs and Al.
Dislocations can be generated at the interface of CNTs and Al during fast
cooling process. However, in this study, few dislocations were observed
at the interface of CNTs and Al (Fig. 3), which might be due to the slow
cooling rate after hot extrusion. Therefore, only three potential mech-
anisms, i.e., grain refinement, load transfer and Orowan to account for
the strength improvement in CNT/Al composites. The yield strength of
composites can be estimated by:

0. =0, +Aogr + Aoy + AGorowan @

Where oy, is the yield strength of AlAcgr, Acyrand Acorowan are
strengthening contribution from grain refinement, load transfer and
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Orowan strengthening mechanism, respectively.

4.2.1. Strengthening by grain refinement

The addition of CNTs to Al matrix can pin the movement of grain
boundaries and refine the size of grains [6], and the corresponding
strengthening can be calculated using the Hall-Petch mechanism by the
following equation [38],

AUGR :K(DC—O.S _ D;[O,S) (5)

where K is a constant (0.04 MPa m®® for Al) [39], D and Dy, are average
grain diameter for composites and Al. The average grain sizes of Al, Long
and Short CNT/Al composites were ~974 nm, ~488 and ~603 nm,
respectively, as shown in Fig. 6. The calculated Acy_p of Long and Short
CNT/Al composites in comparison with the Al were 16.7 and 11.0 MPa,
respectively.

4.2.2. Strengthening by load transfer

The strengthening contribution by load transfer (4o.r) can be esti-
mated by the shear lag model [40] as:
3r—4 1

V(1 +<)sin’6)] (6)

A617 =0.5Ve,,[Scos™0 + ( S

Where V is the volume fraction of CNTs. V was taken as 0.75% for Long
CNT/AI composites, however, V was 0.30% for Short CNT/Al compos-
ites (the intergranular CNTs in Short CNT/Al composites were ~40%).
o is the yield strength of Al matrix, which is about 180.6 MPa from
experiment result. S is the aspect ratio of CNTs, where the S values of the
Long and Short CNTs are 9.3 and 2.6 respectively. 0 is the angle between
CNTs and load direction (or extrusion direction of samples). During the
extrusion process, the CNTs will be arranged in the direction of extru-
sion, but it is impossible for all the CNTs to be completely parallel to the
direction of extrusion, so an intermediate value (45°) is taken. The
calculated Aoy of Long and Short CNT/Al composites in comparison
with the reference Al are 3.4 and 0.5 MPa, respectively.

4.2.3. Orowan strengthening
The strengthening effect caused by the intragranular CNTs is calcu-
lated by the Orowan mechanism [41]:
0.8MGb  In(d,/b)

— — 7
22(1 =)' (A= dp) @

A O 0rowan

Where M is the Taylor factor (3.06 for Al [42]), and G is the shear
modulus (25.4 GPa for Al [43]), b is the Berber vector (0.286 nm), v is
Poisson’s ratio 0.33, and A is the average spacing of the reinforcements A
=0.5d, (37/ 2fv)1/ 2 [44]. The f, is volume fraction of intragranular CNTs.
In Short CNT/Al composites, the volume fraction of total CNTs is 0.75%,
including ~60% intragranular CNTs and ~40% intergranular CNTs. Due
to the low aspect ratio of the Short CNTs, the size is estimated as a
spherical model, so the diameter of the reinforcement d, = 31.3 nm. The
calculated Aoorowan Of Short CNT/Al composites in comparison with the
reference Al is 34.3 MPa.

The above calculation estimates the strengthening contribution from
CNTs. Except the CNTs, the existence of Al,O3 also contribute to the
strength, since Al oxidation would not be inhibited during powder
metallurgy processing [21]. In this study, oxygen content in Al, Long and
Short CNT/Al composites were measured to be ~1.28, 1.25 and 1.30.
wt.%, respectively, that is about 2.0 vol% y-Al;03 by assuming that all
the oxygen atoms are converted to y-AlpOs. It is already known that
Al;03 will be fractured during high energy ball milling [45], and some of
those distributed inside grain interior can improve strength by Orowan
mechanism in CNT/Al composites [21,46]. We assume that the strength
improvement from y-Al,O3 is equal in all samples because of the same
ball milling process and same content of y-Al,O3.

As schematically shown in Fig. 10a, the calculated yield strength of
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Fig. 10. (a) Calculated yield strength contribution related to intergranular and intragranular CNTs in composites; (b) Effective modulus of CNTs in this study and

nanoparticles (the data was collected from Refs. [47,48]).

Long and Short CNT/Al composites based on equation (4) are 202.7 and
228.4 MPa, respectively, which reasonably agrees with experimental
result (204.1 and 232.2 MPa). The above results indicate that when the
reinforcements are moved from GB to grain interior, the dominated
strengthening mechanism changes from grain refinement to Orowan.

4.2.4. The Young’s modulus improvement by CNTs

It has been shown that the addition of CNTs in Al can improve the
Young’s modulus of matrix [4,24]. According to rule of mixture (ROM),
the modulus of composites (Em) equals to Ref. [48]:

Ex(1-Vent) +EcntsVenrs ®

Where Ey; is the modulus of Al, Vyr is the volume fraction of CNTs and
Ecnrs is the effective modulus of CNTs in this study. The modulus of Al
and Short CNT/Al is 75.4 GPa and 79.6 GPa, respectively, and the vol-
ume fraction of CNTs is 0.75 vol%. According to equation (8), the
effective modulus of CNTs can be inferred as 636 GPa in this study. The
theoretical Young’s modulus of CNTs is about 1 TPa [49], however, the
structure damage is inevitably occurred during the fabrication process,
leading to the effective modulus lower than the theoretical modulus of
CNTs. Nevertheless, the effective modulus of intergranular and intra-
granular CNTs are still ~640 GPa and 630 GPa, respectively, which is
much higher than the effective modulus of other nano reinforcements,
such as Aly03 (~325 GPa [47]) and Al4C3 (—230 GPa [48]), as shown in
Fig. 10b.

4.3. The contribution of CNTs to flow stress in CNT/Al composites

In Long CNT/Al composites, most CNTs are located at grain bound-
ary. The deformation incompatibility between the CNTs and the Al may
cause the accumulation of strain gradients geometrically necessary
dislocations (GNDs) [50]. The GNDs are constrained by the
near-interface strain gradients during deformation, which provide back
stress upon mobile dislocation [31]. resulting in higher flow stress than
Al, as shown in Fig. 7. Differently, in Short CNT/Al composites, the
shear-resistant intragranular CNTs could trap Orowan loops, which
more effectively provides forest hardening and back stress hardening
[51]. As a result, the higher effective stress and back stress induced by
intragranular CNTs bring higher flow stress in Short CNT/Al composites
comparing with Long CNT/Al composites, as shown in Fig. 7.

Besides, in Long CNT/Al composites, dislocations slip directly to
grain boundary and generate stress concentration at the interface of
CNTs, which may cause interface cracking. However, in Short CNT/Al
composites, the slip of dislocation is firstly captured by intragranular
CNTs, which may activate cross slip of dislocation [52,53]. Thus, the
stress concentration at grain boundary is relieved in Short CNT/Al
composites, which is beneficial to avoid the initiation of crack along
grain boundary. Additionally, moving CNTs from boundary into grain
interior can effectively reduce the defects generated by the agglomera-
tion at grain boundaries, thereby being benefit to the retention of the

plasticity [19,54].
5. Conclusion

In this study, we propose a high-speed shearing process to effectively
fabricate ultra-short CNTs with dozens of nanometers. The strong and
ductile CNT/Al with intragranular distribution is fabricated by using
ultra-short CNTs and flake powder metallurgy. The following conclu-
sions can be drawn from this study:

(1) The critical factor to achieve intragranular CNT/Al composites is
ultra-short CNTs. Mostly CNTs were located at grain boundaries
in Long CNT/Al composites with average CNTs length of 185 +
54 nm. While about 60% CNTs (<95 nm) are located in grain
interiors in Short CNT/Al composites with average CNTs length
of 51 £+ 25 nm.

(2) The intragranular CNT/Al composites possess the best combina-
tion of strength and ductility comparing with the intergranular
ones. The 0.5 wt.% Short CNT/Al composites exhibited a yield
strength, tensile strength and elongation of 232.2 + 2.0 MPa,
302.9 + 3.1 MPa and 14.1 + 0.5%, respectively, which is about
13.7%, 12.8% and 36.7% higher than the Long CNT/Al
composites.

(3) The spatial distribution of CNTs obviously influences the
strengthening mechanisms in composites. In Long CNT/Al com-
posites, the yield strength improvement mainly comes from grain
refinement (~16.7 MPa) induced by intergranular CNTs. In Short
CNT/Al composites, yield strength improvement mainly comes
from Orowan strengthening (~34.3 MPa) related to intragranular
CNTs, which is more effective to improve effective stress and back
stress than intergranular CNTs in Long CNT/Al composites,
leading to higher flow strength in Short CNT/Al composites.

(4) The Short CNT/Al composites exhibit highest hardening rate,
comparing with Al and Long CNT/Al composites. This is due to
the slip of dislocations is directly hindered by intragranular CNTs,
which is beneficial to the accumulation of dislocation and higher
density of dislocation, thus leading to the enhancement of uni-
form elongation in Short CNT/Al composites.

(5) The intragranular CNT/Al composites could be a promising
structural material, since it has overwhelming advantage over the
intergranular ones in strength and ductility, and higher
enhancement efficiency in Young’s modulus compared with
other nanoparticles.
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