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A B S T R A C T   

The surface of continuous carbon fibers (Cf) was modified with γ-Al2O3, anatase-TiO2 and yttria stabilized zir
conia (YSZ) coatings in sol-gel route, and denoted by Al2O3@Cf, TiO2@Cf and YSZ@Cf, respectively. Following, 
Cf/Mg composites were prepared using vacuum pressureless infiltration processing. Except for coatings, the 
others preparation process parameters were same. Independent of the volume fraction of Cf, the strengthening 
ratio (the ratio of measured tensile strength to theoretically predicted value) of Al2O3@Cf/Mg, TiO2@Cf/Mg and 
YSZ@Cf/Mg is about 45%, 80% and 90%, respectively. In view of high resolution transmission electron mi
croscope observation, the evolutions of interfacial micro-cracks and interfacial failure mechanisms were 
analyzed. In YSZ@Cf/Mg, the interfacial micro-crack was more likely to initiate at the soft grain boundaries 
(GBs) of interfacial layer (IL), and then propagate along GBs within IL, showing jagged-like morphology. The 
jagged-like micro-cracks would consume more destructive energy, resulting into the excellent performance of 
YSZ@Cf/Mg.   

1. Introduction 

Continuous fibers (Cf) reinforced Mg matrix composites (Cf/Mg) 
have some superior properties [1–9], such as low weight [7–9], high 
strength [7–11], high elastic modulus [4,7], and low coefficient of 
thermal expansion (CTE) [12–14] etc., but there are still some problems 
waiting to be solved. Specially, the interface control has always been the 
important factor to restrict the preparations and applications of Cf 
reinforced metal matrix composites [8–11,15–17]. 

It was documented that Cf has a weak interaction with all kinds of 
metal matrices [1]. Moreover, there are many huge differences in the 
intrinsic properties between Cf and metal matrix. On one hand, the 
wettability between Cf and matrix must be improved to control the 
interface. On the other hand, the problems of mechanical (load transfer 
and interfacial thermal residual stress etc.), chemical (interfacial reac
tion) and physical (thermal conductivity etc.) compatibilities should 
also be solved. In these respects, a large number of studies have been 
carried out, in which the modification of the Cf surface using coatings 
was the most conventional and effective method [10,18–26]. 

Up to now, many coating processes have been developed, such as 
sol–gel [8,9,22], chemical vapor deposition (CVD) [10,18–20], molten 

salt process [23,24], electroplating or electroless plating [25–27], etc. In 
the subsequent preparation process of composites, these coatings would 
react with the metal matrix and Cf to form interfacial layer (IL), and most 
of these IL were nanostructure [8–10,23,26–30]. 

So far, some researchers believed that the weak interface was 
beneficial to the tensile properties of Cf reinforced metal matrix com
posites [11,16,31–33], because crack propagation could be stopped 
[11,16] and deflected [16] at the soft interface. But at the same time, 
other scholars believed that a weak interfacial bonding would not lead 
to favorable mechanical performance [1,34,35]. Recently, it was docu
mented [36] that the interfacial bonding strength between Cf and matrix 
should be neither too strong nor too weak. The main reason for these 
disagreements should be attributed to the insufficient observations and 
analyses on the nanostructure of the interface and/or IL, due to the 
limitation of analytical test methods which could be able accurately to 
measure the interphase characteristics on nanoscale level [20]. 

In our previous studies [8,9], taking account of the advantages of 
sol–gel method such as lower cost, controllability of coating thickness 
and nano-grains size, the surface of Cf was modified with γ-Al2O3, 
anatase-TiO2 and yttria stabilized zirconia (YSZ) coatings in sol–gel 
route, respectively. Following, the Cf/Mg composites were fabricated 
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with vacuum pressureless infiltration processing. Although it was clar
ified that the IL (about 20 nm thick) were formed mainly by MgO nano- 
grains and a small quantities of TiC, ZrC and ZrO2 nano-grains, unfor
tunately, there is still a lack of direct observational report about the 
initiation and propagation of interfacial micro-cracks at the nanoscale. 
This is not only because of the small scale, but also because of the 
disordered crystal orientation among the nano-grains of IL, metal matrix 
and Cf. 

As a continuation of our previous work [8,9], to clarify the re
lationships among interfacial nanostructures, interfacial failure behav
iors and the mechanical properties of Cf/Mg, the microstructures of 
interfacial micro-cracks were observed with high resolution trans
mission electron microscope (HRTEM), and then the initiation and 
propagation mechanism of interfacial micro-crack in Cf/Mg composites 
were analyzed in this study. 

2. Material and methods 

2.1. Preparation of Cf preforms 

Unidirectionally aligned PAN based Cf with density of 1.8 g/cm3 

(diameter of 7 μm, Dalian Xingke Carbon Fiber Company Ltd., China) 
was used in this study. The preform of 60 × 25 × 5 mm containing about 
35 vol% and 45 vol% Cf were prepared by a filament winding technique, 
respectively. In order to remove the sizing agent on the surfaces of Cf, the 
preforms were heated at 450 ◦C for 30 min in a vacuum furnace. After 
removing the sizing agent, the tensile strength of Cf was tested to be 2.6 
GPa, according to the ASTM D3379-75 standard [37]. 

2.2. Preparation of sol–gel coating 

In order to contradistinguish and study the interfacial failure be
haviors in Cf/Mg, the surface of Cf was modified with γ-Al2O3, anatase- 
TiO2 and YSZ coating using sol–gel method, respectively. The prepara
tion methods of these coatings were described in previous studies [8,9]. 

2.3. Fabrication of Cf/Mg composite 

The pure Mg matrix composites reinforced with 35 vol% and 45 vol% 
Cf were fabricated using pressureless infiltration process in vacuum 
[8,9], respectively. Since the thickness of the coatings (about 20 nm) on 
the sureface of Cf was very small, as compared with the diameter of Cf (7 
μm), indicating that the volume of coatings could be neglected. As the 
first step, commercial Mg ingots and Cf preforms were sealed in a steel 
die. Then they were heated in a vacuum furnace to 750 ◦C, and the 
temperature was maintained for about 30 min to achieve the liquid 
metal infiltration. After the infiltration, the Cf/Mg was cooled down in 
the vacuum furnace. The Mg matrix composites reinforced by Cf coated 
with γ-Al2O3, anatase-TiO2 and YSZ coating were denoted by Al2O3@Cf/ 
Mg, TiO2@Cf/Mg and YSZ@Cf/Mg, respectively. 

2.4. Characterization 

The gauge length, width and thickness of tensile specimens of Cf/Mg 
was 10.0 mm, 2.0 mm and a 1.5 mm, respectively. And the tensile di
rection of samples was parallel to the longitudinal direction of Cf. Ten
sile tests were conducted at room temperature and an initial strain rate 
of 3.3 × 10-4 s− 1 on Zwick/RoellZ050 tester. Then, the tensile fracto
graph of Cf/Mg was examined using scanning electron microscopy (SEM, 
Nova NanoSEM 430). The density of Cf/Mg composite was measured by 
buoyancy method. 

In order to clarify the evolution of interfacial micro-cracks, the ob
servations with transmission electron microscopy (TEM, Tecnai G2 20) 
were carried out. As well known, in-situ tensile observation is an 
important route to study the interfacial failure behaviors at nano-scale. 
Unfortunately, the TEM foil is so thin that the onion-skin structure [38] 

of Cf would be destroyed and the Cf foil could not bear loading due to the 
poor shearing strength of (001)graphite basal plane. Therefore, in this 
study, the Cf/Mg was pre-stretched (50% and 80% of its tensile 
strength). And then, the slices were cut from the pre-stretched Cf/Mg 
perpendicular to the longitudinal direction of Cf, and then the thin foils 
for TEM observation were prepared by the ion milling technique. 

3. Results 

3.1. The micrographs and tensile properties 

Fig. 1 show the SEM micrographs of Mg matrix composite reinforced 
with Al2O3@Cf, TiO2@Cf and YSZ@Cf. After infiltration, the Mg matrix 
could infiltrate into the space among Cf, and no obvious voids or other 
defects could be found. The average fiber spacing were 2.33 μm and 2.0 
μm in 35 vol% Cf/Mg and 45 vol% Cf/Mg, respectively. Additionally, the 
density of 35 vol% and 45 vol% Cf reinforced Mg matrix composites 
were 1.76 and 1.77 g/cm3, respectively. The measured density was very 
close to the theoretical values, indicating that the Cf/Mg composites 
were dense. 

Combined with the results of previous researches [8,9] and this 
study, the tensile strengths of Cf/Mg are listed in Table 1. With the same 
volume fraction of Cf, the Al2O3@Cf/Mg and YSZ@Cf/Mg showed the 
lowest and highest tensile strength, respectively. At the same time, the 
YSZ@Cf/Mg with the Cf volume fraction of 35 vol% and 45 vol% 
exhibited the tensile strength of 850 MPa and 1080 MPa (Table 1), 
respectively, which reach 90% of the theoretical prediction by means of 
the rule of mixture. In contrast, the Al2O3@Cf/Mg showed the lowest 
strength, which was 410 MPa and 550 MPa (Table 1), respectively. 

In order to better evaluate the strengthening efficiency of Cf and 
provide data support for the optimization design of Cf/Mg, “strength
ening ratio” (the ratio of measured tensile strength to the theoretically 
predicted value) was introduced in this study. The theoretically pre
dicted value and strengthening ratio (γ) could be obtained as follows: 

σtheoretical value = σf ⋅Vf + σm⋅(1 − Vf ) (1)  

γ =
σcomposite

σtheoretical value
⋅100% (2) 

Where the σf and Vf are the tensile strength and volume fraction of 
Cf, respectively; σm and σcomposite are the tensile strength of matrix and 
composite, respectively. 

As shown in Table 1, whether the volume fraction of Cf are 35% or 
45%, the strengthening ratio of Al2O3@Cf/Mg, TiO2@Cf/Mg and 
YSZ@Cf/Mg are about 45%, 80% and 90%, respectively. It is very 
attractive that the strengthening ratio was unrelated to the volume 
fraction of Cf but dominated by the surface coatings on the Cf, because 
the preparation process of Cf/Mg composite are same (including the 
thickness of coating), except for the chemical composition of coating. 
Furthermore, the strengthening ratio should be determined by the 
nanostructures of IL, because the coating would react with the Mg ma
trix to form IL during the preparation of Cf/Mg [8]. 

3.2. The fracture morphology 

Since the volume fraction of Cf had little effect on the strengthening 
ratio of Cf/Mg, 45 vol% Cf reinforced Mg matrix composites were 
selected as the representatives to study the failure behaviors. Fig. 2(a) 
shows the tensile fractograph of Al2O3@Cf/Mg under lower magnifica
tion. According to the SEM observation, some Cf bundles were pulled out 
from the matrix, and these Cf bundles were composed of about 10 fibers 
(Fig. 2(b)). Moreover, on the side surface of Cf, some annular steps 
marked with A and B could be observed, as shown in Fig. 2(b). Ac
cording to the EDS analysis, the main element at point A was carbon, 
while the elements at point B included carbon (89.89 atomic%), mag
nesium (5.93 atomic%) and oxygen (4.18 atomic%). Considering the 
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oxidation of Mg matrix, it can be thought that the actual oxygen con
centration was not as high as 4.18 atomic%. According to the previous 
studies [8], there was an IL between Cf and Mg matrix in Al2O3@Cf/Mg, 
and the IL was mainly composed of MgO nano-grains due to the inter
facial reaction. This indicates that the Mg matrix and IL were completely 
pulled out from the surface of Cf at point A. 

Fig. 2(c) and (d) show the tensile fractograph of 45 vol.%TiO2@Cf/ 
Mg under lower and higher magnifications, respectively, while Fig. 2(e) 
and (f) are the tensile fractographs of 45vol.%YSZ@Cf/Mg. For 
TiO2@Cf/Mg and YSZ@Cf/Mg, the Cf bundles pulled out from matrix 
were composed of about dozens of Cf. Compared with that in Al2O3@Cf/ 
Mg, the number of pulled-out Cf per bundle increased significantly in 
TiO2@Cf/Mg and YSZ@Cf/Mg, as shown in Fig. 2(c) and (e). Particu
larly, no annular step could be found on the tensile fractographs of 
TiO2@Cf/Mg and YSZ@Cf/Mg. This indicates that the interfacial failure 

mechanism in Al2O3@Cf/Mg is different with that in TiO2@Cf/Mg or 
YSZ@Cf/Mg. 

3.3. The microstructures and evolution of interfacial micro-crack 

According to the previous results of HRTEM observations [8,9], the 
microstructure of IL in Al2O3@Cf/Mg [8] was different from those in 
TiO2@Cf/Mg [8] and YSZ@Cf/Mg [9], though the thickness of IL were 
same. On one hand, the grain size of the IL in Al2O3@Cf/Mg was rela
tively large (10–20 nm). On the other hand, there was no carbide for
mation in Al2O3@Cf/Mg. On the contrast, the grain size of the IL in 
TiO2@Cf/Mg and YSZ@Cf/Mg were only 3–5 nm, and there were TiC 
and ZrC nano-grains in the IL of TiO2@Cf/Mg and YSZ@Cf/Mg, 
respectively. Therefore, in this study, the Al2O3@Cf/Mg and YSZ@Cf/ 
Mg with the lowest and highest strengthening ratio were selected as 

Fig 1. SEM micrographs showing microstructures of 35 vol% and 45 vol% Cf reinforced Mg matrix composites: (a) and (b) Al2O3 coatings, (c) and (d) TiO2 coating, 
(e) and (f) YSZ coating. 
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typical representatives, and the evolution mechanism of interfacial 
micro-cracks was observed and analyzed from the nanoscale. 

At first, 45vol.%Al2O3@Cf/Mg was pre-stretched to 440 MPa (80% 
of its tensile strength of 550 MPa), and 45vol.%YSZ@Cf/Mg was pre- 
stretched to 540 MPa (50% of its tensile strength of 1080 MPa). Then, 
the pre-stretched samples were observed with TEM, as shown in Figs. 3 
and 4. While some interfacial micro-cracks formed in Al2O3@Cf/Mg 
(Fig. 3 (a)), no obvious interfacial damage could be found in YSZ@Cf/ 
Mg (Fig. 4 (a)), even if the latter’s pre-tension stress was greater. 
Moreover, a high density of dislocations in the matrices nearby the in
terfaces could be observed (Figs. 3(b) and 4 (a)), and these dislocations 
were pinned well by the IL, as shown by HRTEM images in Figs. 3(c) and 
4(b). It indicates that the IL not only plays the role of transferring load 
between Cf and matrix, but also has the role of pinning dislocations. 
According to the previous studies [8,9], the IL was composed of nano- 
grains with soft amorphous grain boundaries (GBs). Due to the high 
density of dislocations in the Mg matrix and the small size of nano- 
particles in the IL, the dislocation tips are inevitably close to soft GBs 
and almost intersected at some points, as shown in Fig. 3(c) and (d). 

After pre-stretching to 440 MPa (80% of its tensile strength), the 45 
vol.%Al2O3@Cf/Mg was observed with HRTEM. As expected, some 
interfacial micro-cracks were found in the pre-stretched sample (Fig. 5 
(a)). The width of micro-crack was so small that both sides of micro- 
crack could be taken in one HRTEM image, as shown in Fig. 5(b). 
Obviously, the right side in Fig. 5(b) was Cf and almost no IL phases 
(MgO) remained on the surface of Cf, which was consistent with the 
previous fracture analysis (Fig. 2(b)). Different from the Cf side, some 
MgO nano-grains could be observed in the side of Mg matrix, and no 
damage was formed between IL and Mg matrix, as shown in Fig. 5(c). It 
is obvious that the interfacial micro-crack propagated along the inter
face between IL and Cf. As a result, the profile of interfacial micro-crack 
is relatively smooth, similar to the surface of Cf. 

For comparison, 45 vol.%YSZ@Cf/Mg was also pre-stretched to 864 
MPa (80% of its tensile strength), and then the interfacial microstructure 
was observed with HRTEM, as shown in Fig. 6. As anticipated, the 
interfacial micro-crack had been found as well, and the two sides of 
interfacial micro-crack were respectively Mg matrix and Cf, as shown in 
Fig. 6(a). Correspondingly, the HRTEM observation was carried out at 
the same location, as shown in Fig. 6(b) and (c). On the Mg matrix side, 
some MgO nano-grains was remained and bonded well with Mg matrix 
(Fig. 6(b)). On the other side, part of IL still remained on the surface of 
Cf, and bonded well with the Cf (Fig. 6(c)). In order to analyze the 
nanostructure clearly, higher magnification of image was taken at the 
micro-crack edge of the Cf side, as shown in Fig. 6(d). Combined with 
Fig. 6(b), it is clarified that both sides of interfacial micro-crack are MgO 
nano-grains. In Fig. 6(c), the GBs of MgO nano-grains were outlined with 
a dash line and the profile of dash line was similar to the edges of micro- 
crack. It indicates that the interfacial micro-crack propagates along the 
soft GBs of MgO nano-grains within the IL. Moreover, the profile of 

interfacial micro-crack shows jagged-like morphology. 

4. Discussion 

To optimize the design of the interface, it is necessary to clarify the 
inherent relationship of following characteristics: (I) the interfacial 
nanostructures, (II) interfacial stress state, (III) the initiation and prop
agation of interfacial micro-crack, and (IV) the mechanical properties of 
Cf/Mg. 

4.1. The interfacial nanostructures and stress state 

At first, it is necessary to review some mechanics of interfacial re
action, because both interfacial nanostructure and stress state are 
affected significantly by interfacial reaction [8–11]. In the Al2O3@Cf/ 
Mg, TiO2@Cf/Mg and YSZ@Cf/Mg, not only the Mg matrix and coating 
on the surface of Cf participated in interface reaction, but also Cf could 
participate in interface reaction in some cases, and the interfacial re
actions obeyed following equations, respectively.  

Al2O3 + 3 Mg → 2[Al] + 3MgO                                                       (1)  

TiO2 + 2 Mg → [Ti] + 2MgO                                                          (2)  

ZrO2 + 2 Mg → [Zr] + 2MgO                                                          (3)  

[Ti] + C → TiC                                                                              (4)  

[Zr] + C → ZrC                                                                              (5) 

Unlike Al element having a high solubility in the Mg matrix [8], the 
reduced Ti [8] and Zr [9] are difficult to dissolve into the Mg matrix and 
formed a high concentration zone in the Mg matrix nearby the interface. 
As a result, part of Ti and Zr could react with Cf and formed a small 
quantity of in-situ carbide (TiC and ZrC) on the surfaces of Cf (Eq. 4 and 
5). As well known, a moderate interfacial reaction can improve the 
interfacial bonding strength [11,16], and the excessive interfacial re
actions can inevitably damage the performance of Cf [16]. In the present 
study, it is considered that the formation of a small number of in-situ 
carbides is appropriate and beneficial to improve the bonding 
strength. This can be confirmed by the high strengthening ratios of the 
TiO2@Cf/Mg (about 80%) and YSZ@Cf/Mg (about 90%). 

On the contrast, no carbide (Al4C3) was formed in Al2O3@Cf/Mg [8]. 
At the same time, Mg and carbon were chemically inert, so Cf bonded 
directly with the MgO IL. Taking account of the poor compatibility be
tween Cf and most of oxides [1], the interface between Cf and MgO IL is 
believed to be a weak bonding. 

According to previous studies [8,9], the interfacial reactions (Eqs. 
(1)–(3)) would cause 21.8%, 8.7% and 7.63% volume expansion (as 
listed in Table 2), respectively. As a result, a great deal of crystalline 
defects (such as soft amorphous GBs) could be formed [8,39], and the 
larger the volume expansion was, the severer the interfacial crystal de
fects were [8,9]. According to the above HRTEM observations (Figs. 4 
and 5), after pre-stretching with 440 MPa and 540 MPa, the interfacial 
micro-cracks were formed in 45 vol% Al2O3@Cf/Mg, but no obvious 
interfacial damage could be found in 45 vol% YSZ@Cf/Mg Even if the 
latter’s stress was higher. This indicates that there seems to be a certain 
relationship between the strengthening ratio and the interface crystal 
defects. 

Additionally, a large thermal residual stress (TRS) with a tensile state 
would form in the IL due to the mismatch of thermal expansion coeffi
cient between Cf and IL [21,40,41]. Our previous investigation indicates 
[9] that some ZrO2 nano-grains could remain in the IL of YSZ@Cf/Mg, 
and the phase transformation of ZrO2 from tetragonal to monoclinic 
could relax the TRS of IL. 

Though all the IL were mainly composed of MgO nano-grains and the 
thickness of IL (about 20 nm) were similar, the size of MgO nano-grains 
were quite different. In Al2O3@Cf/Mg, the size of MgO nano-grains was 

Table 1 
The measured and theoretical values of tensile strength of Al2O3@Cf/Mg, TiO2@ 
Cf/Mg and YSZ@ Cf/Mg.  

CfMMCs Measured value 
(MPa) 

Theoretical value 
(MPa) 

Strengthening 
ratio 

35 vol% 
Al2O3@Cf/Mg 

410 940  43.6% 

45 vol% 
Al2O3@Cf/Mg 

550 [8] 1200  45.8% [8] 

35 vol% 
TiO2@Cf/Mg 

760 940  80.9% 

45 vol% 
TiO2@Cf/Mg 

980 [8] 1200  81.7% [8] 

35 vol% YSZ@Cf/ 
Mg 

850 940  90.4% 

45 vol% YSZ@Cf/ 
Mg 

1080 [9] 1200  90.0% [9]  
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about 10 ~ 20 nm and larger than that in TiO2@Cf/Mg (3–5 nm) and 
YSZ@Cf/Mg (3–5 nm), as listed in Table 2. As a result, the IL in 
Al2O3@Cf/Mg was almost composed of one to two layers of MgO nano- 
grains. But in TiO2@Cf/Mg and YSZ@Cf/Mg, the IL consisted of multi- 
layer of MgO nano-grains. According to Fig. 6, it was concluded that 
multi-layered nanostructures could provide “zigzag” pathway for the 
interfacial micro-crack propagation. 

To better and more intuitively compare the fabrication processing 
and characteristics of Cf/Mg, the experimental results are in detail listed 
in Table 2. 

As well known, the interfacial microstructures[1,10], TRS [41,42] 
and Cf direction [43,44] are the most important factors affecting the 
mechanical properties of composites reinforced with continuous fiber. 
According to Table 1, it is obvious that the strengthening ratio was 

unrelated to the volume fraction of Cf, although the distribution of TRS 
would be affected by the volume fraction of Cf. According to the pre
vious study [42], it was clarified that TRS would decrease slowly with 
increasing fiber spacing in unidirectional fiber-reinforced metal matrix 
composite. In this study, the difference of fiber spacing in 35 vol.%Cf/ 
Mg and 45 vol.%Cf/Mg are small (0.33 μm), indicating that the TRS did 
not change much.Since Cf was unidirectionally aligned and the tensile 
direction of composite was parallel to the longitudinal direction of Cf, 
the Cf direction effect could also be neglected in this study. Therefore, 
the strengthening ratio could only be determined by interfacial micro
structure. Conversely, the strengthening ratio could also be considered 
as an important indicator for the evaluation of the interface 
microstructure. 

Fig 2. SEM fractographs of 45 vol% Cf/Mg composites: (a) and (b) Al2O3 coatings, (c) and (d) TiO2 coating, (e) and (f) YSZ coating.  
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4.2. The initiation and propagation of interfacial micro-crack 

According to the previous studies[8,9], a large compressive stress 
could be induced due to the volume expansion caused by the interfacial 
reaction. As a result, the nanocrystalline particles and disordered 
intergranular boundaries (soft amorphous phases) would be formed in 
the interfacial layer. The soft GBs can also be found in the Fig. 3(d) and 6 
(d). In the view of interfacial microstructures of the pre-stretched 45 vol 
% Al2O3@Cf/Mg and 45 vol% YSZ@Cf/Mg (Figs. 3 and 4), high density 
dislocations pinned by the IL could be found in the Mg matrix. Of course, 

these high-density dislocations cannot be completely attributed to the 
pre-stretch. The TRS can also form a plastic deformation zone in the 
matrix nearby Cf/matrix interface [45–47]. The dislocation tips and soft 
GBs were so close that they almost intersect at one point (Figs. 3 and 4), 
due to the small size of nano-grains of the IL and the high density of 
dislocations. Except for the stress field induced by dislocation pile-up, 
TRS and shear stress (caused by load transfer) further deteriorated the 
stress state of the IL. As the pre-stretch stress (induced by external load) 
gradually increased, the interface gradually approached the critical 
state. According to previous studies [8,39], the soft GBs could be 

Fig 3. Microstructures nearby the interface in 45 vol% Al2O3@Cf/Mg after pre-stretching (440 MPa): (a) bonding interface and interfacial microstructure, (b) 
dislocation nearby the interface, (c) interfacial nanostructure and (d) nanostructure of IL. 

Fig 4. (a) TEM image of interfacial microstructure and (b) HRTEM image interfacial nanostructure in 45vol.%YSZ@Cf/Mg pre-stretched to 540 MPa.  
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considered as the weakest zone of the IL. Therefore, for the Al2O3@Cf/ 
Mg, the interfacial micro-crack preferred to initiate at the soft GBs of the 
IL (with aggravated lattice defects) under the actions of multiple stress 
fields, even with lower pre-stretch stress (440 MPa). Then, the interfa
cial micro-cracks rapidly spread to the surface of Cf and propagated 
along the interface between Cf and IL, resulting in interfacial debonding 
and rapid failure of Al2O3@Cf/Mg. As a result, some annular steps could 
be found on the tensile fractograph of Al2O3@Cf/Mg (Fig. 2(b)), and the 
Al2O3@Cf/Mg exhibited the poorest tensile properties and strength
ening ratio (Table 1). 

Unlike that in the 45 vol.%Al2O3@Cf/Mg, no interfacial micro-crack 
could be found in 45 vol.%YSZ@Cf/Mg pre-stretched with a tensile 
stress of 540 MPa (50% of its tensile strength). By comparing the 
interfacial characteristics of Al2O3@Cf/Mg and YSZ@Cf/Mg listed in 
Table 2, it was obvious that the delay of interfacial micro-crack initia
tion was attributed to the slight crystalline defects (soft amorphous GBs) 
and the lower TRS (relaxed by phase transformation of the remaining 
ZrO2). After pre-stretching with a tensile stress of 864 MPa (80% of its 
tensile strength), the interfacial micro-crack could be found in YSZ@Cf/ 
Mg (Fig. 6). Like that in the Al2O3@Cf/Mg, the interfacial micro-crack 
initiated at the soft GBs of the IL in YSZ@Cf/Mg, under the action of 
multiple stress fields. Nevertheless, the interfacial micro-cracks did not 
propagate along the interface between Cf and IL, but along the soft GBs 
within the IL. This ought be attributed to the multi-layer nanostructure 
of IL (composed of multi-layer of nano-grains), which provided multiple 
paths for the propagation of interfacial micro-cracks, resulting in a 
jagged-like profile (Fig. 6). Obviously, the jagged-like micro-cracks 
could absorb more energy than the smooth profile of micro-cracks in 
Al2O3@Cf/Mg. Moreover, it is considered that the formation of trace ZrC 
also plays a positive role in improving the bonding strength between Cf 

and IL. 

4.3. The interface failure mechanism and tensile properties of Cf/Mg 

In order to better describe the interfacial nanostructures, stress state 
and failure behaviors of the Cf/Mg composites, the schematic diagrams 
are drawn from the longitudinal section (Fig. 7(a)) and transverse sec
tion (Fig. 7(b), (c), (d) and (e)). 

In Fig. 7(a), the multiple stress fields in the Cf/Mg composite is 
depicted, including the stress induced by dislocation pile-up, the shear 
stress formed by load transfer and the longitudinal tensile TRS caused by 
the large mismatch of CTE between the Cf and IL. According to previous 
studies [40], the maximum of the TRS in the IL was hoop stress and 
tensile, as shown in Fig. 7(b) and (d). Of course, the TRS of IL in YSZ@ 
Cf/Mg is lower than that in Al2O3@Cf/Mg due to the phase trans
formation of ZrO2. At the same time, the crystal defects (soft amorphous 
GBs) of the IL in Al2O3@Cf/Mg is heavier (Fig. 7(b)). 

Since the soft GBs could be considered as the weakest zone of the IL, 
taking account of the multiple stress fields and microstructural crystal 
defects, obviously the GBs of the IL was the critical position for micro- 
crack initiation. As the external load increased to 440 MPa, the inter
facial micro-cracks inevitably initiated at the ILs in Al2O3@Cf/Mg, then 
there were almost no other paths, and interfacial micro-cracks could 
only propagate through the interface between IL and Cf, as shown in 
Fig. 7(c). On the other hand, only when the axial load further increased 
to 864 MPa, the interfacial micro-cracks initiated in YSZ@Cf/Mg, as 
shown in Fig. 7(d). Differently, the multi-layer nanostructure provided 
multiple paths for the propagation of interfacial micro-cracks. Due to the 
soft amorphous GBs, the interfacial micro-cracks propagate along the 
GBs within the IL, as shown in Fig. 7(e). Therefore, the propagation path 

Fig 5. (a) TEM and (b) HRTEM images of interfacial microstructure in Al2O3@Cf/Mg, and (c) high magnification image of region framed with black lines in Fig. 5(b).  
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of micro-cracks is similar to the profiles of GBs, showing jagged-like. As 
a supplement, the moderate formation of carbides on the surface of Cf is 
beneficial to avoid the propagation of micro-crack between the IL and 
the Cf. Nevertheless, excessive carbide formation may cause etching of Cf 
surfaces, and this kind of etching may be fatal to relatively brittle Cf. 
How to quantitatively evaluate the effects of surface etching on the 
mechanical properties of Cf will be the next research direction. 

The above schematic diagram and analysis are consistent with the 
mechanical properties of Cf/Mg. Though the tensile strength of Cf/Mg 
showed a significant difference, it revealed a clear regularity. As dis
cussed previously, the tensile strength of Cf/Mg was proportional to the 
volume fraction of Cf, but the strengthening ratios were independent of 
the volume fraction of Cf, as shown in Table 1. Since the tensile strength 
of as-cast Mg was very low (less than 100 MPa) compared with Cf, the 
strengthening ratios could also be thought as strengthening efficiency of 
Cf. Therefore, this parameter could also provide a new mean to evaluate 
the interfacial optimization of Cf reinforced composites. 

For the sake of optimizing the IL nanostructure design and promoting 
the properties of Cf/Mg, following factors should be taken into account 
as much as possible: (I) multi-layer of nanostructure, (II) moderate 
interfacial reaction (forming a small quantity of in-situ carbides), (III) 
TRS relaxation (such as by phase transformation of ZrO2 etc.) and (IV) 
the slighter crystalline defects. 

5. Conclusions 

In this study, the Al2O3@Cf/Mg, TiO2@Cf/Mg and YSZ@Cf/Mg were 
prepared with vacuum pressureless infiltration processing. Through 
microstructural observation, the inherent relationships among the 
interfacial reaction, microstructures and stress state, the initiation and 

Fig 6. (a) HRTEM image of IL in YSZ@Cf/Mg; (b) and (c) magnified image of regions B and C marked in Fig. 7(a), respectively; (d) magnified image of Fig. 7(c).  

Table 2 
The contrast list of fabrication processing and interfacial characteristics of 
Al2O3@Cf/Mg, TiO2@Cf/Mg and YSZ@Cf/Mg.  

Fabrication processing 
and interfacial 
characteristics 

Al2O3 TiO2 YSZ 

Preparation of Cf 

preforms 
Filament winding technique 

Fabrication of CfMMCs Vacuum pressureless infiltration processing 
Thickness of IL About 20 

nm [8] 
About 20 nm [8] About 20 nm [9] 

The size of nano-grains of 
IL 

10 ~ 20 nm  
[8] 

3 ~ 5 nm [8] 3 ~ 5 nm [9] 

Chemical composition of 
IL 

MgO [8] MgO and a small 
quantity of TiC  
[8] 

MgO, a small 
quantity of ZrC 
and ZrO2 [9] 

Volume expansion rate 
caused by interfacial 
reaction 

21.8% [8] 8.7% [8] 7.63% [9] 

Phase transformation in 
the IL 

No [8] No [8] Yes [9] 

Relaxation of TRS No [8] No [8] Yes [9] 
Lattice defects in the IL Heavy [8] Moderate [8] Slight [9] 
Propagation route of 

micro-crack 
Along the 
surface of Cf 

— Along the GBs 
within the IL 

Micro-crack profile Smooth — Jagged-like 
Interface bonding of IL/ 

Cf 

Relative 
weak 

— Relative strong 

Tensile strength of 
CfMMCs 

The lowest Higher The highest 

The strengthening ratio The lowest Higher The highest  
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propagation of interfacial micro-crack and mechanical properties of Cf/ 
Mg were clarified. The following conclusions could be obtained: 

(1) The strengthening ratios of Cf/Mg were independent of the vol
ume fraction of Cf and determined mainly by the interfacial mi
crostructures, and the strengthening ratio of Al2O3@Cf/Mg, 
TiO2@Cf/Mg and YSZ@Cf/Mg were 45%, 80% and 90%, 
respectively.  

(2) Under the actions of multiple stress fields, the interfacial micro- 
cracks would prefer to initiate at the soft GBs of the IL, but the 
propagation of interfacial micro-cracks were different. In 
Al2O3@Cf/Mg, the interfacial micro-crack propagated along the 
interface between Cf and IL due to the poor compatibility; while 
in YSZ@Cf/Mg, the interfacial micro-crack propagated along the 
soft GBs within the IL due to the multi-layer nanostructure of IL. 

(3) The excellent tensile properties of YSZ@Cf/Mg could be attrib
uted to the jagged-like interfacial micro-cracks due to the ab
sorption of more energy. 
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