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Abstract

Compression and forced shear loading were utilized to investigate the quasi-static and dynamic response of carbon fiber/Al–Mg composites.

Two types of carbon fibers (PAN-based (CPAN) and pitch-based (CPitch)) were introduced into an Al–Mg alloy matrix (∼30 vol% fibers). The

CPAN/Al–Mg composite had higher compressive and shear strengths than CPitch/Al–Mg regardless of fiber orientation. The difference in strength

due to the nature and probably quality of the fibers was more significant than the effect of fiber orientation (perpendicular or parallel to loading

direction). The compressive strength of these composites exhibited a strain rate sensitivity comparable with that of an Al–Mg alloy and more

pronounced for the CPAN/Al–Mg composite. The microstructural features of shear flow in the localized shear zone in hat-shaped specimens and

the characteristics of fractured fibers are analyzed and discussed. Possible reaction of the metal matrix and carbon fibers was observed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon fibers are widely used in composites to tailor strength

and modulus and to decrease the density of composites [1–4].

Many studies have focused on the interfacial properties, seeking

to improve the bonding between carbon fibers and the matrix

[5–7], and on the influence of the carbon fiber content in the

composites [8–10]. Recently, some researchers started to pay

attention to the dynamic response of carbon fiber reinforced

metal matrix composites [11,12].

The present investigation is aimed at: (a) establishing the

effect of the carbon fiber (pitch-based and PAN-based (polyacry-

lonitrile)) on the mechanical response and strain rate sensitivity

of a composite with Al–Mg metal matrix and (b) determining

the failure evolution mechanism and the effect of the orientation

of carbon fibers on the strength of the composites.
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The composites being investigated were developed for tai-

lored coefficients of thermal expansion and heat conductivity.

The applications are in electronic thermal management, wire-

less communication systems, heat sinks for phased array radar

antennas, and base plate applications for commercial power

semiconductors used in hybrid electric vehicles (HEV) and

static transfer switching technology. For instance, the addition of

30% graphite fibers decreases the CTE from 24 × 10−6 K−1 to

∼8 × 10−6 K−1. The compressive strength of the metal matrix

cast composite METGRAFTM is approximately 200 MPa. The

manufacturing procedure is described by Cornie and Zhang [13].

The addition of carbon fibers is instrumental to control dis-

tributed fracture under dynamic conditions without sacrificing

material strength. These composites can be also used as compo-

nents in reactive materials, for example in mixture with Teflon

[14,15].

2. Experimental techniques

Two composite materials were supplied by Metal Matrix Cast

Composite, LLC. The CPitch/Al–Mg composite consists of a

0921-5093/$ – see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.msea.2007.08.055

mailto:mameyers@ucsd.edu
dx.doi.org/10.1016/j.msea.2007.08.055


682 J. Cai et al. / Materials Science and Engineering A  485 (2008) 681–689

Fig. 1. Geometry of cylindrical and hat-shaped specimens: (a and b) fibers oriented parallel (||) to loading direction and (c and d) fibers perpendicular (⊥) to loading

direction.

70 vol% metal matrix filled with 30 vol% pitch-based carbon

fibers. The theoretical density is 2.47 g/cm3. The density of the

material is 2.43 g/cm3 and porosity is 1.6%. The CPAN/Al–Mg

composite also consists of a 70 vol% metal matrix filled with

30 vol% PAN-based carbon fibers. The density of the material is

2.20 g/cm3 and porosity is 10.9%. For reference purposes, tests

were also run on the unfilled matrix material, Al–Mg, consisting

of 90 wt% Al and 10 wt% Mg.

Milled pitch-based and milled PAN-based carbon fibers were

used; these fibers were not chopped. The diameters of both

types of fibers are 10 �m nominally. CPitch has a nominal length

of 200 �m while CPAN about 300 �m. CPAN was produced

from PAN fiber after carbonization. CPitch was produced from

petroleum pitch after carbonization and then graphitization at

an even higher temperature. CPitch usually has lower tensile and

compressive strengths but a higher modulus than CPAN [16].

There is no special treatment on the fibers to enhance the inter-

facial bonding between the metal matrix and fibers. The Al–Mg

infiltration was performed at a temperature of about 750 ◦C. The

specimens were machined in either a milling machine or a lathe

via common Mg machining protocol without using any coolant.

Quasi-static compression tests were performed using Instron

3367 with a 30 kN loading capacity. Hopkinson bar compres-

sion tests [17,18] were used to investigate the high-strain rate

compressive response of cylindrical specimens and the shear

strength of hat-shaped specimens. Cylindrical specimens were

tested at different strain rates (3000 s−1, 5000 s−1, 7000 s−1).

Fig. 2. Typical stress–strain curves of cylindrical specimens under quasi-static

compression (∼10−3 s−1) for Al–Mg and two composites (PAN or pitch fibers

parallel or perpendicular to loading).
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Fig. 3. Schematic drawing showing (a) opening of micro-cracks around fibers

when parallel (||) to loading direction and (b) closing of micro-cracks around

fibers when perpendicular (⊥) to loading direction.

The estimated shear strain rate for the hat-shaped specimen in

dynamic tests is 35,000 s−1. The geometry of the corresponding

specimens is shown below in Fig. 1. Loading was carried out

perpendicularly (⊥) or parallel (||) to carbon fibers. The paral-

Fig. 4. (a) Experimental data (all symbols) and fitted curves (only for the data

from high-strain rate deformation) of all materials and (b) stress–strain curve of

a CPAN/Al–Mg composite specimen at 7000 s−1 deformation.

Fig. 5. Quasi-static compressive response of hat-shaped specimens of composite

materials with different types and orientation of fibers.

lel (||) and perpendicular (⊥) orientations are shown with the

schematic fiber directions (Fig. 1).

3. Results and discussion

3.1. Compressive strength

The quasi-static stress–strain curves of materials are shown

in Fig. 2. The CPAN/Al–Mg (PAN ⊥ and PAN ||) has a higher

compressive strength than CPitch/Al–Mg (Pitch ⊥ and Pitch

||). This response is consistent with the fact that PAN-based

carbon fibers usually have a higher strength than pitch-based

carbon fibers. The compressive strength of the metal matrix

(Al–Mg) is higher than that of the CPitch/Al–Mg and lower

than that of CPAN/Al–Mg. Meanwhile, the metal matrix presents

much higher strain at the fracture (∼50%) than both composites

(∼10% and ∼20%). This is due to (a) both pitch-based car-

bon fiber and PAN-based carbon fiber have much lower critical

strains [19]; (b) the low interfacial strength between the fibers

and the metal matrix; and (c) the generation of micro-cracks in

the composite upon loading.

It is proposed that the change in elastic moduli with load

in Fig. 2 is due to micro-cracks produced in the compression

process. It is known (e.g. [20], [21]) that micro-cracks decrease

the elastic modulus. The following expression was developed

by O’Connell and Budiansky [21]:

E = E0(1 − 1.63Na3) = E0(1 − 1.63D),

where N is the number of cracks per unit volume, a the radius of

a mean crack, and Na3 = D, where D is a damage parameter. Li et

al. [22] applied this equation to a material in which the damage

changes with strain, ε, as D = D0 + K�
n, where D0 is the initial

damage and n is a damage accumulation parameter. Therefore,

the stress σ is obtained as follows:

σ = E0

[

(1 − 1.63D)ε −
1.63Kεn+1

n + 1

]

.
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Fig. 6. (a) Schematic illustration of a hat-shaped specimen undergoing compression with shear zone shown by shaded areas and (b) schematic illustration of plastic

flow of material filled with fibers in the sheared zone after testing.

It can be seen that this is a non-linear relationship between

σ and ε. The second term in the above equation is negative

and decreases the slope in a stress–strain curve. Thus, damage

accumulation at the extremities of the fibers (Fig. 3) can lead to

a concave curve and a decrease in modulus as shown in Fig. 2.

This is an alternative explanation to work hardening of the metal

matrix.

The results of Hopkinson bar compressive tests, consistent

with the quasi-static results, are presented in Fig. 4. CPAN/Al–Mg

has a higher compressive strength than both CPitch/Al–Mg and

the Al–Mg matrix. The dependence of compressive strength

on strain rate can also be clearly seen in Fig. 4(a). A typical

stress–strain curve is also presented in Fig. 4b. The higher the

strain rate, the higher compressive strength for both materials.

However, for “CPitch perpendicular” the compressive strength

practically did not change with strain rates. Carbon fibers are

usually strain rate insensitive [23], while the metal matrix

(Al–Mg) is strain rate sensitive, as shown in Fig. 4. It can be

concluded that the strain rate sensitivity of the composites is

mainly caused by the strain rate sensitivity of the metal matrix.

The strain rate dependence of the debonding process can also

contribute to the global strength of composites.

3.2. Shear strength

Quasi-static tests (Fig. 5) of the hat-shaped specimens con-

firm that CPAN/Al–Mg (PAN ⊥ and PAN ||) has a higher shear

strength than CPitch/Al–Mg (Pitch ⊥ and Pitch ||). The result

is consistent with the fact that PAN-based carbon fibers usually

have a higher tensile and compressive strength than pitch-based

carbon fibers. The orientation of fibers did not have a significant

impact on the shear strength of composites.

Fig. 7. SEM micrographs exhibiting the shear zone and plastic flow pattern in a CPitch/Al–Mg specimen: (a) low magnification of shear zone (left hand side of the

sheared sample); (b) low magnification of shear zone (right hand side); (c) high magnification of shear zone (left hand side); (d) high magnification of shear zone

(right hand side).
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Fig. 8. Shear stress–displacement curve of a hat-shaped CPitch/Al–Mg specimen.

The shear strain and strain rate in the hat-shaped specimen

can be estimated from the measured displacement as a function

of measured time [24] and estimated thickness of the sheared

region, in our case, using a SEM micrograph. The schematic

shear zones and plastic flow are illustrated in Fig. 6. The aver-

age strain rate in the hat-shaped specimens is calculated from

the velocity of the incident bar, v, divided by the thickness of

the plastic deformation region, t:γ̇ = v/t. The velocity of the

incident bar was 7 m/s. The thickness of the sheared region was

measured from SEM micrograph of the specimen and is roughly

equal to ∼200 �m (Fig. 7). Therefore, the strain rate is:

γ̇ =
v

t
=

7

200 × 10−6
= 3.5 × 104 s−1

The stress state in the deformed region is fairly close to simple

shear and the strain is approximately equal to the ratio between

the critical shear displacement d (Fig. 8) and the thickness of the

deformed region, t (Fig. 6):

γ =
d

t
=

0.15

0.2
= 0.75.

Table 1 shows that the maximum average shear strength of

composite specimens did not depend significantly on fiber ori-

entation (perpendicular and parallel to loading direction) for

both the pitch-based carbon fibers and the PAN-based carbon

fibers. The maximum average shear strength of CPAN/Al–Mg

(400 MPa) is almost twice that of CPitch/Al–Mg (220 MPa) for

both (perpendicular or ||) orientations of the fibers. As noted

above, this phenomenon is consistent with the fact that PAN-

based carbon fibers usually are stronger than pitch-based carbon

fibers. There is a tendency to higher critical displacements for

specimens filled with PAN-based carbon fibers probably because

the PAN-based carbon fibers have a higher tensile strength than

pitch-based carbon fibers. By contrast, the shear strength of the

metal matrix is higher than those of CPitch/Al–Mg but lower

than those of CPAN/Al–Mg. The critical displacement of the

metal matrix specimens is much larger than those of carbon fiber

filled composites, because the carbon fibers are more brittle than

the metal matrix. It means that Al-based composites filled with

fibers may combine high shear strength and low critical shear

strain, which may enhance bulk-distributed fracture at impact.

3.3. Microstructures

The microstructure of the hat-shaped specimens of

CPitch/Al–Mg (fibers placed parallel to loading direction) is pre-

sented in Fig. 9. It reveals that the failure mechanism of the

specimen includes both fracture and pull-out of fibers (arrows

in the Fig. 9a). The characteristics of the fibers fracture in the

present CPitch/Al–Mg are similar to those in the high-modulus

fiber/AM20-matrix composite [5], showing single-fiber fracture.

The behavior of pitch fibers placed perpendicular to loading

direction inside the shear zone under high-strain rate defor-

mation is shown in Fig. 10. Compared to the fibers parallel

to loading direction, they were heavily bent. Fracture of the

fibers related to the area of local tensile strains due to bend-

ing is noticeable (Fig. 10a). Fibers are also split or comminuted

in the bending zone (Fig. 10b). The sheet-like structure of the

cross-section of pitch fibers in Fig. 9b could explain why the

composites filled with perpendicular pitch fibers have a lower

compressive strength than the ones with parallel pitch fibers.

Based on high-resolution SEM imaging, Vezie and Adam

[16] observed that high-compressive strength PAN fibers usually

had rough, granular textures and pitch fibers had a sheet-like

structure, which contributed to the low-compressive strength of

pitch fibers. SEM micrographs of PAN fibers in our specimens

(Fig. 11b) also display such texture. The rough surface of the

fibers could facilitate force transfer and lead to high strength

of the composites. Compared to the failure mechanism of pitch

fibers in the composite, the main reason attributed to the failure

of PAN fibers is cracking (inside the circles, Fig. 11a). Fig. 12

shows that cracks also propagated along the interface between

the metal matrix and carbon fibers.

PAN fibers seemed to be uniformly distributed in the unde-

formed part of a specimen (Fig. 13a). However, a locally high

Table 1

Maximum shear strength and critical displacements for dynamic hat-shaped specimen tests

Composite type Fiber orientation to

loading direction

Average maximum

shear strength (MPa)

Average critical

displacement (�m)

Pitch fiber filled Al–Mg alloy
⊥ 220 100

|| 220 200

PAN fiber filled Al–Mg alloy
⊥ 390 280

|| 400 320

Al–Mg alloy (no fiber) 280 600
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Fig. 9. Microstructure of a hat-shaped CPitch/Al–Mg specimen (fibers parallel to loading direction): (a) low magnification fracture and pull-out (indicated by arrows)

of fibers and (b) high magnification shows fractured fibers.

Fig. 10. SEM micrograph of a CPitch/Al–Mg specimen (fibers perpendicular to

loading direction) showing (a) bent and fractured fibers and (b) a split carbon

fiber.

Fig. 11. Micrographs of fractured PAN-based carbon fibers in CPAN/Al–Mg

specimens (fibers parallel to loading direction) show (a) cracks of fibers and (b)

rough and granular texture of fibers.
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Fig. 12. SEM micrograph showing cracks in the fracture surface of a

CPAN/Al–Mg specimen (fibers perpendicular to loading direction).

concentration of fibers (Fig. 13b) in the ring part of the specimen

is shown. It can be speculated that the fracture of this part due to

tensile stress tended to happen in the high concentration region

of carbon fibers. It shows good agreement with one of research

goals, which is to use fibers to facilitate bulk-distributed fracture

(fragmentation) of the composites.

3.4. Fracture characterization

We observed a broad distribution of values of critical strains,

which did not depend on strain rate, the nature of fibers or their

orientation.

Specimens were fractured mainly by macroshear in com-

bination with bulk-distributed damage. At high strain rates,

the cylindrical specimens were comminuted into a large num-

ber of small pieces. For the same strain rate, CPitch/Al–Mg

specimens tended to be fragmented into more pieces than

CPAN/Al–Mg specimens. This demonstrates that the fracture

patterns are influenced by the nature of carbon fibers. Such

different fragmentation could also be related to the different

porosity of the composites. The weaker pitch-based carbon

fibers facilitate bulk-distributed fracture, resulting in smaller

size of fragments. This mode of fracture can be beneficial

when this alloy is used as the metallic component in reactive

materials.

Another interesting observation of the fragmented cylindrical

specimens after high-strain rate deformation is the existence of

some reddish fragmentation products (circles in Fig. 14) among

regular black pieces after tests. Such phenomenon was observed

for specimens at 5000 s−1 or 7000 s−1 deformation regardless of

the type or the orientation of carbon fibers, but not for any speci-

mens under 3000 s−1 deformation. The difference in mechanical

Fig. 13. SEM micrographs of the fractured ring part of a CPAN/Al–Mg specimen

(fibers perpendicular to loading direction): (a) low magnification of the external

surface of undeformed specimen showing fibers distributed uniformly and (b)

fracture surface in the region where the volume fraction of fibers (dark rods) is

much higher than 30%.

Fig. 14. Reddish fragments (typical size about 1 mm) observed among regular

black scattered pieces after dynamic testing and comminution of CPitch/Al–Mg

specimen bulk damaged at high-strain rate (5000 s−1 or 7000 s−1). (For inter-

pretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)
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behavior for specimens under different deformation conditions

may affect energy dissipation, resulting in different input to

their chemical reaction. It may be concluded that these mate-

rials are inert under low-strain rate deformation, but need a

significant amount of mechanical work, for example under high-

strain rate plastic deformation, to drive the reaction [25]. It is

obvious that further work is warranted in order to determine

the products of the possible reactions between Al and carbon

fibers [26,27] and between magnesium and carbon fibers [28]

are desirable.

The dynamic critical tensile strains for opening of macro-

cracks can be estimated from the hat-shaped specimens based

on the diameters of the hat part and of the hole. During the

movement of the hat (with larger diameter: 7.65 mm) into the

hole (smaller diameter: 7.34 mm) the maximum tensile (hoop)

strains can be computed and are about 4%. The external ring

fractured at this hoop strain. Thus, this value is an upper esti-

mate for tensile strain for opening macro-cracks, because a crack

could open at an intermediate stage of the penetration process

of the hat part into the hole.

Metal matrix specimens were deformed without developing

shear macro-cracking upto large values of compressive strain.

This means that filling with fibers facilitates shear fracture at

earlier stages of deformation irrespective of the strain rate. This

can be beneficial for the initiation of the reaction between Al

and carbon fibers and between Mg and carbon fibers to form

Al4C3 [26,27] or Mg2C3 and MgC2 [29] during fracture under

dynamic compression.

4. Conclusions

High-strain rate testing was performed on carbon fiber (PAN

or pitch) filled Al–Mg metal matrix composites. The PAN-based

composite was much stronger in compression than the associated

material made with pitch fibers. Experiments and analysis on

the effect of the type and orientation of carbon fibers on the

mechanical properties of the composites lead to the following

conclusions:

(a) Quasi-static compression tests and dynamic Hopkinson bar

tests demonstrated that the compressive strength of com-

posite specimens does depend significantly on strain rate

regardless of fiber orientation (perpendicularly or parallel to

the loading direction) for CPAN/Al–Mg and CPitch/Al–Mg.

The compressive strength of composites increased with

increasing strain rate mainly because of the strain rate sen-

sitivity of the metal matrix.

(b) Compressive strength and maximum average shear strength

of CPAN/Al–Mg specimens are almost twice that of

CPitch/Al–Mg for both orientations of the fibers. This effect

is consistent with the fact that PAN-based carbon fibers

usually have higher compressive and tensile strength than

pitch-based carbon fibers.

(c) The presence of fibers reduced the critical strain for fracture

for both composites and enhanced bulk-distributed frac-

ture (fragmentation) under dynamic compressive and shear

deformation.

(d) The microstructure of hat-shaped specimens after high-

strain rate shear deformation reveals that fracture and

pull-out of fibers were the major failure mechanisms of the

CPitch/Al–Mg with fibers parallel to loading direction. Bend-

ing and splitting of fibers were the major failure mechanisms

of the CPitch/Al–Mg with fibers perpendicular to loading

direction. Cracking of fibers and cracks along the interface

between the metal matrix and carbon fibers were the major

failure mechanism of the CPAN/Al–Mg.

(e) A possible reaction of the metal matrix with carbon fibers

led to the unusual reddish scattered pieces in the fragmented

cylindrical specimens under high-strain rate compressive

deformation (5000 s−1 or 7000 s−1). Further investigation

on it is necessary.
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