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a b s t r a c t

A nacre-like magnesium matrix composite with high carbon nanotube (CNT) contents (up to 4.40 wt%)
was successfully prepared under the combined effects of bidirectional freeze casting, pressureless
infiltration, and hot pressing. The bidirectional freeze casting was carried out to fabricate large-scale
parallelly layered CNT scaffolds. The spontaneous infiltration of an AZ91 magnesium alloy was ach-
ieved using nano-silica as the wetting promoter, and MgO and Mg2Si (reaction products) provided the
strength of the as-synthesized composites. Furthermore, the hot pressing increased the average thick-
ness ratio of reinforcing phase/alloy layers in the AZ91/CNT composites from 0.89 (before hot pressing) to
1.46 (after hot pressing) and also significantly improved the specific strength from 142.3 MPa/(g,cm�3)
to 158.7 MPa/(g,cm�3) without sacrificing the specific toughness ((17e18) MPa,m1/2/(g,cm�3)). The
resultant composites were mainly strengthened by CNTs, reaction products, and the strong interfacial
bonding between CNTs and the Mg matrix. The key toughening mechanisms for the as-prepared com-
posites were crack deflection, branching, and CNT pull-out. This study provides a new idea for the
economical and efficient preparation of lightweight and damage-tolerant composites with high CNT
contents.

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

Strength and toughness are mutually exclusive in many tradi-
tional metal matrix composites (MMCs), and the achievement of
ideal mechanical properties is invariably a compromise [1].
Therefore, developing a new structural composite that combines
lightweight, high strength, and toughness has been a major chal-
lenge [2]. In order to meet this challenge, a rational solution lies in
material selection and structural design.

In material selection, Mg and CNTs are ideal choices for the
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metal matrix and the reinforcement, respectively, due to their low
densities (Mg: 1.7 g/cm3, CNTs: about 1/6 of steel), high specific
strengths, and specific stiffnesses [3e5]. Therefore, CNTs are
generally incorporated into the Mg matrix to prepare lightweight,
high-strength composites. In structural design, a feasible strategy
can be achieved from biological materials. Many biological mate-
rials in nature possess a perfect combination of strength and
toughness due to their complex and fine structures. A notable
example is nacre. Its laminated structure formed by the alternating
arrangement of brittle aragonite sheets (95 vol%, 200e900 nm
thick) and biopolymer layers (5 vol%, 10e50 nm thick) can generate
significantly higher strength and fracture toughness. Aragonite
sheets (“brick”) provide the necessary strength, whereas limited
displacements (of few micrometers) within the bio-polymeric
“mortar” dissipate locally generated high stresses, thereby
providing a certain degree of ductility to improve the toughness.
The preparation of nacre-inspired composites has attracted
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Fig. 1. (a) Schematic representation of the preparation route for AZ91/CNT composites, (b) 3D structure of the lamellar CNT scaffold, and (c) macroscopic morphology of the AZ91/
CNT composites after hot pressing.

Fig. 2. SEM images of lamellar CNT scaffolds: (a) XOY and (c) ZOY sections of the
unidirectionally freeze-cast sample; (b) XOY and (d) ZOY sections of the bidirectionally
freeze-cast sample.
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worldwide attention in the past decade [6e8]. For example, Xiang
et al. [9] combined electrophoretic deposition (EPD) of CNTs with
Mg foils to obtain Mg matrix composites with micro-nano layered
structure, and prepared a nacre-like bulk Mg/CNT composite by
hot-press sintering and hot rolling.

In 2006, Deville et al. [10] developed a nacre-inspired layered
structure through freeze-casting. The directional growth of ice
crystals was utilized to push ceramic particles to form a layered
scaffold. Using freeze casting, Yan et al. [11] and Gutierrez et al. [12]
successfully prepared layered CNT scaffolds, in which chitosan was
used as dispersant and binder to provide the green strength of the
scaffolds. The porosity of the resultant scaffolds reached 99% and
97%, respectively. Using the freeze-cast scaffold as a template, re-
searchers have created numerous laminated composites with good
mechanical properties through the infiltration technique [7,13e16].

The combination of ice templating and infiltration can effec-
tively solve the problems of CNT damage, disordered arrangement,
and uneven dispersion encountered in traditional processing
(powder metallurgy or stir casting) of Mg/CNT composites [17e20].
However, it is difficult to synthesize laminated Mg/CNT composites
through ice templating and infiltration due to the poor wettability
of CNTs by molten Mg [21]. The most common method for
improving the wettability is to coat CNT surfaces with metals (such
as nickel); however, this process is complicated and the improve-
ment inwettability is limited [22]. In order to solve this problem, in
this study, SiO2 was used as a wetting promoter due to the good
wettability between Mg and SiO2 [23,24]. SiO2 favored the spon-
taneous infiltration of Mg into the layered silica-coated CNT scaf-
fold and also provided the necessary strength for the CNT scaffold.
Moreover, MgO and Mg2Si (reaction products) improved the
strength of the resultant composite. On the other hand, it was also
found that the addition of Al to Mg can improve the interfacial
bonding strength between CNTs and Mg [25]. Therefore, in the
present experiment, an AZ91 (Mge9Ale1Zn) alloy was selected as
the metal matrix. Furthermore, the dispersion of CNTs in the water-
based slurry was promoted by using chitosan as dispersant and
binder (wet-dispersion), and CNTs were arranged and fixed in the
metal through ice-templating and infiltration to solve the problem
of uneven dispersion of CNTs and also to increase the CNT content
for better mechanical properties of the resultant composite. How-
ever, the CNT content is usually kept low due to the restriction in
slurry viscosity in freeze casting [11,12]. An effectiveway to increase
the relative proportion of CNTs in the composites is to reduce the
metal by hot-pressing the resultant composites. However, the hot
pressing would crush randomly distributed ceramic layers formed
by randomly nucleated ice crystals during freeze casting, thereby
damaging the overall configuration and performance of the
resultant composites. In order to solve this problem, a bidirectional
freeze-casting technique [26] was adopted (i.e., the slurry direc-
tionally solidified under two temperature gradients to form a par-
allelly layered CNT scaffold).

In the present work, laminated AZ91/CNT composites were
prepared under the combined effects of bidirectional freezing,
pressureless infiltration, and hot pressing. The effects of hot
pressing on the interfacial structures and properties of the resultant
composites were analyzed, and also their damage-resistant mech-
anisms were revealed. This study provides a new idea for the
preparation of lightweight and damage-tolerant CNT-reinforced
metal matrix composites.

2. Materials and methods

The main raw materials in the present experiment were com-
mercial MWCNTs (diameter ¼ 10e30 nm, length ¼ 20e100 mm,
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Fig. 3. (a) SEM image of as-received MWCNTs, (b) microstructure of the bidirectionally freeze-cast CNT scaffold in the XOY section, (c) magnified images of the area marked in image
(b), and (d) enlarged view of image (c).
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purity�98%), silica sol (SiO2 content ¼ 30 wt%, particle
size ¼ 10e20 nm, pH ¼ 2.0e4.0), and chitosan (CHI, purity 99.5%).
MWCNTs (4 wt% of the slurry) and silica sol (SiO2 accounted for
8 wt% of the slurry) were first dispersed in an acetic acid solution
(0.2 mol/L) containing 1.5 wt% CHI. CHI is considered as an efficient
dispersion agent for CNTs [12]. The acetic acid ensured that CHI was
completely dissolved into a clear solution without an excess res-
idue. A water-based CNT slurry was obtained by magnetic stirring
(10 h) followed by ultrasonic dispersion (30 min) and vacuum
deairing (30 min). The slurry was then poured into a bidirectional
freeze-casting mold (Fig. 1a). A Teflon block was used to create
thermal insulation between the slurry and the cold finger. When
contacting the cold finger, the side copper plate generated two
temperature gradients: a vertical one (DTZ) and a horizontal one
(DTX). The DTX gradient (along the X-axis) was the main growth
direction for ice crystals, whereas the DTZ gradient (along the Z-
axis) was the secondary direction; hence, ice crystals grew into a
parallelly layered structure [26]. The cold finger was then cooled
down to 0 �C at 1 �C/min by a temperature controller until the
slurry became completely frozen. The solidified slurry was
demolded and freeze-dried at �50 �C (under a vacuum of 10 Pa) for
72 h to get a layered green body (25� 25� 25 mm3). The body was
first fired at 300 �C in air for 15 min to remove CHI and then sin-
tered at 900 �C for 1 h under an Ar flow rate of 0.8 L/min. Fig. 1b
displays the three-dimensional structure of the resultant scaffold.

A polished commercial AZ91 (Mge9Ale1Zn) alloy was placed
on the surface of the as-prepared scaffold. The samples were con-
tained in a graphite crucible, whose internal surfaces were shielded
by a graphite paper to prevent direct contact with the alloy. The
furnace was evacuated to a vacuum of about 3 Pa, then purged with
high-purity (99.999%) Ar, and finally, heated to 710 �C at 5 �C/min
under an Ar flow rate of 0.8 L/min. The samples were held at 710 �C
for 15min to complete the spontaneous infiltration and then cooled
to 20 �C at 5 �C/min. The as-prepared composites (with a CNT
content of 2.29 wt%; the detailed calculation is presented in the
Appendix) were cut into small pieces with a volume of
21 � 21 � 10 mm3, wrapped by graphite papers, and placed in a
graphite mold for hot pressing. After heating to 650 �C for 15 min
under an Ar (purity 99.999%) flow rate of 0.8 L/min, the samples
were compressed to a maximum reduction of 5 mm and then
cooled to 20 �C. The relative mass fraction of CNT in the AZ91/CNTs
composites (Fig. 1c) reached 4.40 wt% (the detailed calculation is
presented in the appendix).

The densities of the as-prepared composites and AZ91 alloy
were measured by the Archimedes method. The elastic moduli and
Poisson’s ratios of the composites were determined by measuring
the velocities of longitudinal and shear waves in the orthogonal
direction with an ultrasonic thickness gauge (Olympus 38DL PLUS)
[15]. The microstructural evolution in the composites was observed
with an optical microscope (OM; Axio Imager A2m, Carl Zeiss,
Germany), a scanning electron microscope (SEM; VEGA 3 XMU,
TESCAN, Czech Republic), and a field-emission scanning electron
microscope (JSM-6700F, Japan). The interfacial structures and
phases of the composites were analyzed by transmission electron
microscopy (TEM; JEM-2100F, Japan) and X-ray diffraction (XRD; D/
Max 2500 PC Rigaku, Japan), respectively. The three-point flexural
strength and fracture toughness of the composites were measured
with a universal testing machine (Instron 5689, Instron Corp., USA).
The properties of the AZ91 alloy after the infiltration experiment
(taken from the remaining alloy on the top of the sample) were also
measured under the same conditions to provide with contrastive
reference. The flexural strength was measured using unnotched
specimens (width ¼ 4 mm, thickness ¼ 3 mm, length ¼ 20 mm)
with a span of 16 mm at a loading rate of 0.5 mm/min. The fracture
toughness was measured using single-edge notched bending
(SENB) samples (width ¼ 4 mm (W), thickness ¼ 2 mm (B),
length ¼ 20 mm, notch depth ¼ 2 mm (a)) with a span 16 mm at a
crosshead speed of 0.05 mm/min. The values of crack-initiation
toughness (KIC), crack-growth toughness (KJC), and work of frac-
ture (U) were calculated using the following equations [27]:

KIC ¼
PS

BW
3
2

f
�a
w

�
; (1)
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Fig. 4. Microstructures of the AZ91/CNT composites before (a1ea2) and after (b1eb2) hot pressing; lamellae thickness distributions and statistical plots obtained by image analysis
for the composites before (a3ea4) and after (b3eb4) hot pressing. See color in electronic file.
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(3)
Fig. 5. (a) BSE image and elemental mappings of the AZ91/CNT composites after hot pressing
of Fig. 5a).
Jel ¼
K2
IC

E’
; (4)

Jpl ¼
1:9Apl

Bb
; (5)

E’ ¼ E
1� n2

; (6)
and (b) point analysis result (the point-analysis spot is shown in the upper right frame
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Fig. 6. XRD patterns for the AZ91/CNT composites before and after hot pressing.
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U¼Apl

2A
; (7)

where P is the maximum applied load, Apl is the area of the plastic
zone under the load�displacement curve, and b is the uncracked
ligament length (W�a). The final value presented here was the
Fig. 7. (a) TEM image of the AZ91/CNT composites after hot pressing, (b) HRTEM image of the
area marked in image (a) and the phase corresponding to each diffraction ring.
average of at least three measurements.

3. Results and discussion

3.1. Microstructures of lamellar CNT scaffolds

Fig. 2 displays the microstructures of lamellar CNT scaffolds
prepared by unidirectional and bidirectional freeze casting. The
slurry and the freezing rate (1 �C/min) were the same in both cases.
During unidirectional freeze casting, the slurry was in direct con-
tact with the cold finger. With the decrease in the cold finger
temperature, a single vertical temperature gradient (DTZ) was
created; thus forcing ice crystals to grow into a layered structure
from bottom to top (Fig. 2c). However, as the random nucleation of
ice crystals occurred on the entire surface of the cold finger, the
lamellar orientation over the XOY plane was random (Fig. 2a).

During bidirectional freeze casting, ice crystals grew along two
directions (Fig. 1a). Hence, after freeze-drying and sintering, a
large-scale parallelly layered structure was obtained (Fig. 2b and d).
It indicates that bidirectional freezing controlled the arrangement
of ice crystals in both directions, whereas unidirectional freezing
was limited to only one direction. From the standpoint of preparing
high-CNT-content composites, such large-scale parallelly layered
structures would be certainly superior to those obtained by uni-
directional freeze casting to maintain the structural integrity in
subsequent hot pressing.

Raw CNT powders had a relatively uniform outer diameter and a
large aspect ratio; however, theywere easily entangled and difficult
to be dispersed (Fig. 3a). The entanglement of CNTs significantly
influenced the dispersion of CNTs in the melt [17]. Here, the CNT
powders were pre-dispersed in the CHI slurry due to the non-
covalent association of CNTs with CHI chains in the aqueous solu-
tion [12]. The bidirectional freezing of the slurry led to the
directional arrangement of the CNT lamellae. The CNT layers
maintained good parallelism with a uniform thickness in the XOY
section (~20 mm away from the bottom) (Fig. 3b). The elemental
interface between the Mg matrix and CNTs, and (c) SAED pattern of the corresponding



Fig. 8. Three-point bending (a) stress�strain and (b) load�displacement curves of the AZ91 alloy and the AZ91/CNT composites before and after hot pressing.
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mapping of the CNT scaffold reveals that SiO2 were evenly
distributed in the CNT lamellae. The enlarged view in Fig. 3d in-
dicates that CNTs were coated with the nano-sized SiO2 particles
(10e20 nm; denoted as SiO2@CNTs), which contributed to the
spontaneous infiltration as SiO2 was well wetted by Mg [23,24]. In
addition, SiO2@CNTs layers contained many tiny pores (Fig. 3c). The
filling of these pores by the melt increased the contact area be-
tween SiO2 and Mg and promoted the interfacial reaction.
Fig. 9. Optical microscopy images showing crack propagation in the AZ91/CNT com-
posites before (a1�a2) and after (b1�b2) hot pressing during bending tests (The circle
in image a1 marks the direction of crack propagation; image a2 is the enlarged view of
the area marked in image a1, and image b2 is the enlarged view of the area marked in
image b1).
3.2. Microstructures of AZ91/CNT composites

Fig. 4a1 and a2 presents the microstructures of AZ91/CNT com-
posite along the XOY section before hot pressing (the reinforcing
phase layers and alloy layers appeared as black and green,
respectively, and the blue-green block was Mg2Si [28]). CNTs were
regularly distributed in the metal matrix, thus avoiding the prob-
lem of local accumulation encountered in conventional methods
(such as stir casting) [20]. Reinforcing phase layers were contin-
uous, and some defects, such as pores and incompletely filled areas,
appeared between these layers (marked by circles in Fig. 4a1). Bulk
Mg2Si was adhered to the reinforcing phase layers; the alloy
penetrated into the tiny pores of these layers, and reaction products
were wrapped around filamentous CNTs to form a network struc-
ture (Fig. 4a2). This phenomenon suppressed the deformation of
the reinforcing phase layers by hindering the sliding of reaction
products and increased elastic modulus [29]. Fig. 4a3 and 4a4 dis-
plays the layer thickness distribution and statistical plots calculated
by Fiji software. The average thicknesses of the reinforcing phase
layers and the alloy layers were calculated as 38.8 mm and 43.4 mm,
respectively (the ratio was 0.89).

Fig. 4b1 and b2 show the microstructures of the AZ91/CNT
composites along the XOY section after hot pressing. It was found
that no obvious defects were formed due to hot pressing. Fig. 4b1
reveals that the reinforcing phase layers became discontinuous
after hot pressing. Moreover, the morphology of the resultant
composites changed from lamellar to “brick-mortar” after hot
pressing. The structure shown in Fig. 4b2 was denser than that in
Table 1
Physical [density (r), Poisson’s ratio (n), elastic modulus (E)] and mechanical [flexural st
fracture (U)] properties of the matrix alloy and the AZ91/CNT composites before and afte

Specimens r (g/cm3) n E (GPa) FS (

AZ91 alloya 1.81 ± 0.01 0.295 45.8 170
Before HP 1.82 ± 0.01 0.272 48.7 259
After HP 1.89 ± 0.03 0.243 56.7 300

a The alloy for the measurement was taken from the top additional part after infiltrat
Fig. 4a2 due to the reduction in the alloy content in the reinforcing
phase layers. Fig. 4b3 and b4 show that the average thickness of
alloy layers was reduced to 25.9 mm, whereas the thickness ratio of
the reinforcing-phase/alloy layers increased to 1.46. This result in-
dicates that the hot pressing significantly increased the relative
mass fraction of the reinforcing phases. In addition, the layer
thickness distribution curves imply that the thicknesses of the
reinforcing phase layers and the alloy layers became more uniform
after hot pressing.

3.3. Phases of AZ91/CNT composites

Fig. 5 displays the SEM images and EDS spectra of the AZ91/CNT
composites. When the molten Mg penetrated into the CNT scaffold,
rength (FS), crack-initiation toughness (KIC), crack-growth toughness (KJC), work of
r hot pressing (HP).

MPa) KIC (MPa,m1/2) KJC (MPa,m1/2) U (kJ,m�2)

± 21 5.5 ± 0.2 32.5 ± 3.7 5.4 ± 1.2
± 31 7.0 ± 0.9 32.6 ± 3.2 5.1 ± 1.4
± 10 7.8 ± 1.4 33.7 ± 3.6 4.7 ± 1.0

ion.



Fig. 10. Typical bending fracture surface morphologies of the AZ91/CNT composites before (a1ea3) and after (b1eb3) hot pressing (a2 and a3 are the enlarged views of a1; b2 and b3
are the enlarged views of b1).
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it first reacted with SiO2 on the CNT surface.

4Mg þ SiO2/2MgOþMg2Si: (8)

The distributions of Mg and O reveal that a large amount of MgO
was formed and uniformly distributed in the reinforcing phase
layers. The distribution of Si indicates that Mg2Si accumulated in
the local area. In addition, Al in the AZ91 alloy diffused to the
reinforcing phase layers, indicating that Al was actively involved in
the reaction. The elemental point analysis (Fig. 5b) of the local re-
gion in Fig. 5a reveals that the acicular phase was composed of
binary or ternary compounds of Mg, Al, and C.

The XRD patterns for the resultant composites are illustrated in
Fig. 6. Mg2Si, MgO, and MgAl2C2 were the main reaction products.
The formation of these phases increased the strength and simul-
taneously, damaged the toughness of the as-prepared composites.
The diffraction peak of SiO2 was not detected, indicating that the
reaction was complete under the condition of excessive Mg. In
addition, the intensities of the Mg peaks decreased while those of
Mg2Si increased significantly after hot pressing, suggesting that the
Mg content decreased and the relative mass fraction of reaction
products increased after the hot pressing.

In order to examine the formation of reaction products in the
AZ91/CNT composites, the interfacial structures were revealed by
TEM (Fig. 7). The interface between the reinforcing phase and the
alloy was clear (Fig. 7a). The diffraction rings of the SAED pattern
shown in Fig. 7c indicate that MgAl2C2 was formed at the interface;
thus Al diffused from the AZ91 matrix to CNTs and agglomerated at
the surface. However, considering the stable structure of CNTs, the
carbon source for the reaction might also come from the amor-
phous carbon formed from the thermal decomposition of CHI
during the sintering of the green body. Fukuda et al. [30] also
confirmed the existence of MgAl2C2 in AZ61 (Mge6Ale1Zn)/CNT
composites fabricated by powder metallurgy through TEM exami-
nation. In addition, the HRTEM image around CNTs in Fig. 7b dis-
plays the presence of a large number of nanoscale MgO. MgO had
good interfacial bonding with CNTs and Mg and improved the
strength of the resultant composites [31]. The formation ofMgAl2C2
and MgO increased the interfacial bonding strength between CNTs
and Mg. The interfacial shear stress in Mg was effectively
transferred to CNTs and reaction products under loading, thereby
reducing the stress in the matrix and strengthening the composites
by load transfer [32].

3.4. Mechanical properties of AZ91/CNT composites

Fig. 8 shows the three-point bending stress�strain and
load�displacement curves of AZ91 alloy and the AZ91/CNT com-
posites before and after hot pressing. The values of flexural strength
(FS), crack-initiation toughness (KIC), crack-growth toughness (KJC),
fracture work (U), and some physical properties are given in Table 1.
In comparison to the alloy, the FS of the composites before and after
hot pressing increased by 52.4% and 76.5%, respectively, whereas
the fracture strain remained the same. Furthermore, the FS of the
composites displayed a gradually decreasing behavior rather than a
sudden catastrophic drop, indicating the occurrence of macroscopic
plastic deformation and stable crack propagation. In most engi-
neering materials, strength and toughness are mutually exclusive;
hence, the achievement of the optimal performance invariably
imposes compromise. However, the simultaneous increase in
strength and toughness was noticed in the AZ91/CNT composites
after hot pressing. The significant increase in the flexural strength
can be attributed to the increase in the relative proportion of CNTs
and other reinforcing phases (Mg2Si, MgO, MgAl2C2, and Al2Mg) in
the composites. Goh et al. [33] reported that the hot pressing might
deteriorate the toughness of composites with increasing ceramic
content. The elongation of the composites prepared by traditional
methods sharply decreases with increasing CNT content [5]. In the
present work, the increased toughness of the AZ91/CNT composites
after hot pressing could be ascribed to the improvement in the
relative mass fraction of CNTs, the orderly arrangement of CNTs,
and the reduction in defects.

Density is another important property for structural materials.
Therefore, specific strength and specific toughness are two key
factors to evaluate the performance of a material. The densities of
the AZ91/CNT composites before and after hot pressing reached
1.82e1.89 g/cm3 (close to that of the AZ91 alloy). The specific
strength and specific toughness of the AZ91/CNT composites after
hot pressing were calculated as 158.7 MPa/(g,cm�3) and
17.8 MPa,m1/2/(g,cm�3), respectively. The specific toughness of the

SOLID
Highlight



X. Sun et al. / Carbon 162 (2020) 382e391 389
AZ91/CNT composites after hot pressing was about 4.6 and 2.4
times that of Al2O3 fiber-reinforced magnesium matrix composites
(3.9 MPa,m1/2/(g,cm�3) [34]) and AZ91/Mg2B2O5w laminated
composites (7.3 MPa,m1/2/(g,cm�3) [28]), respectively. Moreover,
the AZ91/CNT composites yielded higher specific modulus (E/r~30
GPa/(g,cm�3)), specific strength (158.7MPa/(g,cm�3)), and specific
toughness (17.8 MPa,m1/2/(g,cm�3)) than titanium alloy (E/r~26
GPa/(g,cm�3), 139.5 MPa/(g,cm�3), and 13.4 MPa,m1/2/(g,cm�3),
respectively [35]).

3.5. Fracture behavior of AZ91/CNT composites

Fig. 9 shows the crack propagation in the AZ91/CNTs composites
during bending tests before and after hot pressing. It is observable
that the main crack propagation directionwas perpendicular to the
arrangement direction of the metal and reinforcing phase layers.
The composites before hot pressing had obvious crack deflection
(Fig. 9a1), and the crack propagated along the reinforcing phase
layer (Fig. 9a2). The crack deflection angle was close to 90�

(extending along the reinforcing layer). The crack deflection angle
in the composites after hot pressing remained the same; however,
the number of crack deflections (Fig. 9b1) and the branching on the
main crack (marked by arrows in Fig. 9b1) increased significantly. At
the crack tip, the crack deflected along the reinforcing phase layer
and the brittle “brick” deviated from its original position (Fig. 9b2).
In the “brick-mortar” structure, the complex plastic deformation of
the ductile phase occurred around the brittle “brick” when the
crack propagated from the brittle layer to the ductile layer, thus
dissipating local high stresses and hindering the further extension
of the crack. Hence, the toughness of the composites after hot
pressing did not decrease with the increase in the relative mass
fraction of the reinforcing phases. Therefore, the exceptional
toughness of the AZ91/CNT composites can be attributed to crack
deflection, branching, blunting, and brittle “brick” displacement. In
addition, the crack deflection in the reinforcing phase layers in-
dicates the presence of a strong interface between CNTs and Mg
due to the formation of reaction products (MgAl2C2 andMgO); thus
the interfacial shear stress was effectively transferred from Mg to
CNTs under loading, leading to a higher strength [32]. Therefore,
the strong interfacial bonding and the increased relative mass
fraction of reinforcing phases (CNTs and reaction products) were
the main sources for the strengthening of the AZ91/CNT
composites.

Fig. 10 displays typical bending fracture surfaces of the AZ91/
CNT composites before and after hot pressing. Due to the better
plasticity of the thicker alloy layer before hot pressing, the
considerable toughness of the AZ91/CNTcomposites was associated
with crack front convolution [36]. In addition, the pull-out of the
reinforcing phase layers (Fig. 10a1, a2) might be related to the
presence of defects in local areas within or between the layers
(Fig. 10a2), thus resulting in the weak interface between the alloy
layers and the reinforcing phase layers. Consequently, the interface
became debonded during fracture. In contrast, defects in the
composites were eliminated after hot pressing; therefore, the pull-
out of reinforcing phase layers did not occur (Fig. 10b1). The
excellent toughness of the AZ91/CNT composites after hot pressing
can be attributed to crack branching (the formation of microcracks
in Fig. 10b1), the deformation of the alloy (the formation of tearing
ridges in Fig. 10b2), and the pull-out of CNTs (the enlarged view of
Fig. 10b2). When CNTs were pulled out (similar to aragonite sheets
in nacre [6]), the interfacial debonding between CNTs and the
matrix consumed a lot of fracture energy, slowed the crack prop-
agation, and played an important role in toughening [32]. Xiang
et al. [9] also observed the similar phenomenon and explained the
improvement of the composite properties with the “CNTs pull-out”
mechanism. In addition, some microcracks were observed in the
brittle phase (Mg2Si) (Fig. 10b3); hence, large-sizedMg2Si acted as a
source of crack propagation and reduced the toughness [24].
Therefore, it is necessary to control the degree of interfacial re-
actions and prevent the excessive growth of Mg2Si.

4. Conclusions

In the present study, laminated magnesium matrix composites
with high CNT contents were prepared under the combined effects
of bidirectional freeze casting, pressureless infiltration, and hot
pressing. The main observations are presented below:

1. Using SiO2 as awetting promoter, the spontaneous infiltration of
Mg in the layered CNT scaffold was achieved. MgO and Mg2Si
(reaction products) enhanced the strength of the resultant
composites.

2. The ordered alignment of CNTs in the resultant composites
provided excellent damage tolerance with a specific strength of
158.7 MPa/(g,cm�3) and a specific toughness of 17.8 MPa,m1/2/
(g,cm�3) after hot pressing.

3. The resultant composites were mainly strengthened by CNTs,
reaction products, and the strong interfacial bonding between
CNTs and the Mg matrix. The composites were externally
toughened by crack deflection, branching, and CNT pull-out.
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Appendix

1. Calculation of CNT mass fraction in the AZ91/CNT composite
before hot pressing:

The following assumptions were made during the calculation:
(1) the volume of the green body during sintering did not shrink,
(2) the AZ91 alloy filled all pores during pressureless infiltration, (3)
only the reaction between SiO2 and Mg occurred, and (4) SiO2
disappeared after the reaction. The mass fractions of CNTs (uCNTs),
MgO (uMgO), Mg2Si (uMg2Si), and AZ91 (uAZ91) were calculated us-
ing the following equations:
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mMMC ¼mCNTs þmMgO þmMg2Si þmAZ91; (1)

mAZ91 ¼rAZ91
	
VPorosity�VMg �DVReaction



; (2)

VPorosity ¼VH2O þmCHI
�
rCHI; (3)

DVReaction ¼mMgO

.
rMgO þmMg2Si

.
rMg2Si �mSiO2

.
rSiO2

� VMg ;

(4)

where mCNTs and mSiO2 are the addition amounts of CNTs and SiO2
in the slurry, respectively, and VMg is the volume of Mg involved in
the following reaction:

4Mg þ SiO2/2MgOþMg2Si: (5)

The mass fractions of CNTs, MgO, Mg2Si, and AZ91 were calcu-
lated as 2.29 wt%, 6.14 wt%, 5.85 wt%, and 85.72 wt%, respectively.
The volume fraction of the reinforcing phases (4) was calculated as
13.81 vol% using Equation (6):

4¼ 1� uAZ91rMMC=rAZ91; (6)

where rAZ91 (1.81 g/cm3) and rMMC (1.82 g/cm3) are the densities of
AZ91 alloy and AZ91/CNTs composites before hot pressing,
respectively.

2. Calculation of CNT mass fraction in the AZ91/CNT composite
after hot pressing

It was assumed that only AZ91 alloy was extruded during hot
pressing, and the mass of the reinforcing phases (CNTs and reaction
products) remained unchanged. The masses of as-prepared com-
posites before and after hot pressing were denoted as M1 and M2,
respectively. The mass fractions of CNTs (u0

CNTs), MgO (u0
MgO),

Mg2Si (u0
Mg2Si), and AZ91 (u0

AZ91) were calculated by the following
equations:

u’CNTs ¼uCNTsM1=M2 (7)

u’MgO ¼uMgOM1
�
M2 (8)

u’Mg2Si ¼uMg2SiM1

.
M2 (9)

u’AZ91 ¼1� u’CNTs � u’MgO � u’Mg2Si: (10)

The mass fractions of CNTs, MgO, Mg2Si, and AZ91 were calcu-
lated as 4.40 wt%, 11.79 wt%, 11.24 wt%, and 72.57 wt%, respectively.
The volume fraction of the reinforcing phases (40) was calculated as
24.22 vol% by Equation (11):

4’¼1� u’AZ91r’MMC=rAZ91; (11)

where rAZ91 (1.81 g/cm3) and r0MMC (1.89 g/cm3) are the densities of
the AZ91 alloy and the AZ91/CNTs composites after hot pressing,
respectively.
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