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a b s t r a c t

Plate impact experiments are conducted on the carbon nanotube (CNT) reinforced 2024Al composite
fabricated by flake powder metallurgy and hot extrusion, to investigate the effects of microstructural
anisotropy on its dynamic deformation and damage, as well as the role of CNTs. Three loading directions
are explored with the loading axis being parallel to the extrusion, transverse or normal direction. Free-
surface velocity histories are measured to evaluate the mechanical properties and damage processes,
including the Hugoniot elastic limit (HEL; �0.8 GPa) and dynamic spall strengths (1:4� 1:9 GPa).
Postmortem samples are characterized with synchrotron X-ray computed tomography and scanning
electron microscopy. The microstructural anisotropy of the composite (in terms of the orientation of
lamellar microstructures) has a negligible effect on HEL but induces an anisotropy in spall strengths;
spall strength is the highest for loading along the extrusion direction, the long axis of the lamellar mi-
crostructures. CNTs appear to increase the spall strengths of the 2024Al matrix, in contrast to other
reinforcing fibers/particles. The crack propagation direction and damage features can be correlated with
collinear propagation of microcracks following the lamellar microstructures.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) with large aspect ratios have emerged
as an ideal reinforcement for composites due to their superior me-
chanical, thermal and electrical properties, and light weight [1e6].
Integration of CNTs with light metals, such as aluminum and its al-
loys, may produce strong but light composites for aeronautics and
aerospace applications [7,8], where strength increase and weight
reduction are the first priority. The impact response [9] of CNT-
reinforced aluminum matrix composites (AMCs) is highly relevant
to such applications where impact events or accidents (e.g., bird
strike and space debris) are inevitable [10,11]. A thorough under-
standing of impact deformation and damage is helpful for a better,
. Tan), bxbie@swjtu.edu.cn
safer usage of CNT-reinforced AMCs, andmaterials/structural design.
Extensive studies have been devoted to CNT-reinforced AMCs in

the past decades, including fabrication [12,13], and mechanical
properties and strengthening mechanisms under quasi-static
loading [14,15]. CNT-reinforced AMCs generally exhibits higher
strength than its aluminum matrix under quasi-static loading con-
ditions [16,17]. In particular, both strength and ductility can be
increased for CNT-reinforced AMCs synthesized by flake powder
metallurgy, upon the balance among CNT dispersion, structural
integrity and interfacial bonding [18e21]. However, impact response
of CNT-reinforced AMCs is underexplored, especially under plate
impact loading. The local strain rate in bird strike and space-debris
impact ranges from 104 to 108 s�1 [22,23], beyond the reach of
conventional dynamic loading apparatus like drop weight and split
Hopkinson bars [24,25]. It is highly desirable to explore the response
of CNT-reinforced AMCs under plate impact, including new data on
deformation and damage, and underlying mechanisms.

A key figure of merit for evaluating composites against plate
impact loading is dynamic spall strength [26], the fracture stress
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under high strain rate tension induced by opposing rarefaction
waves. However, the spall behavior of CNT-reinforced AMCs under
plate impact loading has not been reported yet. A considerable
number of studies have addressed spallation of AMCs with particle
or non-carbon fiber reinforcements [27e31]. For example, the
Al2O3-particle or fiber reinforced AMCswere found to exhibit lower
spall strengths than their metal matrix, for such reasons as the
weak particle-matrix interface in Al2O3-particle reinforced 6061Al-
T6 [28], interparticle porosity in Al2O3-nanoparticle (10 wt%)
reinforced 1013Al [31], and lack of ideal parallel fiber construction
in Al2O3-fiber (50 vol%) reinforced 6061Al-T4 [29]. Concerning the
deformation/failure mechanisms, previous studies were mainly
based on two-dimensional surface measurements, while three-
dimensional internal characterizations of damage under impact
loading was rarely reported, inhibiting a comprehensive under-
standing of anisotropy and heterogeneity in deformation and
damage. With the fast development of synchrotron sources, micro
X-ray computed tomography (XCT) can provide high resolution
(�1 mm) measurements of internal damage [32e36], but has not
been applied to CNT-reinforced AMCs.

In this work, high strain-rate deformation and spall damage of
CNT-reinforced 2024Al (CNT/2024Al) composite is investigated
under plate impact loading along three different directions (ED:
extrusion direction; TD: transverse direction; ND: normal direc-
tion). Two different impact velocities (�240 m s�1 and�330m s�1)
are explored to achieve different deformation and damage degrees
in composite samples. Free-surface velocity histories are measured
to derive the Hugoniot elastic limit (HEL) and spall strength. Shock-
recovered samples are characterized with synchrotron XCT and
scanning electron microscopy (SEM) to obtain spatial distributions
and morphologies of cracks. The microstructureeproperty re-
lationships and underlying mechanisms are discussed.

2. Materials and experiments

2.1. Materials

The CNT/2024Al composite is fabricated with a flake powder
Fig. 1. (a) Illustration of the shift-speed ball milling (SSBM) processing of CNT/Al powders a
resultant CNT/2024Al composite plate. The ellipses in the composite plate depict the anis
Micrograph of the CNT/Al flake powders after low-speed ball milling (LSBM). (d) Micrograph
CNTs (marked by arrows) on the surface of the CNT/AleCueMg particles. ED: extrusion direc
be viewed online.)
metallurgy route. Multi-walled CNTs are 15e40 nm in diameter and
1e5 mm in length. The average diameter of the Al powders is
�18 mm. Cu and Mg flake powders are approximately 4 mm and
14 mm in diameter, and 0.16 mm and 1.2 mm in thickness, respec-
tively. These raw materials are 99.9 wt% purity.

Powder processing is based on the shift-speed ball milling
(SSBM), including low-speed ball milling (LSBM) and high-speed
ball milling (HSBM) (Fig. 1a). The SSBM is conducted in a plane-
tary ball mill in a stainless-steel jar filled with Ar atmosphere
(1 atm). The revolution radius and rotation radius are 300 mm and
90 mm, respectively. The diameter of balls is around 8 mm. The
powder mass is 500 g, with a ball-to-powder mass ratio of about
20:1. During the LSBM process, 1.5 wt% CNTs and 93.5 wt% pure Al
powders are mixed with 0.5 wt% stearic acid (analytical reagent),
milled at a constant speed of 135 rpm for 8 h to disperse CNTs
effectively. At the HSBM stage, 4.0 wt% Cu and 1.0 wt% Mg flake
powders are added to the milling jar andmilled at a constant speed
of 270 rpm for 1 h to obtain cold welded particles. The morphology
of the CNT/Al flake powders after LSBM and the CNT/AleCueMg
particles after HSBM are presented in Fig. 1c and d, respectively.
Fig. 1e indicates that CNTs (marked by arrows) are uniformly
dispersed on the surfaces of the CNT/AleCueMg particles. After ball
milling, the mixed particles are cold pressed into cylinders (inner
diameter 120 mm) at 500 MPa, and then hot extruded into 60 mm
� 18mmplates (Fig. 1b) after being sintered in vacuum at 570+C for
4 h. The composite plates are supposed to exhibit lamellar micro-
structures after hot extrusion, as illustrated in Fig. 1b. These plates
are further processed via solution treatment at 530+C for 3 h with
an electric resistance furnace, and then quenched rapidly in ice
water. Artificial aging treatment is performed on the plates at 130+C
for 24 h in an electric resistance furnace with an air atmosphere.

The CNT/2024Al composite has a bulk density r0 ¼ 2:81±0:01 g
cm�3 as measured with the Archimedean method. The sound ve-
locities of the material are obtained by ultrasonic measurements
[37]. Each measurement is repeated three times to calculate its
averages and standard deviations. The longitudinal sound velocities
are 6669±4, 6640±8 and 6620±3m s�1, while the transverse sound
velocities are 3348±7, 3327±9 and 3342±6 m s�1, along the ED, TD
nd CNT/AleCueMg particles. (b) Hot extrusion process and a schematic diagram of the
otropic morphology of the CNT/AleCueMg particles observed in three directions. (c)
of the CNT/AleCueMg particles after high-speed ball milling (HSBM). (e) Dispersion of
tion; TD: transverse direction; ND: normal direction. (A colour version of this figure can
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and ND, respectively. The bulk sound velocity (CB) and Poisson’s
ratio (n) calculated from the average values of CL (6643±22 m s�1)
and CT (3339±11 m s�1) are CB ¼ 5410±36 m s�1 and
n ¼ 0.331±0.003, respectively.
2.2. Microstructural characterizations

The CNT/2024Al composite samples cut from the bulk plate after
artificial aging (i.e. as-received) are used for initial microstructural
characterizations. X-ray diffraction (XRD) is performed with a
Panalytical X-ray diffractometer, and the equipment parameters
can be found in Ref. [38]. The available scattering angle (2q) ranges
from 10+ to 90+. Raman spectroscopy is used to identify CNTs in the
as-received CNT/2024Al composite, with a 532 nm diode-pumped
solid-state laser in the spectral range from 400 cm�1 to
1800 cm�1. For energy dispersive spectroscopy (EDS) and electron
backscattered diffraction (EBSD), the samples are mechanically
ground and polished with 1 mm and 0.3 mm Al2O3 particles (for
EDS), and then electropolishing is conducted in a solution of 10 vol%
perchloric acid and 90 vol% ethanol at 25 V and �25+C using a Cu
rod and the sample as electrodes (for EBSD). EDS and EBSD char-
acterizations are performed with an FEI Quanta 250 SEM with
Oxford EDS and EBSD detectors. Theworking voltage is 30 kV, while
the working distance is 15 mm. An additional 70+ tilt is applied for
EBSD. Microstructures of Al, CNTs and Al4C3 are characterized by
high-resolution transmission electron microscopy (HR-TEM) at
200 kV. TEM samples are prepared by mechanical polishing to
thickness �40 mm, and then punched into discs with a 3-mm
diameter; final twin-jet electropolishing is carried out by Struers
Fig. 2. Composition and microstructural characterizations of the as-received CNT/2024Al com
EDS distribution maps of Al, Cu and Mg. (g) TEM image of the Al matrix grains, and HR-TEM im
this figure can be viewed online.)
TenuPol-5.
The XRD pattern of the as-received CNT/2024Al composite

shows strong Al but weak Al2Cu and Al4C3 diffraction peaks
(Fig. 2a); the presence of Al4C3 peaks suggests the reaction of CNTs
and Al, consistent with previous observations [14,16]. The absence
of carbon and Al2CuMg diffraction peaks may be attributed to their
low contents [16,39,40]. The Raman spectrum in Fig. 2b also in-
dicates the formation of Al4C3 in CNT/2024Al, with characteristic
peaks at 492 cm�1 and 863 cm�1 [41]. Meanwhile, the Raman peaks
of CNTs are also observed at 1332 cm�1 (D-band) and 1604 cm�1

(G-band) [42].
A backscattered electron image and corresponding EDS map-

pings of Al, Cu and Mg elements of the as-received CNT/2024Al are
presented in Fig. 2cef. The EDS mappings reveal that Cu and Mg
elements are uniformly distributed across the Al matrix. Some Cu-
rich micro dots are observed, corresponding to the Cu-rich pre-
cipitates. TEM characterizations on the CNT/2024Al composite are
presented in Fig. 2gej, including the elongated Al grains in the ED-
ND plane (Fig. 2g), the structural integrity of CNTs (Fig. 2h and i),
the rod-shaped Al4C3 phase (Fig. 2i) and the AleAl4C3 interface
(Fig. 2j). The interplane spacing of the (012) plane and (003) plane
of the Al4C3 phase is about 0.28 nm and 0.83 nm, respectively
[14,21].

Fig. 3aec present the SEM micrographs of the as-received CNT/
2024Al after electrolysis. The white patches (Fig. 3a) and stripes
(Fig. 3b and c) are oxygen-rich according to EDS maps (inset in
Fig. 3b), and are supposed to be oxidates formed during electrolysis
[43]. The particle� particle interfaces are less resistant to elec-
trolysis than particle interiors [44] and holes and pits may form in
posite. (a) XRD. (b) Raman spectroscopy. (c) Backscattered electron image, and (d)e(f)
ages of (h) CNTs, (i) CNTs and Al4C3, and (j) the AleAl4C3 interface. (A colour version of



Fig. 3. (a)e(c) SEM micrographs of the as-received CNT/2024Al composite after electrolysis. Inset of b: oxygen abundance distribution in a line across a white patch. (d)e(f) EBSD
characterization (inverse pole figure maps) of the as-received CNT/2024Al composite. (A colour version of this figure can be viewed online.)
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the interface areas, which facilitates concentration of oxidates
there. Therefore, the white regions can be used to mark the
morphology of the lamellar microstructures. The lamellar micro-
structures are aligned lengthwise along the ED, and exhibit a
smaller spacing in the ED-TD plane (�8 mm) than that in the ED-ND
plane (�28 mm), consistent with the extrusion geometry (Fig.1b). In
addition, such lamellar microstructures were observed in other
extruded materials [45,46]. The EBSD inverse pole figure maps
(Fig. 3def) show elongated grains along the ED in the ED-TD and
ED-ND planes, and grains are approximately equiaxial in the TD-ND
plane. Grain orientations in the three planes are similar. The
average grain sizes are 0.77±0.29 mm, 1.02±0.49 mm and
1.02±0.51 mm in the TD-ND, ED-ND and ED-TD planes, respectively.
2.3. Plate impact experiments

Plate impact experiments are conducted on single-stage gas
guns with a 14-mm or 28-mm bore diameter. Fig. 4a presents a
schematic configuration of the plate impact experiments. A flyer
plate (4) is attached to the front end of an aluminum sabot (2), with
a recess (5) behind it. To prevent gas leakage, two O-rings (3) are
fixed to the aluminum sabot. When a solenoid valve is fired, high
pressure gas (helium or nitrogen) stored in a reservoir is released
into the gun barrel (1) to accelerate the sabot and flyer plate system
which impacts the CNT/2024Al composite target (7). The flyer plate
velocity or impact velocity (uimp) is measured with an optical beam
block system (6) as the flyer plate exits the muzzle. A Doppler pin
system (DPS) (12) is adopted to capture the free surface velocity
(ufs) history of the target. Optical signals are analyzed to derive
velocity histories via sliding window fast Fourier transformation.
The muzzle, target, DPS and related optics are located in a vacuum
chamber (14). For microstructure characterizations, the impacted
targets are “soft-recovered” with soft materials (13). The un-
certainties in flyer plate velocity and free surface velocity mea-
surements are less than 1%.

The flyer plates are made of 6061 aluminum alloy with r0 ¼
2:73±0:01 g cm�3, CL ¼ 6407±31 m s�1, and CB ¼ 5272± 68 m s�1.
Flyer plates and samples are of a disk shape with a diameter of
13:20±0:01 mm and 9:00±0:01 mm, respectively. The nominal
thicknesses of the flyer plates and targets are fixed at 1:00±0:01
mm and 2:00±0:01 mm, respectively.

The samples are shock-loaded along the ED, TD and ND to
investigate the effects of microstructural anisotropy. Disk-shaped
samples with different orientations are harvested using electrical
discharge machining. Sample preparation scheme and loading di-
rections (blue arrows) are illustrated in Fig. 4b. Plate impact ex-
periments are achieved at low (�240m s�1) and high (�330 m s�1)
impact velocities, respectively.

Postmortem samples are characterized with XCT and SEM. The
spatial distribution of cracks in a spallation region is obtained with
XCT. XCT experiments are performed at beamline BL13W1 of the
Shanghai Synchrotron Radiation Facility with a nominal resolution
of 0.65 mm. Details of XCT characterization can be found elsewhere
[47].
3. Results and discussions

3.1. Free surface velocity analysis

Impact experiments are performed at two impact velocities
along three orientations (ED, TD and ND). The free velocity time
series are presented in Fig. 5, and the experimental parameters are
listed in Table 1. The free-surface velocity time series, ufsðtÞ, show
different damage features at low and high impact velocities.

The sample free surface velocity profile (Fig. 5) labelled with
AeG illustrates the compression-tension process during plate
impact experiments, including dynamic compression, ensuing
release, and spallation. Segment AB denotes the elastic precursor,
and B, the HEL. The plastic wave BC follows the elastic precursor
and develops into a supported, stable shock CD. When the release
fan, which is reflected by the flyer plate back surface, arrives at the
target free surface, the free-surface velocity of target drops (DE;
release). The interaction of this release fan with that initiated from
the free surface of the target induces tension in the target interior. If



Fig. 4. (a) Schematic setup for plate impact experiments. 1: gun barrel; 2: aluminum
alloy sabot; 3: O-ring; 4: flyer plate; 5: recess for release waves; 6: optical fibers
connected to the detectors for the optical beam block system; 7: sample; 8: sample
holder; 9: recovery cylinder; 10: turning mirror; 11: lens; 12: optical fiber connected to
the Doppler pin system (DPS); 13: soft materials; 14: vacuum chamber. (b) Illustration
of the loading axis with respect to the sample coordinate system (ED-TD-ND), and the
scheme for harvesting specimens. Dashed lines represent cutting planes for micro-
structural characterization. (A colour version of this figure can be viewed online.)

Fig. 5. Representative free-surface velocityetime curves, ufsðtÞ, for impact loading
along the ED (black solid curves), TD (red dashed curves) and ND (blue doted curves).
(A colour version of this figure can be viewed online.)
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the tensile stress exceeds the dynamic tensile or spall strength of
the target, spallation occurs. At the segments EF and FG, the velocity
increases, due to arrival of the compressionwavewhich stems from
the spall plane within the material. The re-acceleration starting at E
is the typical spall mark. The slope of EF is attributed to indepen-
dent growth of isolated voids or cracks, and FG, to their coalescence
[48,49].

Various mechanical parameters such as HEL, von Mises yield
stress (sy), peak stress (sH), strain rate (_ε), re-acceleration (ar) and
spall strength (ssp) can be deduced from free surface velocity
profiles, ufsðtÞ. In particular, the spall strength is calculated from the
pullback velocity with the acoustic method as [26,50].

sspz
1

1þ CL
CB

r0CLDu; (1)

where the pullback velocity Du ¼ ufs;D � ufs;E. Definition and
calculation of the other parameters listed above have been detailed
in previous studies [49e55] and will not be repeated here.

The mechanical parameters of the CNT/2024Al composite under
plate impact are summarized in Table 1. The HEL, corresponding to
the yield point at the one-dimensional strain state, ranges from
0.75 to 0.85 GPa while syfrom 0.38 to 0.43 GPa. The HEL and sy
changes little with different sample orientations and impact ve-
locities. Anisotropy on HEL and sy can essentially be neglected. The
strain rates varies from 1.22� 105 s�1 to 1.64�105 s�1, and increase
monotonously with increasing peak stress for three orientations.
The spall strengths of the CNT/2024Al composite range from 1.4 to
1.9 GPa. The spall strengths along the ED are �50% higher than that
of the commercial 2024Al alloys at similar impact velocities (1:7�
1:9 GPa at 240� 330m s�1 versus 1:1� 1:4 GPa at 180� 560m s�1

[56]).
3.2. XCT characterization of postmortem samples

For three low impact velocity shots (uimp �240 m s�1), the
postmortem samples are characterized with synchrotron XCT. Their
spatial distributions of microcracks are presented in Fig. 6aec, each
within a sampling volume of 640 � 640 � 850 mm3, and demon-
strate a damage anisotropy as a result of the microstructural
anisotropy. During spallation, microcracks nucleate preferentially
between layers and propagate along a preferred direction. For ED
(Fig. 6a), there are merely some discrete microcracks, while mac-
rocracks appear for the other two loading directions (Fig. 6b and c).
Therefore, under the same loading condition, the ED-loading has
higher spallation resistance, consistent with the spall strength (free
surface velocity) measurements in Fig. 5.

The loading along the TD and ND (Fig. 6b and c) induces higher
damage degree: there is a predominant crack at the center, as a
result of nucleation, growth and coalescence of microcracks. In
addition, the main crack in Fig. 6c is more straight than that in
Fig. 6b (marked by red dashed arrows), indicating collinear prop-
agation of the initial cracks for ND-loading with the least resistance
due to lamellar microstructures are mostly perpendicular to ND.
Consistently, the slope EF (spall-induced re-acceleration) is the
steepest as seen in its free surface velocity history (Fig. 5).

For the TD- and ND-loading, cracks extend on the ED-ND and
ED-TD plane, respectively, perpendicular to the loading directions.
For the ED-loading, cracks are parallel to ED-TD planes, and con-
nected by the cracks on the ED-ND plane, showing a stairway shape
(Fig. 6d). For all these three loading cases, the propagation direction
of microcracks is along the ED, regardless of the loading direction.
However, the loading direction has significant effect on damage
degree, which is attributed to the microstructural anisotropy. As
seen from Fig. 6def (magnified views of Fig. 6aec), crack surface
roughness decreases in the following order: ED>TD>ND, and is
closely related to the degree of collinear propagation of micro-
cracks, which is in turn a result of microstructural anisotropy and
loading direction.

From 3D crack configurations obtained with XCT, crack volume
distribution can be characterized in terms of the normalized crack
number NcðkÞ, using the binning procedure described in Ref. [57].



Fig. 6. (a)e(c) X-ray computed tomography images of the postmortem samples impacted along the ED, TD and ND. (d)e(f) Magnified views corresponding to the regions indicated
by the rectangles with black dashed lines in (a)e(c). Only cracks are shown in green. Impact velocity: �240 m s�1. (A colour version of this figure can be viewed online.)

Table 1
Experimental parameters. Lf : flyer plate thickness; Ls: sample thickness; uimp: impact velocity; sHEL: Hugoniot elastic limit; sy: vonMises yield stress; sH: peak stress; _ε: tensile
strain rate; ssp: spall strength; ar: re-acceleration. Numbers in parentheses denote uncertainties in the last one or two digits.

Orientation Lf (mm) Ls (mm) uimp
�
m s�1� sHEL (GPa) sy (GPa) sH (GPa) _ε (� 105 s�1) ssp (GPa) ar (� 109 m s�2)

ED 1.01 (1) 1.99 (1) 238 (3) 0.84 (2) 0.43 (4) 2.53 (6) 1.36 (2) 1.66 (4) 1.30 (15)
TD 1.01 (1) 2.00 (1) 239 (3) 0.77 (3) 0.39 (5) 2.54 (6) 1.22 (3) 1.39 (3) 1.45 (14)
ND 1.01 (1) 2.00 (1) 244 (3) 0.75 (3) 0.38 (6) 2.58 (8) 1.27 (3) 1.41 (3) 1.69 (9)
ED 1.00 (1) 2.00 (1) 329 (4) 0.85 (2) 0.43 (4) 3.48 (4) 1.52 (1) 1.88 (5) 3.17 (12)
TD 1.00 (1) 1.99 (1) 335 (4) 0.85 (2) 0.43 (4) 3.54 (5) 1.64 (2) 1.77 (5) 3.61 (7)
ND 1.00 (1) 2.01 (1) 332 (4) 0.85 (3) 0.43 (5) 3.51 (5) 1.32 (2) 1.42 (3) 3.90 (11)
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NcðkÞ¼ 1

lk

X

l
k�1�Vc�l

k�1

NcðVcÞ; (2)

where NcðVcÞ is the number of cracks with volume Vc located in a

volume (in mm3) bin (lk�1, lk-1), and k (integers) denotes the
sequence number of bins. l is a constant (1.78 here) and can be used
to control the bin width. NcðkÞ obtained for different orientations is
presented in Fig. 7a. The crack volume distributions for three
loading directions are approximately consistent, irrespective of
their different crack morphologies (Fig. 6aec). They can be
described with the same power-law function, i.e. Ncf V�1:4

c , indi-
cating similar nucleation and growth dynamics in three loading
directions [58].

The topology of crack networks can be characterized via gyra-
tion tensor analyses [34,35]. A gyration tensor is defined in terms of
the 3D voxel coordinate data of a crack. Then the eigenvectors and
eigenvalues of the gyration tensor are calculated, and the eigen-
values are denoted as R1, R2 and R3 (R1 >R2 >R3). After that, a
characteristic ellipsoid can be constructed for the crack with three
semi-axes oriented along the eigenvectors, and their lengths as a ¼ffiffiffiffiffiffiffiffi

5R1
p

, b ¼ ffiffiffiffiffiffiffiffi
5R2

p
and c ¼ ffiffiffiffiffiffiffiffi

5R3
p

, respectively. Using the eigen-
values, a sphericity index can be defined as
SG ¼1� 1
2

P3
i> j

�
Ri � Rj

�2
�P3

i Ri
�2 ; (3)

where i, j ¼ 1, 2, 3. Two aspect ratios, elongation index (EI) and
flatness index (FI), can be calculated as

EI¼ b=a; and FI ¼ c=b: (4)

A smaller EI or FI value means a greater degree of elongation or
flatness.

The sphericity distributions of cracks for the three types of
samples are presented in Fig. 7b. The sphericity of cracks for ED-
loading varies mainly in the range of 0:65� 0:95, and its mean
sphericity (0.67) is considerably higher than those for TD- and ND-
loading (�0.40). Sphericity of cracks is similar for TD- and ND-
loading. The cracks for ED-loading are statistically more spherical
than those for TD- and ND-loading, consistent with Fig. 6d (red
arrows), because the growth and coalescence of microcraks are
blocked by particle interfaces in the ED-TD and ED-ND planes for
ED-loading. The EI distributions of cracks for TD- and ND-loading
are similar and concentrate in the small-EI region (Fig. 7c). The
mean EI values for TD- and ND-loading (�0.20) are much smaller
than that for ED-loading (0.40). The reason is that cracks for TD-
and ND-loading are largely elongated in the ED along which the
lamellar microstructures are aligned lengthwise and thus cracks



Fig. 7. Characterizations on the topology of crack networks in three types of samples. (a) Numberevolume distribution of cracks. The dashed line is a power fitting to the
experimental data. (b)e(d) Sphericity index (SG), elongation index (EI) and flatness index (FI) distributions of cracks, respectively. (e)e(g) Pole figures of the longest principal axis of
cracks. Impact velocity: �240 m s�1. (A colour version of this figure can be viewed online.)
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are more likely to propagate. It is interesting to note that the FI
distribution of cracks for ND-loading is different from that for TD-
loading (Fig. 7d), although they both exhibit elongated cracks in
the ED. The mean FI for ND-loading (0.20) is appreciably smaller
than those for TD-loading (0.35), indicating that the cracks for ND-
loading are flatter and own fewer branches, in contrast with TD-
loading in Fig. 6e (branches are marked by red arrows), due to a
large amount of microcracks propagating collinearly.

A method similar to stereographic projection is used to project
microcrack orientations into a pole figure. Firstly, a coordinate
system (O-xyz) is established, and a sphere centered at the origin is
constructed. One endpoint of the longest axis (a) is set at the origin
O and the other endpoint is extended to intersect the sphere at L.
The line connecting point L and a pole intersects the equatorial
plane (the xy-plane) at point M, which indicates the orientation of
themicrocrack. The angle between the longest axis and the z-axis is
measured as q, which is called the angle of pitch. The angle between
the projection of the longest axis onto the equatorial plane and the
x-axis is measured as 4, which is called the direction angle.

All microcrack orientations for the three loading directions in
Fig. 6aec are plotted in their corresponding pole figures (Fig. 7eeg).
For the ED-loading (Fig. 7e), most of the cracks are oriented along
the ED, while a few are oriented along the TD. For loading along the
TD and ND (Fig. 7f and g), the majority of the microcracks are along
the ED, while only a few are along the TD and ND. For the ND-
loading, the extent of crack propagation along the ED is signifi-
cantly greater than the TD-loading. This is because the lamellar
microstructures of the composite are elongated along the ED and
mostly perpendicular to the ND. It is of the least resistance for
cracks to propagate between layers, forming microcracks that
extend parallel to the ED-TD plane and along the ED. A small
number of microcracks parallel to the ED-ND plane can form, since
some loading directions are not completely perpendicular to the
lamellar microstructures, and the microcrack propagation
connection is relatively difficult.

The numbers of cracks in the ED, TD and ND samples shown in
Fig. 6aec are 502, 527 and 270, respectively, and the corresponding
crack volumes are 0.29�107 mm3,1.93�107 mm3 and 2.23�107 mm3

(Table 2). In the ND sample, the loading direction is perpendicular
to most lamellar microstructures (the ED-TD plane), and the cracks
are more prone to collinear propagation and coalescence. Although
the number of cracks is the least, the crack volume is the largest. In



Fig. 8. Degree of damage as a function of distance away from the impact surface for
three different impact directions (ED, TD and ND). Impact velocity: �240 m s�1. (A
colour version of this figure can be viewed online.)
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the TD sample, the degree of collinear propagation is lower than
that in the ND sample, resulting in a smaller crack volume and a
larger number of microcracks. In the ED sample, the loading di-
rection is parallel to the long axis of the lamellar microstructures,
microcrack propagation is the most difficult, and the energy is
mainly consumed in the crack nucleation stage.

The degree of damage D ðzÞ is defined as

D ðzÞ¼ ScðzÞ
StðzÞ; (5)

where ScðzÞ and StðzÞ are damage area and total area observed in
the z-slice of XCT, respectively. Fig. 8 shows the damage distribution
(degree of damage vs distance from free surface) along these three
loading directions. Main damage occurs in the range of
800e1200 mm. The damage peak values of the TD and ND samples
are similar (D � 0:39) and appear at similar distances (1000 mm).
However for the ND sample, its main peak is flanked by two small
peaks (D � 0:15 and 0.21). This is because the microcracks in the
ND sample are prone to collinear expansion, formingmultiple large
cracks within a certain range. For ED sample, the damage peak
value is merely 0.03, much smaller than those of TD and ND sam-
ples, and the peak location is not in the centre of the sample. This is
because the impact direction is parallel to the long axis of lamellar
microstructures, and the coalescence of microcracks is hindered;
only a very small number of cracks are connected.
3.3. SEM characterization of postmortem samples

The postmortem samples for higher impact velocities
(�330 m s�1) are characterized with SEM (Fig. 9). The samples are
also sectioned along the dashed line in Fig. 4b. The fractographs of
the fracture surfaces are shown in Fig. 9aec for the ED, TD and ND
samples, respectively. The corresponding main crack lengths are
6.1 mm, 7.4 mm and 8.7 mm, and the maximum widths of the
respectivemain cracks are 133 mm, 228 mmand 379 mm. In addition,
the crack width of the ED sample is 645 mm if we include the
microcracks extending along the impact direction, much larger
than those for the TD and ND samples. This difference is again due
to the microstructural anisotropy of the CNT/2024Al composite.

Fig. 9def are magnified views of the central spallation regions
delimited by the dashed rectangles in Fig. 9aec, respectively. For
similar impact velocities (�330 m s�1), the damage degree along
the ED is less than those along the TD and ND, and the damage
evolution shows strong anisotropy. For ED, the main crack is
serrated, and there are many microcracks parallel to the impact
direction. For both TD and ND samples, cracks are perpendicular to
the impact direction. Because most lamellar microstructures are
perpendicular to the ND, the composite is most vulnerable to
damage when impacted along the ND. Fig. 9f shows striated traces
on the crack surface for ND, while they are absent for TD (Fig. 9e).
Fig. 9e shows that a band structure in the crack connects the upper
and lower crack surfaces. Collinear crack expansion is more difficult
for TD-loading than ND-loading. These differences are also re-
flected in the free surface velocity histories (Fig. 5).
Table 2
Characteristic parameters of cracks in three samples impacted at �240 m s�1 along the E
Vtotal: total crack volume; Vmax: maximum volume of individual cracks; V: average volum
flatness index. Numbers in parentheses denote uncertainties in the last one or two digit

Orientation n Vtotal (�107 mm3) Vmax (�107 mm3) V(�1

ED 502 0.29 (2) 0.08 (1) 0.57 (
TD 527 1.93 (7) 1.80 (7) 3.66 (
ND 270 2.23 (8) 2.12 (8) 8.25 (
SEM fractographs of postmortem samples (Fig. 10) are used to
analyze further the mechanism of spallation in the CNT/2024Al
composite for three different loading directions. The large cracks
extend along the ED with a stairway shape (marked by red arrows
in Fig. 10a), corresponding to the cracks extending along the impact
direction in Fig. 9a and d. For the TD- and ND-loading (Fig. 10b and
c), the fracture surfaces show horizontal striations, but more
interface debonding is observed for the ND-loading. The fracture
surfaces are rougher for the TD-loading (Fig. 10b) than those for the
ND-loading (marked by red arrows in Fig. 10c), as a result of the
weak bonding at particle interfaces for the ND-loading (Fig. 5).
High-magnification fractographs are shown in Fig. 10def. CNTs
(marked by red arrows) are exposed on the fracture surfaces, and
the exposed length is far less than 1 mm. Therefore, CNTs are frac-
tured after a small amount of sliding (Fig.10def) under plate impact
loading [59], which indicates the existence of bridged CNTs linking
the particles due to some rotation of CNTs during hot extrusion. In
contrast, CNTs in AMCs are pulled out longer from the Al matrix,
and microvoids (dimples) are formed around these CNTs under
quasi-static tension [60].

Previous studies [28,29,31] reported that the spall strengths of
AMCs were reduced by the addition of Al2O3 filaments/particles. In
our case, CNTs appear to enhance the spall strength of the 2024Al
matrix compared to the commercial 2024Al alloy [56]. Several
mechanisms can be responsible for this strengthening effect of
CNTs. First and foremost, the load transfer frommatrix to CNTs and
the strong CNT/matrix bonding due to the formation of nanoscale
Al4C3 domains at the CNT/matrix interfaces [7,61] can improve the
fracture strength of CNT-reinforced AMCs. Such mechanisms have
been extensively discussed under quasi-static loading [14,16,17,62],
and are also applicable to dynamic loading where the bridged CNTs
promote the interfacial tensile strengths of AleCueMg particles
and thus the spall strength of CNT/2024Al. In addition, the rough
surfaces of particles coatedwith CNTs increase the interface friction
between particles and can raise the spall strength of CNT/2024Al as
D, ND, and TD. The sampling volume is 850� 640� 640 mm3. n: number of cracks;
e of cracks; D: average diameter of cracks; SG: sphericity; EI: elongation index; FI:

s, and standard deviations with asterisks.

04 mm3) D (mm) SG EI FI

5) 22 (1) 0.67 (0.20*) 0.40 (0.22*) 0.35 (0.20*)
14) 41 (1) 0.43 (0.27*) 0.21 (0.20*) 0.35 (0.20*)
31) 54 (1) 0.42 (0.25*) 0.22 (0.20*) 0.20 (0.16*)



Fig9. SEM micrographs of sectioned postmortem samples for impact loading along (a) ED, (b) TD and (c) ND. (d)e(f) Magnified views corresponding to the regions indicated by the
rectangles in (a)e(c). Impact velocity: �330 m s�1.

J.C. Cheng et al. / Carbon 170 (2020) 589e599 597
well. The pinning effect of CNTs generally leads to grain refinement
in CNT-reinforced AMCs [17], and leads to an increase in their
fracture strengths under quasi-static loading. However, the grain
size, in the range of several to hundreds of microns, shows little
influence on the spall strength of materials under impact loading
[63].
Fig. 10. SEM fractographs of shock-recovered samples for impact loading along the ED, TD an
this figure can be viewed online.)
4. Summary

The CNT/2024Al composite fabricated by flake powder metal-
lurgy and hot extrusion is subjected to plate impact loading along
three different directions (ED, ND, and TD) at two representative
(low and high) impact velocities. Our main conclusions are:
d ND, at two different magnifications. Impact velocity: �330 m s�1. (A colour version of
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� The microstructural anisotropy (in terms of orientations of the
lamellar microstructures) of the CNT/2024Al composite has a
negligible effect on HEL (�0.8 GPa) but induces an anisotropy in
spall strength (1:4� 1:9 GPa) at different impact velocities. Spall
strength is the highest for loading along the ED, the long axis of
the lamellar microstructures.

� CNTs appear to increase the spall strength of the 2024Al alloy, in
contrast to other (e.g. Al2O3) reinforcing fibers/particles.

� The crack volume distributions for three loading directions are
approximately consistent, following the same power-law func-
tion. However, the cracks for ED-loading are statistically more
spherical than those for TD- and ND-loading, because the
growth and coalescence of microcraks are blocked by particle
interfaces in the ED-TD and ED-ND planes, resulting the highest
spall strength.

� Propagation of microcracks is along the ED regardless of the
loading direction. Damage degree decreases in the order of
ND>TD>ED, because of the easier propagation of cracks along
the ED for the TD- and ND-loading. However, the cracks for the
ND-loading are flatter and have fewer branches, due to a large
amount of microcracks propagating collinearly, corresponding
to the maximum damage degree.
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