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A B S T R A C T   

Metal-ceramic composites generally exhibit limited strength-plasticity synergy due to pronounced difference in 
elastic and plastic deformation between “soft phase” and “hard phase”, bottlenecking their applications. This 
work proposes a novel microstructure design concept using refractory metals and intermetallics to offer com
promises between “soft phase” and “hard phase”. A cost-effective fabrication method was used to produce 70 vol 
% (TiC + Al6MoTi + Mo)/Al cermet. The cermet is composed of submicron-TiC, micron-Al6MoTi and nano-Mo 
particles separated by Al in homogeneous microstructure. This multiple length-scale microstructure could 
delocalize stress concentration, enhance work hardening and deformation compatibility in cermet, resulting in 
unprecedentedly enhanced strength-plasticity synergy. Ultimate compressive strength, plastic strain and product 
of strength and plasticity of (TiC + Al6MoTi + Mo)/Al at room temperature and 573 K respectively are 1227 
MPa, 6.9%, 7445 MPa⋅% and 781 MPa, 15.0%, 10021 MPa⋅%, which are increased by ~30%, ~25%, ~60% and 
~37%, ~9%, 41% respectively compared with those for traditional 70 vol% TiC/Al. This work opens new 
perspectives for the design and application of metal-ceramic composites with high strength and plasticity 
synergy.   

1. Introduction 

Achieving strength-plasticity synergy is a focus and difficult scien
tific problem in structural materials [1–4]. With increasing requirements 
from light weight and safety considerations [5,6], a wide range of design 
concepts of microstructure have been proposed [7–11]. Lei et al. [12] 
reported enhanced strength-ductility of 316L stainless steel by 
pre-formed gradient nanostructured surface layer. Li et al. [13] and 
Xiong et al. [14] revealed that nano-twin microstructure incorporated 
by plastic deformation could enhance resistance to interface cracking 
and strength-fracture toughness in steels. Furthermore, inspired by 

nature, metal-ceramic composites (MMCs), which are composed of “soft 
phase” and “hard phase” with “brick-and-mortar” microstructure, have 
infused new vigor into strength-plasticity synergy [15–19]. However, 
the significant difference in elastic and plastic deformation between 
“soft phase” and “hard phase” would trigger interface debonding [20, 
21], which is the main failure mode of such composites. Hence, such 
composites, even with a well-crafted biomimetic hierarchical or 
gradient microstructure, usually exhibit mechanical properties far 
below their theoretical ones. Furthermore, the content of hard phases in 
biomimetic composites is much lower than that in natural materials 
(~95 vol%). On the other hand, the preparation of such composites 
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requires complex processing, e.g. freezing casting, freeze drying and 
high-temperature sintering of ceramic scaffolds, and pressure infiltra
tion of molten metal [18]. For instance, Sun et al. [22] fabricated 
Al/Al2O3 composites with a nacre-inspired “brick-and-mortar” struc
ture. Although the composite exhibits an excellent bending strength, the 
bending strength increases while fracture toughness decreases from 138 
MPa m1/2 to 41 MPa m1/2 as the Al2O3 content increases from 8 vol% to 
48 vol%. Hu et al. [23] constructed Cu/(TiC–Cr3C2) composites with a 
laminate-reticular architecture, the composites exhibit declining 
damage-tolerant properties with enhancing the ceramic content from 
30 vol% to 34 vol%. The cracking of ceramic layers and debonding of 
ceramic/metal interfaces emerged in the composite with 34 vol% 
ceramic at low stress level. Thus, the strength-plasticity trade-off has not 
yet been solved in MMCs. In addition, Radi et al. [24] suggested to 
search for strategies for improving the design of MMCs. 

The current research team has been making considerable endeavors 
to solving the interface debonding problem by enhancing interface 
bonding strength between ceramics and metals [25,26]. Although the 
increase in interface bonding strength can enhance the mechanical 
property of composites and somewhat refrain interfacial debonding, the 
strong interface bonding can only alter the propagation direction of 
cracks, i.e. from along the interface to Al matrix, yet cannot improve the 
deformation incompatibility between ceramics and metals. As such, the 
crack source induced by stress concentration is still present at the 
interface. Furthermore, it is well known that nacre has three structures, 
i.e. cuticle, prismatic and nacreous layers [27]. Because each structure is 
composed of aragonite and biopolymer, nacre displays a microstructure 
with hard, soft and hardest phases [28]. In this regard, this work pro
poses a novel microstructure design concept, using refractory metals and 
intermetallics, which offers some compromises between brittle TiC and 
ductile Al, as a bridge to collaboratively deform the MMCs, to constitute 
multiple length-scale microstructure in new composites. Among the 
refractory metals, refractory metal Mo is known to play a positive role in 
determining the properties of MMCs [29]. According to Al–Mo phase 
diagram [30], Mo is prone to form intermetallic with Al. Therefore, a 
single-step fabrication method by cost-effective in situ reaction 
hot-pressing was used in this work to produce the 70 vol% TiC/Al cer
mets with and without Mo addition, respectively. Furthermore, the 
microstructure and mechanical property at room temperature and 573 K 
(which is the upper limit for use) of the cermets were contrastively 
analyzed, the mechanisms of strengthening and toughening for the 
cermet are critically discussed. This work shows that this novel strategy 
can achieve unprecedented strength-plasticity synergy. 

2. Experimental 

The fabrication process is shown in Fig. 1a and Fig. 1b. The com
mercial pure Al powder (99.7 wt% purity, ~25 μm), Mo powder (99.9 
wt% purity, ~15 μm), Ti powder (99.5 wt% purity, ~25 μm) and CNTs 
powder (≥95.0 wt% purity, diameter: 8–15 nm, length: 30–50 μm) were 
used as the raw materials. These powders were mixed by ball milling at a 

speed of 40 rpm for 24 h (Fig. 1a). Afterward, the mixed powder was put 
into a graphite mold in a vacuum furnace and a pre-pressure of 2 MPa 
was applied, then mixed powder was heated at a heating rate of about 
30 K/min (Fig. 1b). When the powder was heated to about 879 K, the 
reaction of cermet synthesis accompanied by a massive heat release 
started and hard-phase particles were formed as a product instanta
neously under the coverage of liquid Al. Meanwhile, an optimized 
pressure was applied to the reacting powder for 20 s. Finally, the heating 
process was stopped, and the product was furnace-cooled to room 
temperatures. In the synthesis process of cermet, the temperature of the 
reaction system rapidly rose to about 2640 K owing to the heat release of 
reaction, which reached the liquidus in Al–Mo phase diagram [30]. This 
facilitated Mo to further diffuse uniformly and participate in the reac
tion. Meanwhile, the reinforcements obtained in the processing were 
refined and homogeneously dispersed, and the heterogeneous phase 
interfaces were clean and with high thermal stability, which is attributed 
to the preparation method of in situ reaction hot-pressing [31]. Finally, 
the cermets were successfully prepared. For convenience, the 70 vol% 
TiC/Al cermets with and without Mo additions were named as TA-M and 
TA respectively hereafter. 

The phase constituents of the cermets were examined by X-ray 
diffraction (XRD) using a Rigaku D/Max 2500 PC diffractometer with Cu 
Kα radiation. The dislocation density (ρ) is evaluated using the XRD 
diffraction profiles. The Williamson-Hall method [32,33] was used in 
the calculation of ρ, and the details was described in Refs. [34,35]. The 
microstructures, elemental mappings and fracture surface morphologies 
of the cermets were examined by an Evo18 Carl Zeiss scanning electron 
microscope (SEM) with energy dispersive spectrometry (EDS). The 
crystallographic mismatch and possible orientation relationships (ORs) 
between phases in the cermets were predicted by the edge-to-edge 
model (E2EM) [36,37]. The calculation method of interplanar spacing 
mismatch (fd) between close or nearly close packed planes in phases and 
interatomic spacing mismatch (fr) along possible directions among 
phases was described in Refs. [25,38,39]. The morphology of ceramic 
particles, which were extracted from the cermets using 18 vol% HCl 
ethanol solutions, was observed by a JSM6700F field emission SEM. The 
crystallographic characteristics of phase were determined by a 
JEM-2100F transmission electron microscope (TEM), and the interfaces 
between particles and Al in the cermets were examined by high reso
lution TEM. The mechanical properties were evaluated by quasistatic 
uniaxial compression tests at room temperature and 573 K (which is the 
upper limit for use) respectively in an MTS 810 servo-hydraulic testing 
machine. The elastic modulus (E) was measured using the ultrasonic 
pulse echo technique. 

3. Results and discussion 

3.1. Microstructure 

Fig. 1c shows the XRD diffraction patterns for the TA and TA-M. The 
TA is composed of TiC and α-Al in microstructure. By contrast, in 

Fig. 1. (a) and (b) fabrication process of cermets and technical parameters, (c) XRD patterns for the prepared cermets. TA-M and TA are 70 vol% TiC/Al cermets with 
and without Mo addition, respectively. 
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addition to TiC and α-Al, Al6MoTi and trace Mo are detected in TA-M. 
Furthermore, the SEM micrographs of the cermets shown in Fig. 2 
indicate that the submicron spherical particles with an average diameter 
of 0.5 μm are uniformly distributed in both cermets. The spherical 
particles are detected as Ti and C by EDS (Fig. 2a). However, a small 
number of columnar particles about 1 μm in length are randomly 
distributed in the TA-M, and the columnar particles are composed of Al, 
Ti and Mo (Fig. 2b). According to EDS mappings of the selected area in 
TA-M, unreacted Mo is uniform distributed in the TA-M (Fig. 2c). 

The orientation relationships with minimum mismatch between 
phases in the TA and TA-M are shown in Fig. 3. The values of interplanar 
spacing mismatch (fd) and interatomic spacing mismatch (fr) between 
α-Al and TiC in TA are 6.35%. However, the values of fd and fr between 
α-Al and Al6MoTi in TA-M respectively are 2.88% and 0.50%, between 
Mo and Al6MoTi in TA-M respectively are 2.22% and 1.09%, and be
tween Mo and TiC in TA-M respectively are 2.88%. Consequently, the fd 
and fr between phases in TA-M are lower than the corresponding ones in 
TA. By the way, the minimum values of fd and fr between α-Al and TiC 
are slightly different in TA and TA-M. This is because the lattice pa
rameters of α-Al and TiC in TA are different from the corresponding ones 
in TA-M which contains Mo in raw material. Low crystallographic 
mismatch facilitates the formation of low-energy and stability interface, 
which is favor to interfacial bonding. Meanwhile, low crystallographic 
mismatch may cause large distortion energy and increase dislocation 
density in cermet. The dislocation density calculated by the Wil
liamson–Hall method [32,33] is 3.5 × 1014 m− 2 and 5.7 × 1014 m− 2 in 
TA and TA-M, respectively. High dislocation density is beneficial to 
dislocation interaction and accumulation at reinforcement particles. The 
dislocation accumulation produces work hardening and the strain 
hardening rate largely determines the uniform deformation [40–42]. 
Therefore, both high interfacial bonding and dislocation density are 
beneficial to the compatible deformation of cermets [43]. 

Fig. 4a–c shows the TEM micrographs of the cermets. For the TA, the 
dark spherical particles are separated by light-color areas (Fig. 4a), and 
they are respectively identified as face-centered cubic (FCC) TiC and 
α-Al by selected area electron diffraction (SAED) patterns. For the TA-M, 
the dark-color spherical particles and columnar particle in the TA-M 

(Fig. 4b and c) are identified as TiC and tetragonal (I4/mmm) Al6MoTi 
respectively. In addition, the nano-particles (region “c2” in Fig. 4c) are 
also identified as body-centered cubic (BCC) Mo. The interfaces between 
α-Al and TiC or Al6MoTi are clean and well-bonded (Fig. 4a3, b3 and c3). 
Hence, the schematic diagrams of microstructural configuration of the 
TA and TA-M are shown in Fig. 4d and e. The microstructural configu
ration of the TA displays that submicron TiC particles are evenly 
dispersed and separated by Al. By contrast, the microstructural config
uration of the TA-M displays that the particles are in multiple length 
scales and are composed of randomly distributed submicron-TiC, micron 
intermetallic Al6MoTi and nano-Mo particles. Therefore, the TA-M has a 
homogenous multiple length-scales microstructure. 

3.2. Mechanical properties 

Fig. 5a1 and Fig. 5b1 respectively show the uniaxial compressive 
engineering stress-strain curves for both cermets. The compressive 
properties of TA-M are significantly greater than the corresponding ones 
of TA. The mechanical properties are summarized in Table 1. As seen 

Fig. 2. SEM micrographs for the (a) TA and (b) TA-M. (c) EDS mappings of the selected area in TA-M. The inset in (a) is the SEM micrograph and EDS of particles in 
TA. The inset in (b) is the back-scattered SEM micrograph and EDS of particles in TA-M. 

Fig. 3. The orientation relationships with minimum mismatch between phases 
in the TA and TA-M. 
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from Table 1, the TA-M exhibits an ultimate compressive strength (σUCS) 
and plastic strain (εp) at room temperature and 573 K respectively of 
1227 MPa and 6.9%, 781 MPa and 15.0%, respectively, which are 
increased by ~30% and ~25%, ~37% and ~9%, respectively compared 

with the corresponding ones (947 MPa and 5.5%, 570 MPa and 13.8%, 
respectively) for TA. Interestingly, the TA-M exhibits a superior product 
of strength and plasticity at room temperature (7445 MPa⋅%) and 573 K 
(10021 MPa⋅%), which are 60% and 41% respectively higher than those 

Fig. 4. (a) TEM micrographs of the TA, and the 
selected area electron diffraction (SAED) patterns at 
the region “a1” and “a2

′′and interface at the region 
“a3”; (b) TEM micrographs of the TA-M, and the SAED 
patterns at the region “b1” and “b2” and interface at 
the region “b3”; (c) TEM micrographs of the TA-M at 
high magnification, and the SAED at the region “c1” 
and “c2” and interface at the region “c3”; (d) and (e) 
the schematic diagram of microstructure configura
tion of the TA and TA-M, respectively.   

Fig. 5. Compressive engineering stress-strain curves, work-hardening rate Θ and work-hardening coefficient n of both cermets at (a1)-(a2) room temperature and 
(b1)-(b2) 573 K. The light pink area and light blue area in (a1) and (a2) represent the product of strength and plasticity of TA and TA-M. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
The mechanical properties of TA and TA-M. E: Young’s modulus; σ0.2: yield strength; σUCS: ultimate compressive strength; εf: fracture strain; εp: plastic strain; UT: the 
product of strength and plasticity.  

Samples E (GPa) Room temperature 573 K 

σ0.2 (MPa) σUCS (MPa) εf (%) εp (%) UT (MPa⋅%) σ0.2 (MPa) σUCS (MPa) εf (%) εp (%) UT (MPa⋅%) 

TA 207 ± 7 545 ± 16 947 ± 23 5.8 ± 0.5 5.5 ± 0.6 4657 ± 361 283 ± 27 570 ± 31 14.0 ± 1.0 13.8 ± 0.8 7129 ± 411 
TA-M 218 ± 11 714 ± 21 1227 ± 19 7.2 ± 0.7 6.9 ± 0.9 7445 ± 339 392 ± 24 781 ± 29 15.3 ± 1.2 15.0 ± 1.1 10021 ± 389  
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of TA cermet (4657 MPa⋅%, 7129 MPa⋅%, respectively). To our knowl
edge, such an excellent combination of strength-plasticity in the Al- 
ceramic composites has not yet been achieved. Fig. 6 compares the 
σUCS and εp for the Al-ceramic composites in this work and other re
ported [10,16,25,44–47]. One can note that the TA-M has higher σUCS 
and εp compared with other Al-ceramic composites; particularly, TA-M 
demonstrates significantly higher strength-plasticity synergy than the 
nacre-inspired lamellar composites. Consequently, TA-M prepared in 
this work exhibits an outstanding balance of strength-plasticity. 

The Young’s moduli (E) of the TA and TA-M are 207 and 218 GPa, 
which indicates that the Al6MoTi and Mo particles have little effect on 
the stiffness of the cermets. Nevertheless, one can find that both cermets 
show apparently different work hardening. The work hardening rate (Θ) 
of both cermets decreases rapidly with increasing the strain at room 
temperature and 573 K (Fig. 5a2 and 5b2). However, the Θ of the TA-M 
shows slower decrease trend than that of the TA. Especially, the TA-M 
has a higher Θ of than TA at both 573 K when the true strain exceeds 
2% and at room temperature. In addition, TA-M shows broader true 
strain ranges of work hardening (<6.5% at room temperature and 
<13.6% at 573 K) than TA (<4.7% at room temperature and <8.7% at 
573 K). This indicates that TA-M has higher work hardening ability than 
TA. The work-hardening ability can be characterized by work-hardening 
coefficient (n) (insets of Fig. 5a2 and Fig. 5b2). The TA-M has apparently 
greater n than TA at both room temperature and 573 K. A high work 
hardening is usually caused by accumulation of dislocations, which 
promotes the strength-plasticity synergy of cermet [40,41,43,49]. 
Therefore, compatible deformation can be expected in the TA-M cermet. 

3.3. Strengthening mechanism 

Fig. 7a–d shows the SEM fracture surfaces of cermets. For TA, two 
main cracks and a lot of cracks with cataclastic characteristics are 
observed on the fracture surfaces of TA at room temperature and 573 K 
(Fig. 7a and b), respectively. Moreover, intact spherical particles and 
some holes on the magnified fracture surfaces of TA at room tempera
ture and 573 K are observed (Fig. 7a1 and Fig. 7b1), which indicates that 
the failure mode of TA is interfacial debonding. However, for TA-M, 
some fracture steps caused by crack deflection are found (Fig. 7c and 
d). In addition, the high-magnification images of the fracture surface 
display tear edges (Fig. 7c1 and Fig. 7d1). Thus, the TA-M displays 
different failure mode compared to TA. 

The schematic diagrams of strengthening and toughening mecha
nisms are given in Fig. 7e and f. As well known, dislocation gliding 

produces good plasticity in pure Al. Because of almost no dislocation 
blocking accumulation, the work-hardening of Al is weak and hence 
deformation is unstable [43]. However, for the TA (Fig. 7e), a number of 
dislocations are presented near the interfaces due to crystallographic 
mismatch and difference in expansion coefficient between TiC (~7.74 ×
10− 6/K) and Al (~23 × 10− 6/K) [26,48]. Under applied load, the 
dislocation gliding would encounter the ceramic particle barriers in a 
very short distance since Al layer is thinner, which results in a work 
hardening of TA. Unfortunately, the dislocation motion has difficulty to 
cut through and to bypass ceramic particles, while the stress concen
tration caused by dislocation accumulation would result in the forma
tion of defects (which is the crack initiation i.e., the holes on fracture 
surfaces) at the interface (Fig. 7e1 to Fig. 7e2). Afterward, cracks prop
agate along interface due to weak interface bonding and incompatibility 
between Al and TiC in plastic deformation, which leads to the failure of 
TA in the form of interfacial debonding. Meanwhile, the strain hard
ening terminates rapidly, which is the root of limited work hardening of 
the TA. In addition, the cracking and cataclastic characteristics on the 
fracture surface of TA indirectly indicate the load transfer effect is not 
smooth and the strain distribution is not uniform in the TA. Therefore, 
the TA presents highly localized deformation modes under applied stress 
and hence it possesses room for further enhancing its strength and 
plasticity. 

In contrast, for the TA-M (Fig. 7f), first, the Mo has good wettability 
and strong interfacial bonding with TiC and Al6MoTi [21], and the 
nanoscaled Mo particles distributed in Al can hinder dislocation glide. 
Second, compared to TA, the lattice distortion energy and dislocation 
density increase in TA-M, thereby rendering dislocations difficult to 
glide. Therefore, the work hardening is enhanced and the stress distri
bution becomes uniform in the cermet under applied load (Fig. 7f1). 
Third, the Al6MoTi has good compatibility with TiC and Al because their 
property is compromised between brittle TiC and ductile Al and some 
loadings and deformation are transferred between TiC and Al. Under 
applied load, the stress concentration at the interfaces between Al6MoTi 
and Al causes a small amount of deformation or even fracture of 
Al6MoTi, since interface bonding between Al6MoTi and Al is strong and 
Al6MoTi has deformable nature. Therefore, the stress is released and 
deformation is transferred to a certain extent at the interface (Fig. 7f1 
and Fig. 7f2). As such, one can conclude that the Al6MoTi and Mo par
ticles successfully delocalize the stress concentration at heterogeneous 
phase interface. A uniform strain distribution and compatible defor
mation are formed in the cermet under loading. Hence, the TA-M pos
sesses a significant enhancement in the strength-plasticity synergy. 

4. Conclusions 

This work successfully achieved unprecedented strength-plasticity 
synergy in a microstructure-designed 70 vol% (TiC + Al6MoTi + Mo)/ 
Al cermet with homogenous multiple length-scales microstructure. The 
cermet possesses including ultimate compressive strength of 1227 MPa 
and 781 MPa, plastic strain of 6.9% and 15.0%, the product of strength 
and plasticity of 7445 MPa⋅% and 10021 MPa⋅% at room temperature 
and 573 K respectively, which are enhanced by ~30% and ~37%, 
~25% and ~9%, ~60% and ~41%, respectively, compared to tradi
tional TiC/Al cermet. Such enhancement in strength-plasticity synergy is 
attributed to that the new microstructure configuration delocalizes the 
stress concentration at heterogeneous phase interface and to enhanced 
work hardening and compatible deformation in the cermet. Further
more, the in-situ reaction hot-pressing method is a simple and cost- 
effective process to produce high volume reinforcement strengthened 
aluminium. The pioneering strategy proposed in this work shows the 
applicability to develop metal-ceramic composites with high strength 
and plasticity synergy, which opens new perspectives for the design and 
application of metal matrix composites. 

Fig. 6. Comparison of the strength-plasticity of Al-ceramic composites in this 
work and in literature. 
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