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Diamond particle-reinforced Al matrix (Al/diamond) composites were produced by a gas pressure infil-
tration method, where 0.5-4.0 wt.% Ti was added to Al matrix. An interfacial TiC layer of about 2 lm
thickness was formed between Al and diamond at 4.0 wt.% Ti addition. The mechanical properties of the
Al/diamond composites were enhanced by both the formation of interfacial layer and the strengthening of
the matrix. The mechanical strength increased with increasing alloying Ti content, and a tensile strength of
153 MPa was obtained at 4.0 wt.% Ti addition. The tensile flow stress of the composites was found to be in
broad agreement with the prediction of the Mori-Tanaka model. The effect of interfacial layer on me-
chanical properties provides guideline for the production of mechanically reliable Al/diamond composites.
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1. Introduction

With the highly integration of electronic devices, the
assemblies are demanding heat-spreading materials with high
thermal conductivity (TC) (Ref 1, 2). Traditional packaging
materials such as W-Cu, AlN, SiC, and Al/SiC cannot meet
such a technical challenge (Ref 3). Diamond possesses the
highest TC (1200-2000 W/mK) among natural materials;
however, its coefficient of thermal expansion (CTE, 1-2 ppm/
K) is not compatible with that of semiconductors (4-6 ppm/K).
Since metals like Cu and Al exhibit both high TC and relatively
large CTE, the combination of diamond and metals could give
rise to both high TC (Ref 4, 5) and tailorable CTE in diamond
particle-reinforced metal matrix (metal/diamond) composites.
Furthermore, metal matrix endows such composites with
excellent formability and machinability. Recently, Al/diamond
composites are reported to have TC with a level of >700 W/
mK (Ref 6) that is much higher than other electronic packaging
materials.

During machining, assembly, and service of Al/diamond
composites, considerable mechanical stresses are inevitably
incurred. Electronic packaging applications are appealing for an
acceptable comprehensive performance from thermal conduct-
ing composites. While the thermal conductivity has been
extensively investigated, the mechanical behavior of Al/dia-
mond composites is rarely reported. Weidenmann et al. (Ref 7,
8) surveyed the Young� modulus, mechanical strength, and

fracture toughness of several sorts of composites like Al-
Cu/diamond, Cu-B/diamond, and Ag-Si/diamond. For the
Al/diamond composites concerned, they presented the effects
of diamond volume fraction and diamond particle size on
mechanical properties of the composites. Since they dealt with
just one composition of Al-2.0 wt.% Cu matrix, the effect of
alloying Cu content on mechanical properties of Al/diamond
composites remains unclear.

The addition of alloying element to Al matrix is to enhance
interfacial bonding by the formation of interfacial carbide layer,
since large wetting angle occurs between diamond and Al. It is
well known that Ti acts as a strong carbide-forming element.
While the effect of Ti addition to Al matrix on thermal
conductivity of Al/diamond composites has been manifested
(Ref 9-12), the effect of Ti addition on the mechanical behavior
is still unknown. Furthermore, the interfacial carbide layer
guarantees load transfer from metal matrix to diamond
reinforcement. The interfacial layer thickness is thus critical
to strengthen the load transfer. By designing and generating a
series of interfacial layers with varied thickness, the role of
interfacial carbide layer in enhancing the mechanical strength
of Al/diamond composites can be demonstrated. So far, the
issue has not been solved.

In this study, a series of Ti contents are alloyed to Al matrix
to achieve various thicknesses of interfacial TiC layer between
diamond and Al. The effect of interfacial layer thickness on
mechanical properties of Al-Ti/diamond composites is thus
clarified. Then, the Mori-Tanaka model is applied to correlate
the tensile stress-strain curves of the composites.

2. Experimental

2.1 Materials

Table 1 gives the starting materials used in the experiments.
The as-received diamond powders were cleaned in a 10 vol.%
HCl and 90 vol.% H2O solution for 30 min to remove impurity.
For metal matrix alloying, the Al bulks were melted with the
Al-4.0 wt.% Ti bulks to obtain Al-xTi alloys (x = 0, 0.5, 1.0,
2.0, 3.0, 4.0 wt.%) by a vacuum-induction melting.
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2.2 Infiltration

The Al/diamond composites were produced by a gas
pressure infiltration method. The diamond powders were
installed into a graphite mold, with Al or Al-Ti bulks covering
on top of the diamond particles bed. The assembly was then
moved to a chamber for infiltration. The chamber was
evacuated to a vacuum below 0.1 Pa, before heating to
infiltration temperature with a ramp rate of 50 K/min. When
the predefined infiltration temperature was achieved, high-
purity argon gas was pumped into the chamber to maintain a
gas pressure of 1.0 MPa. The infiltration was kept for 20 min at
the infiltration temperature. Then, the heating power was
switched off and the samples were furnace cooled down to
room temperature. The infiltration temperature was 1073 K for
unalloyed Al matrix composite. Since Ti alloying increases the
melting point of the resultant Al-Ti alloys, the infiltration
temperature was raised from 1073 to 1253 K, corresponding to
alloyed Ti content from 0 to 4.0 wt.%. The composites
produced with Ti-alloyed Al matrix are hereafter recognized as
Al-Ti/diamond composites.

2.3 Mechanical Testing

The mechanical testing for the produced Al-Ti/diamond
composites includes tensile, compressive, and bending load-
ings, which were conducted on a material testing platform
(MTS 809, MTS Systems Corporation, USA). The tensile
loading rate was 0.5 mm/min, using plate specimens 3 mm in
thickness with a gage size of 4 mm9 15 mm. The compressive
strain rate was 1910�3 s�1, using specimens with dimensions
of 3 mm9 3 mm9 8 mm. The bending loading rate was
0.3 mm/min, using specimens with dimensions of 3 mm9 5

mm9 30 mm. At least three specimens were used for each
testing. The mechanical strength was derived on the average of
three tests, and the error was thus determined.

2.4 Characterization

The phase structure of the Al-Ti/diamond composites was
characterized by x-ray diffraction (XRD, Rigaku DMAX-RB,
Japan). In order for microstructural observation, the samples
were polished using a diamond-containing grinding machine.
The polished surface was then observed using backscattered
electron pattern in scanning electron microscope (SEM,
ZeissSupra55, Germany). The interparticle distance between
dispersed diamond particles was determined upon several
polished surfaces using the intercept method, giving an error of
about ±5 lm. After mechanical testing, the fractured surfaces
of Al-Ti/diamond composites were also characterized by SEM.

3. Results

3.1 Microstructure

Figure 1 shows the XRD patterns of the produced Al-
Ti/diamond composites. For the unmodified Al/diamond com-
posite, only Al (PDF# 85-1327) and diamond (PDF# 79-1467)
phases were detected. For the Al-4.0 wt.% Ti/diamond
composite, however, both TiC (PDF# 71-0298) and Al4C3

(PDF# 35-0799) were additionally observed. The presence of
TiC comes from the interfacial reaction between alloyed Ti and
diamond. The formation of Al4C3 is owing to the interfacial
reaction between Al matrix and diamond during infiltration.
Since the reaction varies kinetically when the composites are
processed at different temperatures (Ref 13), Al4C3 was
detected in the Al-4.0 wt.% Ti/diamond composite at the high
infiltration temperature of 1253 K.

Figure 2 shows the backscattered electron images (BEI) of
the Al-Ti/diamond composites. The diamond particles were
uniformly dispersed in the Al matrix, and they had a narrow
distribution of particle size (Fig. 2a and b). The metallographic
examination shows that the loading of diamond particles was
about 65 vol.%, higher than 60 vol.% obtained by squeeze
casting (Ref 14). From Fig. 2(a), the interparticle distance was
determined to be about 168 lm, a bit larger than the average
particle size of 159 lm. This suggests that the diamond
particles are separated by a very thin layer of Al matrix. As
shown from Fig. 2(c-f), there was a distinct interface between
diamond reinforcement and Al matrix. Since the interfacial
layer has a limited thickness, it cannot be directly observed
from the BEI photos.

In order to examine the interfacial layer between diamond
and Al, x-ray mapping analysis was performed on the Al-4.0
wt.% Ti/diamond composite, as shown in Fig. 3. The Ti
dissolved in Al matrix as well as accumulated at the interface
can be clearly seen from the x-ray mapping. The line scan

Fig. 1 XRD patterns of the Al-Ti/diamond composites produced by
gas pressure infiltration

Table 1 Starting materials used in the experiments

Material Type Purity Average particle size Source

Diamond MBD-4 … 80/100 mesh, 159 lm Luoyang Diamond
Al … 99.99% Bulks Beijing Cuibolin Non-ferrous
Al-4.0 wt.% Ti … … Bulks New Metal Materials, Hebei Sitong
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shows that the transition zone between Al and diamond had a
width of about 2 lm. It is reasonably deduced that some of the
dissolved Ti has reacted with diamond to form TiC, which is
verified by the XRD results in Fig. 1.

3.2 Mechanical Properties

3.2.1 Tensile Strength. Figure 4 shows the representative
tensile stress-strain curves of the Al-Ti/diamond composites. As
summarized in Table 2, the ultimate tensile strength (UTS)
monotonically increased up to 4.0 wt.% Ti. Compared with the
unmodified Al/diamond composite, the formation of interfacial
layer promotes the bonding between diamond reinforcement
and Al matrix and thus raises the tensile strength. The strain at
failure firstly decreased to 0.5 wt.% Ti and then gradually
increased up to 4.0 wt.% Ti, recovering to the level of the
unmodified Al/diamond composite.

Since there is no distinct linear elastic regime in the tensile
curves, the determination of a true yield point is almost
impossible. According to Kouzeli and Mortensen�s process (Ref
15), we define r0.02% and r0.2%, the 0.02 and 0.2% offset
stresses, respectively, as yield stresses of Al/diamond compos-
ites. Table 2 shows the determination of r0.02% and r0.2% for
the Al-Ti/diamond composites. It can be seen that the r0.02%

value monotonically increased with increasing Ti content,
which is rationalized by alloy strengthening effect. As for the
indicator of r0.2%, which is often used to define the onset of
plastic deformation in metals, it is deeply influenced by tensile
strain hardening and cannot represent a true measure of yield.
The r0.2% values for 0.5 and 2.0 wt.% Ti are not available due
to their limited plastic strains.

Young�s modulus (E0) of the Al-Ti/diamond composites can
be determined from the tensile stress-strain curves. The
determination of E0 should employ the initial stage of

Fig. 2 SEM observations of polished surfaces of the produced Al-xTi/diamond composites: (a) x = 0 wt.% and (b) x = 4.0 wt.% (at low magni-
fication), and (c) x = 0 wt.%, (d) x = 0.5 wt.%, (e) x = 2.0 wt.%, and (f) x = 4.0 wt.% (at high magnification)
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deformation because the measured E0 values will be reduced
with the development of defects in composites (Ref 8). The E0

value was determined from the slope of the linear part from
e = 0 to 0.02%, and the results are given in Table 2. Generally,
the measured E0 value increased with increasing Ti content.
This suggests that Ti alloying in Al matrix strengthens
interfacial bonding in the Al-Ti/diamond composites. For
comparison, the 265 GPa for the Al-2.0 wt.% Ti/diamond

composite is lower than 333 GPa for the Al-2.0 wt.%
Cu/diamond composite reported (Ref 7).

As summarized in Table 2, the tensile strength continually
increased with increasing alloying Ti content, that is to say,
with increasing the thickness of TiC layer. But too thick an
interfacial layer will reduce the thermal conductivity of
composite because TiC has a much lower thermal conductivity
of 36.4 W/mK (Ref 16). For this consideration, alloying Ti

Fig. 3 EDS scan across an interface in (a) the Al-4.0 wt.% Ti/diamond composite: x-ray mapping of (b) C, (c) Al, and (d) Ti and (e) line scan
of the elements
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content was increased to a moderate level of 4.0 wt.% in this
study.

3.2.2 Compressive Strength. Figure 5 shows the repre-
sentative compressive stress-strain curves of the Al-Ti/diamond
composites. As summarized in Table 2, the ultimate compres-
sive strength of the composites increased monotonically up to
4.0 wt.% Ti. The strain at failure firstly increased to 1.0 wt.%
Ti, before decreasing with further increasing Ti content. The
results are consistent with the variation tendency of tensile
strength.

3.2.3 Bending Strength. The bending stress-strain curves
of the Al-Ti/diamond composites were not recorded. The
ultimate bending strength was measured, as given in Table 2.
Similar to tensile or compressive strength, the bending strength
generally increased with increasing alloying Ti content. As
mentioned above, this can be explained by both the alloy
strengthening effect of Ti in Al matrix and the connection of
interfacial TiC layer.

3.3 Fractography

Figure 6 shows the SEM observations of fractured surfaces
of the Al-Ti/diamond composites. As shown in Fig. 6(a),
besides many fractures observed in Al matrix, some diamond
particles were also found to dispatch directly from Al matrix. It
means that the Al/diamond interface could be weak. This
explains partly why the tensile strength of the unmodified
Al/diamond composite was the lowest among the composites.
For the Al-4.0 wt.% Ti/diamond composite (Fig. 6b), the

proportion of bare surfaces of diamond decreased dramatically,
suggesting the enhancement of interfacial bonding between
diamond and Al.

The dimples in Fig. 6(b) were found to be very small. In the
Al-Ti/diamond composites, since the stage of plastic deforma-
tion in Al matrix is short, the dimples do not have enough time
to coalesce before failure. This is supported by the tensile
curves below 2.0 wt.% addition (Fig. 4).

4. Discussion

4.1 The Effect of Metal Matrix Alloying on Microstructure
and Mechanical Properties of Al/Diamond Composites

The effect of metal matrix alloying on composite strength
could be discussed from two aspects. First, a thicker TiC layer
is beneficial to connecting diamond reinforcement and Al
matrix. As shown in Fig. 4 and 5, the mechanical strength is
enhanced by alloying Ti to Al matrix. The interfacial layer
thickness increases with increasing alloying Ti content. As an
example, Fig. 3 shows that an about 2-lm-thick interfacial
layer is formed when 4.0 wt.% Ti is added to Al matrix.
Second, Ti alloying plays a role in strengthening Al matrix. As
shown in Table 3, with alloying 4.0 wt.% Ti to Al, the ultimate
tensile strength of the Al-Ti alloy increased by a factor of more
than two. While a portion of Ti alloying to Al matrix is
consumed by the formation of TiC, which is verified by the
XRD results in Fig. 1, the rest of Ti still remains and thus
strengthens Al matrix.

Table 2 Measured mechanical strength for the produced Al-Ti/diamond composites

Alloying Ti content (wt.%) 0 0.5 1.0 2.0 3.0 4.0

Tensile yield stress r0.02%, MPa 28 32 … 53 … 68
Tensile yield stress r0.2%, MPa 92 … … … … 149
Young�s modulus E0, GPa 140 160 … 265 … 340
Tensile strength rb, MPa 94± 5 95± 5 … 122± 4 … 153± 6
Compressive strength rbc, MPa 315± 9 329± 11 406± 13 454± 13 465± 15 477± 15
Bending strength rbb, MPa 273± 9 280± 7 322± 8 338± 10 361± 7 374± 11

Fig. 4 Measured tensile stress-strain curves for the produced Al-
Ti/diamond composites. Theoretical predictions of tensile stress-s-
train curves for Al-Ti/diamond composites, Al matrix, and diamond
reinforcement are also shown. Hardening exponent of n = 0.3 is as-
sumed in the predictions

Fig. 5 Measured compressive stress-strain curves for the produced
Al-Ti/diamond composites
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The highest UTS value was obtained to be 153 MPa for the
Al-4.0 wt.% Ti/diamond composite. The value is comparable to
155 MPa obtained for a Al-2.0 wt.% Cu/diamond composite
(Ref 7), with the same diamond volume fraction of 65 vol.%.
Nevertheless, the average particle size of diamond in this study
is 159 lm that is much larger than 22 lm in literature (Ref 7).
It is revealed that decreasing particulate reinforcement size will
significantly enhance the mechanical properties of a composite
(Ref 8). Accordingly, if smaller particle size of diamond is
used, the tensile strength of the Al-Ti/diamond composites
could be further enhanced. Therefore, one cannot make a
reasonable comparison between the Al-2.0 wt.% Ti/diamond
(UTS = 122 MPa) and the referenced Al-2.0 wt.% Cu/diamond
(UTS = 155 MPa) due to a mixture of affecting factors of
metallic matrix and diamond particle size. Currently, it is
difficult to conclude which of the two Al alloy matrices is more
efficient in enhancing the tensile strength of Al/diamond
composites.

As summarized in Table 2, the mechanical strength of
Al/diamond composites increases monotonically with increas-
ing alloying Ti content up to 4.0 wt.%. It will be interesting to

compare with the enhancement of thermal conductivity. Xue
and Yu (Ref 11) reported that the thermal conductivity of Al-
Ti/diamond composites increases with increasing alloying
content up to 0.5 wt.% Ti, before decreasing with further
increasing Ti content. Similarly, Weber and Tavangar (Ref 17)
reported that, with increasing alloying element content, the
thermal conductivity of both Cu-Cr/diamond and Cu-B/dia-
mond composites increases to a critical alloying content (0.3
wt.% Cr or 0.2 wt.% B) and then begins to decrease. Since
interfacial carbide layer usually has a low thermal conductivity,
too thick a layer will hinder heat transport through interface.
Therefore, there is a peak effect for the enhancement of thermal
conductivity with increasing alloying element content. This
finding reflects difference in heat transport and load transfer
through an interface. It is clear that design guideline for thermal
conducting composites will differ from that for mechanically
reliable composites. To obtain metal/diamond composites with
acceptable comprehensive performance for electronic packag-
ing applications, a compromise between thermal conductivity
and mechanical strength should be made when interfacial layer
thickness is determined.

4.2 The Correlation of Tensile Stress-Strain Curves of Al/
Diamond Composites with Existing Model

Theoretical predictions of deformation of composites con-
tribute to deep understanding of the underneath mechanism.
Here, the Mori-Tanaka (Ref 18) model that deals with the
elastic moduli of particulate-reinforced metal matrix compos-
ites is applied to correlate the tensile testing data. The
formulation of effective moduli of composite is so complex
that the derivation of analytical solution of tensile stress-strain
constitutive equation is rather difficult and sometimes impos-
sible. To solve this problem, we take advantage of Mueller and
Mortensen�s simplified formulations (Ref 19).

The material parameters involved in the analytical calcula-
tions for the Al/diamond composites were assumed to be
Km = 76 GPa, Gm = 26 GPa, and c = 250 MPa for Al matrix,
and Kr = 443 GPa, Gr = 478 GPa (Ref 8), and Vr = 0.65 for
diamond reinforcement. The hardening exponent n for Al
matrix was assumed to be 0.3, a parameter reserved for metals.
To assist in the evaluation of deformation behavior of
Al/diamond composites, the elastic stress-strain curve of
diamond reinforcement and strain-hardening curve of the Al
matrix were also plotted. The Young�s modulus was assumed to
be 1055 GPa for diamond (Ref 8). By setting Vr = 0, the strain-
hardening behavior of the Al matrix is separately outlined using
the Mori-Tanaka model.

As shown in Fig. 4, all the measured data are located
between the elastic stress-strain curve for diamond reinforce-
ment and the strain-hardening curve for the Al matrix. This is
justified because the deformation of a composite is a combi-
nation of the constituents. The Mori-Tanaka model is capable of
predicting moduli of composites containing high volume
fraction of spherical inclusions (Ref 18). Since 65 vol.%
reinforcement of diamond was used, the model is suitable for
predicting the deformation of the Al/diamond composites. As

Fig. 6 SEM observations of fractured surfaces of the produced
Al-Ti/diamond composites: (a) unmodified Al/diamond composite
and (b) Al-4.0 wt.% Ti/diamond composite

Table 3 Measured tensile strength for the Al-Ti alloys used as metal matrix

Alloying Ti content, wt.% 0 0.5 2.0 4.0
Tensile strength rb, MPa 40± 5 65± 5 74± 4 106± 5
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seen in Fig. 4, the Mori-Tanaka model predicts the lowest flow
stress since the moduli predicted by the model correspond to
the Hashin-Shtrikman lower bound if the matrix is soft phase,
just like Al matrix in this study.

5. Conclusions

(1) Ti alloying to Al matrix can create interfacial TiC layer
in the Al/diamond composites produced by gas pressure
infiltration. An interfacial layer of about 2 lm thickness
was formed between Al and diamond at 4.0 wt.% Ti ad-
dition.

(2) The tensile, compressive, and bending strength of the
Al-Ti/diamond composites increases monotonically with
increasing alloying Ti content. Both the interfacial layer
and matrix strengthening play a critical role in enhanc-
ing the mechanical strength of the composites.

(3) The produced Al-4.0 wt.% Ti/diamond composite exhib-
ited a high tensile strength of 153 MPa but a small
strain at failure of 0.2%.
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