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ABSTRACT

The microstructure and elemental composition evolution of Cf/SiC–Al com-

posites prepared by combined precursor infiltration pyrolysis (PIP) and vac-

uum-pressure infiltration processes after high-temperature oxidation for

different times was investigated. Meanwhile, the mechanical properties of the

composites after oxidation treatment were characterized by nanoindentation

and compressive performance tests. The results show that when the oxidation

temperature was 400 �C and above, the weight loss rate of the composites

gradually increased with the prolongation of the oxidation time, and the

interface separation between the carbon fiber and SiC matrix became more

obvious. Moreover, the nanoindentation elastic modulus of the Al alloy matrix

and the SiC matrix decreased significantly with the increase in oxidation time,

while the nanoindentation hardness of the aluminum alloy hardly changed.

After oxidizing at 400 �C for 7 h, the in-plane compressive strength of the

composites reached the maximum (584.7 MPa), and after oxidizing at 500 �C for

9 h, the compressive strength decreased to the minimum (347.8 MPa).

Introduction

Continuous carbon fiber-reinforced aluminum matrix

(Cf/Al) composites have become the key application

materials for the development of high-performance

and lightweight aerospace vehicles because of their

performance advantages such as low density, high

strength, high modulus, low thermal expansion

coefficient and high reliability [1–3]. However, with

the expansion of the application range, higher

requirements are put forward for the performance of

Cf/Al composites, especially the high-temperature

resistance [4, 5].

Handling Editor: Catalin Croitoru.

Address correspondence to E-mail: lixiayang@nuaa.edu.cn; zhaofeng_chen@163.com

https://doi.org/10.1007/s10853-023-08242-8

J Mater Sci (2023) 58:3171–3186

Composites & nanocomposites

http://orcid.org/0000-0002-6914-6580
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-08242-8&amp;domain=pdf
https://doi.org/10.1007/s10853-023-08242-8


For the Al alloy matrix, researchers mainly enhance

its high-temperature performance by introducing

high melting point metal elements [6, 7] or second

phases (ceramic particles, whiskers and nanotubes,

etc.) [8–10]. However, for Cf/Al composites, due to

the existence of the continuous carbon fiber-rein-

forced phase, it is difficult for Al alloy modified by

the second phase to be melted and infiltrated into the

fiber preform due to the limitation of the preparation

process. Xu et al. [5] improved the high-temperature

resistance of Al-Si alloy by introducing transition

metal Fe element, and successfully infiltrated it into

unidirectional winding carbon fiber preform to

obtain Cf/Al–Fe-Mg-Si composites with excellent

high-temperature performance. Nevertheless, such

method is only suitable for fiber preforms with sim-

ple structure. When the weaving structure of the

preform is changed into a three-dimensional woven

structure, the modified Al alloy is difficult to effec-

tively infiltrate into the complex preform duo to its

high melt viscosity. Inspired by the design and

preparation ideas of continuous fiber-reinforced

ceramic matrix composites (the most promising high-

temperature structural composites at present

[11–13]), in our previous research, SiC ceramics were

in situ composited into preforms by the precur-

sor infiltration pyrolysis (PIP) method and the Al-Si

alloy matrix was infiltrated and filled to improve the

high-temperature performance of the three-dimen-

sional braided Cf/Al composites [14, 15]. For the

successfully prepared Cf/SiC–Al composites, its

application goal is mainly to become the key struc-

tural material for the medium–high temperature

(\ 60 �C) bearing parts of aero-engines and launch

vehicles. However, the components in this field

require high service reliability of materials used in

thermal/oxygen environment. Therefore, in order to

serve reliably in high-temperature environment, in-

depth research on high-temperature performance

and oxidation resistance of Cf/SiC–Al composites

must be carried out to reveal the evolution law of

microstructure and properties of the composites in

thermal/oxygen environment. Meanwhile, it is of

great significance to accelerate the use of the com-

posites in actual working conditions.

In this study, the evolution of microstructure, ele-

mental composition and mechanical properties of the

as-prepared Cf/SiC–Al composites after treatment

with different oxidation temperatures and times was

investigated, and the oxidation mechanism and fail-

ure mode were also discussed.

Experimental procedure

Material preparation

Cf/SiC–Al composites were reinforced by a three-

dimensional needle-stitched carbon fiber (12 K, T700,

Toray, Japan) preform, and its fiber volume fraction

was about 40%. First, a layer of pyrolytic carbon

interface with a thickness of about 0.2–0.3 lm was

deposited on the carbon fiber surface by a chemical

vapor infiltration process (propylene and Ar gas flow

ratio was 1:2, and deposition temperature was

1000 �C). Then, SiC matrix was in situ composited

into the fiber preform by the PIP process (polycar-

bosilane was the ceramic precursor, xylene was the

solvent, the weight ratio of the two was 1:1, and the

pyrolysis temperature was 1200 �C), and the volume

content of SiC matrix was about 35%. Finally, the

ZL101A Al alloy was infiltrated into the preform by

vacuum-pressure infiltration process (the tempera-

ture of the preform during molten Al alloy infiltration

was 550 �C, and the nitrogen pressure during infil-

tration was 1.2 MPa), and the volume fraction of Al

alloy matrix was about 22%. A more detailed

preparation process and schematic diagram are

shown in Ref. [14]. Figure 1 shows the cross-sectional

micromorphology and element composition distri-

bution of the as-prepared Cf/SiC–Al composites. The

composites have high density and almost no residual

large-sized pores (Fig. 1a), the Al alloy is closely

bonded to the SiC matrix, and there are no defects

and cracks at the interface between the two (Fig. 1b,

c). In addition, the interface between the carbon fiber

and the SiC matrix is also relatively tightly bound,

and there is no interface separation (Fig. 1d).

Test characterization

The long-term oxidation test of the as-prepared Cf/

SiC–Al composites at high temperature was carried

out in a box furnace (model KF1100, Nanjing byt

Instrument Technology Co., Ltd.) with dry static air.

Raise the temperature of the samples and furnace to

300 �C, 400 �C and 500 �C, respectively, at a heating

rate of 10 �C/min, and then maintain it for 3 h, 5 h,

7 h and 9 h, respectively, at each temperature. After
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the heat preservation, take out the sample for air

cooling. The weight of the samples before and after

the oxidation test was weighed by an electronic

analytical balance (model hz-224/45, accuracy

0.1 mg, Huazhi scientific instrument). Nanoindenta-

tion tests (Bruker Hysitron TI980, Berkovich indenter)

were performed at room temperature with a load-

ing/unloading rate of 10 mN/min. The maximum

test load is 5mN, and the load was maintained for

10 s after reaching the maximum. According to the

load-indentation depth curve, the elastic modulus

and nanoindentation hardness were calculated by the

Oliver & Pharr method. Figure 2 shows schematic

diagram of nanoindentation test of the sample and

the distribution of indentation points. The in-plane

compressive strength tests of the samples after oxi-

dation test were carried out by an electronic universal

testing machine (CMT5205, the maximum load of the

sensor is 100 kN) with a displacement loading rate of

0.5 mm/min. And the size of samples for oxidation

test and in-plane compressive strength test was

8mmL 9 8mmW 9 9mmH. Microscopic morphology

of the composites was characterized by a scanning

electron microscope (SEM, ZEISS Sigma 300, with a

Zeiss Smart EDX) and high-resolution transmission

electron microscopy (HRTEM, FEI Talos F200X G2).

The sample slices for HRTEM observation were pre-

pared by focused ion beam (FIB) technology (FEI

Scios 2 HiVac, W as sealing protective layer for ion

beam etching of the sample). And the crack and

fracture morphologies of the samples after compres-

sion test were observed by optical microscope (Nikon

SMZ745T, with a RH-XCAM4K8MPA) and scanning

electron microscope (TESCAN LYRA3, with a Bruker

EDS).

Figure 1 The cross-sectional micromorphology and elemental

composition distribution of the as-received composites. a and

b Cross-sectional microstructure, c Element mapping of (b),

d Magnification of the yellow circle mark in (b), e Element line

scanning along the yellow arrows direction in (b), f Element point

scanning marked by yellow squares in (d), g Element point scans

marked by yellow circles in (d).
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Results and discussion

Microstructure and elemental composition
evolution after oxidation

The surface microstructure and elemental composi-

tion of the as-prepared Cf/SiC–Al composites

evolved after being oxidized at different tempera-

tures and for different times, accompanied by weight

gain and weight loss. Figure 3 shows the weight

change curve of the sample after oxidation treatment.

At different oxidation temperatures, the change trend

of the sample weight with the prolongation of oxi-

dation time is not consistent. When oxidized at

300 �C, with the prolongation of oxidation time, the

sample first loses weight and then gains weight. Then

after the oxidation temperature is increased to 400 �C
and above, the weight of the samples gradually

decreases with the prolongation of oxidation time.

However, the weight reduction trend is slightly dif-

ferent. At 400 �C, the degree of weight reduction of

the sample is more obvious with the prolongation of

oxidation time, while at 500 �C, the degree of weight

reduction of the sample decreases first and then

increases.

Figure 4 shows the microstructures of the samples

after oxidation at different temperatures for 5 h and

9 h, respectively. After oxidation at 300 �C for 5 h

and 9 h, respectively, the microstructure of the sur-

face of the composites hardly changes compared with

that before oxidation (Fig. 4a, b), the carbon fiber and

SiC matrix are not eroded by oxidation, and the

oxygen element line scan peak of the Al alloy matrix

slightly increases (Fig. 4a1, b1), which may mean that

the thickness of the oxide film on the surface of Al

alloy matrix increases with the prolongation of the

oxidation time [16]. This may also be the reason for

the weight gain of the composites with increasing

oxidation time (C 5 h) at this temperature. After

being oxidized at 400 �C and 500 �C for 5 h and 9 h,

respectively, the Al alloy matrix in the composites

has not suffered obvious damage due to the existence

of oxide film (Fig. 4c–f), but the oxidation damage

degree of carbon fiber becomes more serious with the

increase in oxidation temperature and the prolonga-

tion of oxidation time (Fig. 4c1–f1). Figure 5 shows

the microstructure and element composition distri-

bution of the Al alloy-SiC matrix-carbon fiber bond-

ing area in Cf/SiC–Al composites after oxidation

Figure 2 Schematic diagram of nanoindentation test of the sample. a Schematic diagram of nanoindentation, b Distribution and

micromorphology of nanoindentation points, c Depth nephogram of nanoindentation point.

Figure 3 The weight change of the sample with prolonged

oxidation time at different temperatures.
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treatment. There is no crack or separation at the

interface between the Al alloy and SiC matrix

(Fig. 5a–f), although their thermal expansion coeffi-

cients are quite different [17, 18], and even the

bonding state is improved (Fig. 5f, f2). It is speculated

that the long-term high-temperature environment

promotes the diffusion of Si element in the Al alloy

matrix to the SiC matrix, and the degree of interface

reaction between Al and SiC matrix gradually

increases [19, 20]. Since the SiC matrix generated by

PIP process can only have obvious oxidation and

weight gain at above 800 �C [21], the SiC matrix in the

composites has not appeared obvious oxidation ero-

sion after long-term oxidation at 300–500 �C. How-

ever, the carbon fibers suffer from oxidative erosion

and structural damage, and the damage degree

gradually increases with the elevating of temperature

and the prolongation of the oxidation time (Fig. 5a2–

f2). At 300 �C, the degree of oxidative damage of

carbon fibers is low, and the microstructure of the

cross-section has not suffered obvious damage, but

cracks begin to appear at the fiber/matrix junction,

and interface separation occurs. And with the pro-

longation of oxidation time, the degree of interface

separation has not increase significantly (Fig. 5a2–b2).

At 400 �C, the oxidative damage of carbon fibers

aggravates with the prolongation of oxidation time

(Fig. 5c2–d2). At 500 �C, the degree of oxidative

damage of carbon fibers is further aggravated, and

with the prolongation of oxidation time, the degree of

surface structure damage and interface separation

also increases significantly (Fig. 5e2–f2).

Figure 4 Microstructure and

element line scans of Cf/SiC–

Al composites after oxidation

at different temperatures and

for different times. a and a1

300 �C-5 h, b and b1 300 �C-
9 h, c and c1 400 �C-5 h,

d and d1 400 �C-9 h, e and e1

500 �C-5 h, f and f1 500 �C-
9 h.
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Nanoindentation performance analysis

The nanoindentation properties of the as-received

Cf/SiC–Al after oxidation at different temperatures

for 5-h and 9-h composites were characterized. The

nanoindentation force-depth curves of each compo-

nent region of the composites after oxidation treat-

ment are shown in Fig. 6. After 5-h and 9-h oxidation,

the maximum depth and residual depth of nanoin-

dentation in Al alloy matrix gradually decreased with

the elevating of oxidation temperature. In addition,

after 5-h oxidation, the creep displacement of the Al

alloy matrix in the holding pressure stage hardly

changed with the elevating of oxidation temperature

(Fig. 6a, c, e), while after 9-h oxidation, the creep

displacement gradually decreased (Fig. 6b, d, f).

After oxidation at 300 �C (Fig. 6a, b), the maximum

depth of nanoindentation in the Al alloy matrix

increased with the prolongation of oxidation time,

but the residual depth decreases slightly. After oxi-

dation at 400 �C (Fig. 6c, d), both the maximum

depth of nanoindentation and the residual depth of

the Al alloy matrix increased significantly with the

prolongation of oxidation time. After oxidation at

500 �C (Fig. 6e, f), the maximum depth of

nanoindentation in the Al alloy matrix hardly chan-

ged with the prolongation of oxidation time, but the

residual depth decreased slightly. After 5-h and 9-h

oxidation, the maximum depth of nanoindentation of

carbon fibers (with almost no residual depth) grad-

ually increased with the elevating of temperature. At

the same oxidation temperature, the maximum depth

of nanoindentation of carbon fibers has not changed

significantly with the elevating of oxidation temper-

ature. However, after 9-h oxidation, the creep dis-

placement of carbon fibers in the holding pressure

stage gradually increased with the elevating of oxi-

dation temperature. After 5-h oxidation, the maxi-

mum depth of nanoindentation of the SiC matrix

hardly changed with the elevating of oxidation tem-

perature, and there was no obvious creep stage. After

9-h oxidation, the maximum depth of nanoindenta-

tion in the SiC matrix gradually increased with the

elevating of temperature, and creep occurred in all of

them. In the SiC–Al alloy bonding zone, the closer to

the SiC matrix, the smaller the nanoindentation

depth, and the greater the closer to the Al alloy.

The elastic modulus of each component region of

the composites after oxidation treatment is shown in

Figure 5 Microstructure and element mapping analysis of carbon fiber and Al alloy matrix bonding area after oxidation. a, a1 and a2

300 �C-5 h; b, b1 and b2 300 �C-9 h; c, c1 and c2 400 �C-5 h; d, d1 and d2 400 �C-9 h; e, e1 and e2 500 �C-5 h; f, f1 and f2 500 �C-9 h.
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Fig. 7. After 5 h of oxidation (Fig. 7a), with the ele-

vating of oxidation temperature, the elastic modulus

of the Al alloy matrix gradually decreased (from 53.1

to 41.3 GPa), the elastic modulus of the SiC matrix

increased slightly (from 112.7 to 116.9 GPa), the

elastic modulus of carbon fiber has almost no chan-

ged, and the elastic modulus of the SiC–Al alloy

bonding area first decreased and then increased.

After the oxidation time increased to 9 h (Fig. 7b),

with the elevating of temperature, the elastic modu-

lus of the Al alloy matrix first decreased and then

increased, and the elastic modulus of the SiC matrix

decreased significantly (from 113.2 to 65.3 GPa). The

elastic modulus of carbon fiber first increased slightly

Figure 6 Nanoindentation force–depth curves of each component region of the composites oxidized in high-temperature air environment

for different times. a 300 �C-5 h, b 300 �C-9 h; c 400 �C-5 h, d 400 �C-9 h; e 500 �C-5 h, f 500 �C-9 h.
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and then decreased significantly (the minimum value

was 34.6 GPa after oxidation at 500 �C), and the

elastic modulus of the SiC–Al alloy bonding region

first increased and then decreased, similar to carbon

fiber. In addition, at the same oxidation temperature,

the elastic modulus of the Al alloy matrix decreased

with the prolongation of oxidation time. The elastic

modulus of the SiC matrix decreased with the pro-

longation of the oxidation time after the oxidation

temperature reached 400 �C. Figure 8 shows the

nanoindentation hardness of each component region

of the composites after oxidation treatment. After 5 h

of oxidation (Fig. 8a), the nanoindentation hardness

of the Al alloy matrix increased slightly (from 0.37 to

0.49 GPa) with the elevating of temperature. The

nanoindentation hardness of the SiC matrix first

decreased and then increased, and the carbon fiber

and SiC–Al alloy bonding areas were similar. After

the oxidation time increased to 9 h (Fig. 8b), the

nanoindentation hardness of the Al alloy matrix

increased slightly (from 0.34 to 0.49 GPa) with the

elevating of temperature, while the nanoindentation

hardness of the SiC matrix and carbon fiber gradually

decreased. And the nanoindentation hardness of the

SiC–Al alloy bonding region increased gradually. In

addition, at the same oxidation temperature, the

nanoindentation hardness of the Al alloy matrix

hardly changed with the prolongation of oxidation

time. The nanoindentation hardness of the SiC matrix

decreased with the prolongation of the oxidation time

Figure 7 Nanoindentation elastic modulus of each component region of the composites oxidized in high-temperature air environment for

different times. a Oxidized for 5 h; b Oxidized for 9 h.

Figure 8 Nanoindentation hardness of each component region of the composites oxidized in high-temperature air environment for

different times. a Oxidized for 5 h; b Oxidized for 9 h.
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only after the temperature reached 500 �C, and the

nanoindentation hardness of the carbon fiber

increased instead.

Evolution of mechanical properties

Figure 9 shows the in-plane compressive stress-dis-

placement curves of the composites after being oxi-

dized at high temperature for different times, as well

as the comparative analysis of the compressive

strength. At different oxidation temperatures (300 �C,

400 �C and 500 �C), the in-plane compressive stress–

displacement curves of the composites after different

oxidation times (3 h, 5 h, 7 h and 9 h) are roughly

divided into three stages (Fig. 9a): (I) The elastic

modulus gradually increases with increasing load

(the curve is nonlinear); (II) the linear segment with

stable elastic modulus; (III) the staircase point occurs

with further increasing load, and finally a non-brittle

fracture occurs. In stage I, with the increase in the

compressive load, the residual pores inside the

composites are squeezed and closed [22]. At the same

time, the Al alloy matrix first undergoes a certain

degree of plastic deformation due to the low elastic

modulus [23], resulting in the gradual increase of

elastic modulus. In stage II, since the residual pores

in the composites have been closed, and the load is

transferred to the carbon fiber through the matrix, the

components are uniformly loaded, and the elastic

modulus of the composites hardly changes. In stage

III, when the load increases to the critical point of the

bearing capacity of the matrix, the matrix begins to

Figure 9 In-plane compressive stress-displacement curves and compressive strength of the composites oxidized at different temperatures

for different times. a 300 �C-3 * 9 h; b 400 �C-3 * 9 h; c 500 �C-3 * 9 h; d Compressive strength comparison.
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produce microcracks, but as the load increases, the

microcracks are squeezed and closed, resulting in the

staircase point [24]. Finally, with the further increase

in the load, microcracks re-initiated in the matrix and

gradually accumulated and expanded, and finally

macrocracks occurred through the fibers, leading to

the failure of the composites [22, 25]. At each oxida-

tion temperature, the in-plane compressive strength

of the composites first increased and then decreased

with the prolongation of oxidation time (the maxi-

mum after 7 h of oxidation, as shown in Fig. 9d).

After oxidation for 3 h, 5 h and 7 h, respectively, the

compressive strength of the composites first

increased slightly and then decreased with the

increase in the oxidation temperature. And the com-

pressive strength gradually decreased after 9-h oxi-

dation. At the oxidation temperature of 500 �C, the

compressive strength after 9-h oxidation is less than

that after 3-h oxidation; the main reason should be

that the damage degree of carbon fiber reaches the

maximum. In addition, after oxidation at 500 �C, the

fracture displacement of the composites is the

smallest (Fig. 9c), especially with the prolongation of

oxidation time, the fracture displacement is signifi-

cantly smaller than that of other oxidation

temperatures.

The macrocracks after the compressive perfor-

mance test of the composites are shown in Fig. 10. As

the oxidation temperature at 300 �C, the crack prop-

agation paths of the composites after oxidation for

5 h are obviously more than those after oxidation for

9 h, and the number of crack deflection branches is

also more (Fig. 10a, d). This should also be the main

reason for the larger fracture displacement of the

composites after 5-h oxidation (Fig. 9a). As the oxi-

dation temperature at 400 �C, the crack propagation

direction of the composites after 5-h oxidation is

roughly along 45� and directly penetrates the mate-

rial (Fig. 10b). After 9 h of oxidation, the main crack

expands for a certain distance and then bifurcates

into two sub-cracks (Fig. 10e), thus making the frac-

ture displacement of the composites larger (Fig. 9b).

As the oxidation temperature at 500 �C, the main

cracks directly penetrate the entire material along the

45� direction after the composites are oxidized for 5 h

and 9 h, respectively (Fig. 10c, f), so that the fracture

displacement is almost the same (Fig. 9c). Figure 11

shows the microstructure of the compression fracture

of the composites. As the oxidation temperature at

300 �C, the number of fibers pulled out at the fracture

of the composites after oxidation for 5 h is signifi-

cantly more than that after oxidation for 9 h (Fig. 11a,

d), and the pull-out length is also longer (Fig. 11a1,

d1), which is the main reason that the macrocracks

are more prone to deflection. At the oxidation tem-

perature of 400 �C, the fiber pull-out at the fracture of

the composites after oxidation for 9 h is more obvious

(Fig. 11e), and the pull-out length is also longer

(Fig. 11e1). At the oxidation temperature of 500 �C,

the fibers at the fracture of the composites are pulled

out mainly in bundles (Fig. 11c, f), and more matrix is

adhered (Fig. 11c1, f1), resulting in less deflection of

macrocracks.

Oxidation mechanisms

In a high-temperature (B 500 �C) and dry air envi-

ronment, the microstructure and composition of each

component region of the as-received Cf/SiC–Al

composites mainly undergo the following evolutions

(as shown in Fig. 12): (I) An oxide film was formed

on the surface of the Al alloy matrix; (II) carbon fibers

suffered from oxidative erosion, and the microstruc-

ture was destroyed; (III) the surface of SiC matrix was

oxidized to form an oxide film. The main chemical

reactions are as follows [19, 26, 27]:

Amorphous Al2O3 native oxide filmð Þ ! c� Al2O3

ð1Þ

C sð Þ þ 1=2 O2 g
� �

! CO g
� �

ð2Þ

C sð Þ þ O2 g
� �

! CO2 g
� �

ð3Þ

SiC sð Þ þ 3=2 O2 g
� �

! SiO2 sð Þ þ CO g
� �

ð4Þ

At room temperature, an amorphous Al2O3 film

can naturally form on the surface of the Al alloy

matrix [28]. As the oxidation temperature increased,

amorphous Al2O3 gradually transforms into crys-

talline c-Al2O3 (starting at 400 �C and complete

transformation at 500 �C, as shown in Reaction (1))

[16]. This should be the main reason for the slight

gradual increase in the nanoindentation hardness of

the Al alloy matrix with the elevating of the oxidation

temperature. Figure 13 shows the HRTEM micro-

graphs of the oxide film formed on Al alloy in the Cf/

SiC–Al composites after oxidation at 300 �C and

500 �C for 9 h, respectively. It can be seen that the

oxide film has changed from amorphous Al2O3 to c-

Al2O3 with the increase in oxidation temperature,

consistent with the research results in the literature
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[16, 26], and the thickness has also been nearly dou-

bled. In addition, the literature [16] shows that even

at the same temperature, the thickness of the oxide

film can gradually increase with the prolongation of

oxidation time. Under the high-temperature aerobic

environment, the mass loss of carbon fiber mainly

comes from the carbon–oxygen reaction (Reactions

(2) and (3)). Nakamura et al. reported [29] that the

weight loss of vapor-grown carbon fibers was

1.7 wt% after oxidation at 400 �C in dry air for 24 h.

As the temperature was increased to 500 �C, the

oxidation weight loss reached 4.7 wt%, and the car-

bon fiber structure was severely damaged. Li et al.

reported [30] the TG-DSC curve of T700 carbon fiber

and found that when the temperature reached

350 �C, the fiber began to lose weight by oxidation.

Therefore, after the Cf/SiC–Al composites were oxi-

dized at 300 �C, the mass loss first increased and then

decreased gradually with the prolongation of the

oxidation time. The essential reason should be that on

the one hand, the carbon fiber was only slightly

oxidized, and on the other hand, the thickness of the

oxide film on the surface of the Al alloy matrix

gradually increased. As the temperature reached

400 �C, the oxidation weight loss of carbon fibers

increased due to oxidative attack and microstructure

damage. Although the crystallinity and thickness of

the oxide film on the surface of the Al alloy matrix

increased, the oxidation weight loss of the composites

gradually increased with the prolongation of oxida-

tion time. After being oxidized at a temperature

below 1200 �C, the surface of SiC can be oxidized to

form an amorphous SiO2 film (Reactions (4)) [31, 32].

For the SiC matrix generated by the PIP process, with

the elevating of temperature (\ 600 �C), the SiC

matrix exhibited a slight weight loss due to the

existence of residual-free carbon phase [21]. When

the temperature exceeded 800 �C, the weight of the

SiC matrix gradually increased due to the intensified

surface oxidation. Therefore, as tempera-

ture B 400 �C, the nanoindentation hardness of the

SiC matrix in the composites hardly changed with the

Figure 10 Compressive macrocracks in the composites after oxidation treatment. a 300 �C-5 h, b 400 �C-5 h, c 500 �C-5 h; d 300 �C-
9 h, e 400 �C-9 h, f 500 �C-9 h.
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prolongation of oxidation time (the degree of surface

oxidation was lower). As the oxidation temperature

at 500 �C, the nanoindentation hardness and elastic

modulus of the SiC matrix decreased with the pro-

longation of the oxidation time, which is inferred that

the oxidation degree of the SiC matrix intensified and

the thickness of the oxide film increased [33, 34].

Furthermore, when the oxidation temperature was

closed to the solution temperature of the Al–Si alloy

(450*550 �C), with the prolongation of the oxidation

time, the atoms such as Si and Mg in the Al alloy

matrix diffused and migrated to the SiC matrix,

which increased the thickness of the interface reac-

tion layer between Al alloy and SiC matrix

[19, 33, 35]. Figure 14 shows the HRTEM micro-

graphs of a cross-section of Al alloy-SiC matrix

interface bonding area in the Cf/SiC–Al composites

after oxidation at 500 �C for 9 h. It can be seen that

there are many Si enrichment areas et al. alloy-SiC

matrix interface bonding area, and there is an obvi-

ous diffusion region at the interface between the Si

enrichment area and the SiC matrix, which is con-

sistent with the conclusions in the references. More-

over, it is worth noting that there is almost no Al4C3

brittle phases formed at the interface between the Al

alloy and SiC matrix (as shown in Fig. 14a, c) due to

the oxidation temperature is lower than 627 �C [36].

Therefore, after the Cf/SiC–Al composites were oxi-

dized at 500 �C, due to the damage of the carbon fiber

and the interface separation of carbon fiber-SiC

matrix, the cracks mainly propagated along the fiber-

SiC matrix interface, and the number of crack

deflections in the matrix and the fiber decreased, and

finally a rapid fracture occured.

Conclusions

In this work, the microstructure, elemental composi-

tion and mechanical properties of Cf/SiC–Al com-

posites prepared by PIP and vacuum-pressure

infiltration processes after being oxidized at different

Figure 11 Compression fracture micromorphology of the composites after oxidation treatment. a and a1 300 �C-5 h, b and b1 400 �C-
5 h, c and c1 500 �C-5 h; d and d1 300 �C-9 h, e and e1 400 �C-9 h, f and f1 500 �C-9 h.
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temperatures and for different times were investi-

gated. The main conclusions are as follows:

1. After the oxidation temperature reached 400 �C,

the weight loss rate of the composites gradually

increased with the prolongation of the oxidation

time. After being oxidized at 500 �C for 9 h, the

weight loss rate of the composites reached a

maximum of 1.89 wt%.

2. After the high-temperature oxidation treatment

of the composites, the damage of the carbon fiber

was the most obvious, and the separation of the

carbon fiber-SiC matrix interface was more obvi-

ous with the elevating of the oxidation temper-

ature and the prolongation of the oxidation time.

3. As the oxidation time increased, the elastic

modulus of the Al alloy matrix gradually

Figure 12 Evolution of

microstructure and

composition of the as-received

Cf/SiC–Al composites after

oxidation at different

temperatures for different

times.

Figure 13 HRTEM

micrographs of a cross-section

of the oxide film formed on the

Al alloy in the Cf/SiC–Al

composites after oxidation at

different temperatures and for

different times. a and a1

300 �C-9 h, b and b1 500 �C-
9 h.
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decreased, and the nanoindentation hardness

hardly changed; when the oxidation temperature

exceeded 400 �C, the elastic modulus and nanoin-

dentation hardness of the SiC matrix decreased;

and the elastic modulus and nanoindentation

hardness of carbon fiber had little change.

4. The in-plane compressive strength of the com-

posites after oxidation treatment increased first

and then decreased with the prolongation of

oxidation time. After oxidizing at 400 �C for 7 h,

the compressive strength reached the maximum

value of 584.7 MPa; after oxidizing at 500 �C for

9 h, the compressive strength reached the mini-

mum value of 347.8 MPa.
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