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1. Introduction

In contrast to metal/diamond composites for the use in drills
and grinding tools featuring diamond contents between 10 and
30 vol%, diamond reinforced metals with high volume contents,
i.e. >50 vol% of reinforcing diamond particles represent a new class
of metal/diamond composites. These composites are highly attrac-
tive materials for heat sinks for the cooling of heat-producing elec-
tronic devices [1] as they offer superior thermal conductivity and
low thermal expansion. Typical electronic parts to be cooled by
using this class of composites are laser diodes or microprocessors
in laptops [2–5]. The high volume contents of reinforcements allow
taking advantage of the pre-eminent thermo-physical properties of
the diamond particles. It has already been shown that composites
based on aluminium or silver matrices offer very high Young’s
moduli and reasonable ultimate tensile strengths [6], which along
with thermal conductivity and the coefficient of thermal expan-
sion, are important as input parameters for modelling of thermo-
mechanical behaviour of component/substrate couples. In order
to optimize the systemic behaviour of the assembly, the volume
fraction of diamond is one of the parameters that can be varied.
In infiltrated composites volume fractions between 55 and
80 vol% can be achieved by mixing powder of different average
particle size [7]. In order to asses the behaviour by modelling, all
relevant properties must be known as a function of the diamond
volume content and the matrix material. The relation between vol-
ume fraction of diamond composites and CTE has been docu-

mented [4] to be well described by Kerner’s mean field model
[8]. The thermal conductivity was observed to be in good agree-
ment with the DEM model [9]. For the elastic properties, previous
research on highly loaded Al/alumina composites has suggested
that at high volume fractions the Young’s modulus would be higher
than predicted by the Mori–Tanaka mean field model [10] and be
rather close to the generalized self-consistent model by Christen-
sen and Lo [11]. Other modelling schemes relevant to the present
situation are the bimodal hard sphere model by Thovert et al.
[12] and the differential effective medium model developed for
elastic properties by Norris et al. [13].

It is well-known that reinforcement volume contents above
60 vol% can be realized by liquid metal infiltration of powder beds
featuring bimodal particle distribution [7]. We therefore focus in
this contribution on composites made by gas pressure assisted li-
quid metal infiltration in powder beds based on monomodal and
bimodal size distributions of particles in order to accede to the
range between 55 and 75 vol% of diamond. The Young’s moduli
of these composites are compared to the various modelling
schemes indicated above in order to assess their predictive
capacity.

2. Experimental

2.1. Sample materials

The specimens for tensile testing were manufactured by gas
pressure infiltration of two different pre-alloyed aluminium-based
and silver-based alloys (Al–2 wt% Cu and Ag–3 wt% Si) into a
tapped and vibrated powder bed of synthetic diamond. The choice
of the matrix was governed by the aim to confer higher strength to
the matrices and, in the case of the Ag–3 wt% Si matrix, to improve
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the matrix diamond bonding. The synthetic diamond powder was

                                                               

of the MBD4 quality and purchased from Luoyang High-Tech Qim-
ing Superhard Materials Co. Ltd., China. For a diamond particle vol-
ume content of 60 vol%, monomodal diamond powder of the mesh
size 500/600 was used corresponding to an average particle diam-
eter of 22 lm. For achieving higher particle volume contents, bi-
modal powders were produced following the proposition of
Molina et al. [7]. The diamond powder with average particle size
of 22 lm (500/600) was mixed with diamond powder with average
particle size of 200 lm (70/80) to adjust nominal mean densities of
65, 70, and 75 vol%. For the nominal 65 vol% diamond containing
composites the volume ratio for fine and coarse particles was ad-
justed to 0.744:0.256. For the 70 vol% and the 75 vol% diamond
containing composites this ratio was 0.592:0.408 and
0.460:0.540, respectively, as also given in Table 1. The actual dia-
mond content of the samples produced was checked after infiltra-
tion by density measurements using Archimedes’s principle.
Nevertheless, in order to ensure an adequate readability of this
publication, the samples will be referred to using the nominal vol-
ume content of 60%, 65%, 70%, and 75% though the experimentally
determined effective values are given in Table 1.

Tensile specimens were made by infiltration to net shape
using stacked graphite plates into which the cavity corresponding
to the tensile specimen was milled. Fig. 1 shows the specimen
geometry which is identical to that used in earlier investigations
[6].

The infiltration temperature for composites with aluminium-
based matrices was 800 �C, and for the silver-based composites,
this temperature was adjusted to 1100 �C. Argon gas was applied
to pressurize the infiltration chamber up to 1.5 MPa. The infiltra-
tion was followed by a directional solidification that typically
should avoid any solidification shrinkage in the composite. The
infiltration pressure was chosen such that the threshold pressure
for infiltration was exceeded by a factor of roughly 3, which leads
for quite regularly shaped particles to >99% of filling of the inter-
particle space [14]. After removing from the graphite mould, the
specimens were cleaned by sandblasting which should not affect
the mechanical properties due to the high hardness of the sam-
ples. Additionally, the Al–2 wt% Cu matrix composites were solu-
tionized at 515 �C in air for 10 h, water quenched and
subsequently aged for 15 days at room temperature (heat treat-
ment state T4).

2.2. Experimental setup

The density measurements were carried out on a conventional
analytical balance with a precision of 10 lg equipped with a spe-
cial device to determine the sample density using Archimedes’s
principle.

The tensile tests were carried out on a screw-driven universal
testing machine (Z010, Zwick, Ulm, Germany) with a maximum
load capacity of 10 kN. The strain was measured by two inductive
extensometers, one on either side of the specimen. The tensile tests
were conducted under displacement control at a nominal strain
rate of 10�3 s�1. After defined total strain increments of 0.05%
the specimen was repeatedly unloaded to 30% of the load attained
before unloading and directly reloaded to 70% of that load. This
cyclic loading was repeated eight times and the Young’s modulus
of the sample was determined from the last four cycles, which
are supposed to be free of microplasticity effects [15,16]. A typical
stress strain curve with intermittent unloading–reloading cycles is
given in Fig. 2a and the typical evolution of measured Young’s
modulus within the eight cycles is given in Fig. 2b. Young’s modu-

Table 1
Density and particle volume content of investigated diamond/metal composites.

Specimen
type

Matrix
density
(g/cm3)

Specimen
density
(g/cm3)

Diamond
content
(vol%)

Ratio of small
to large particles

Ag–3 wt% Si + 500/600 9.6 5.944 59.7
Ag–3 wt% Si + V65%a 9.6 5.608 65.2 0.744:0.256
Ag–3 wt% Si + V70%a 9.6 5.409 68.5 0.592:0.408
Ag–3 wt% Si + V75%a 9.6 5.206 71.8 0.460:0.540
Al–2 wt% Cu + 500/600 2.72 3.153 57.0
Al–2 wt% Cu + V65%a 2.72 3.211 64.7 0.744:0.256
Al–2 wt% Cu + V70%a 2.72 3.231 67.3 0.592:0.408
Al–2 wt% Cu + V75%a 2.72 3.266 71.8 0.460:0.540

a Nominal values.

Fig. 1. Subsize dogbone specimen geometry for tensile testing. Dimensions in mm.

Fig. 2. (a) Stress–strain curve for a Ag–3 wt% Si/CD/59p composite indicating the
regular unload reload cycles used for Young’s modulus measurement and the
determination of the fracture strain; (b) typical evolution of the measured Young’s
modulus within the eight unloading–reloading cycles (from unpublished work). The
gradual approach to a stable value is interpreted as being due to a decrease in
microplasticity effects in the matrix.
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lus was determined using the unloading part of the unloading–

                                                                   

reloading cycles. For cycles that showed hysteresis, cf. the first
few steps in Fig. 2a, the modulus was determined in the linear part
of the unloading branch, corresponding to roughly 15–20 data
points. The displacement range over which the modulus was mea-
sured was on the order of 1–3 lm, whereas the A/D conversion res-
olution of the LVDT was in on the order of 5 nm and signal noise
was on the order of 50–100 nm. The average Young’s modulus
was calculated from measurements done on three specimens.
The SEM investigations on fractured samples were carried out in
a conventional Zeiss EVO 50 SEM. For improving the surface con-
ductibility, the samples were sputtered with gold prior to the
examination.

3. Results

3.1. Density measurements

Table 1 summarizes the results of the density measurements for
the investigated composite configurations. The diamond density
was previously measured by He-pycnometry to be 3.48 g/cm3.
For the matrix materials, the densities shown in Table 1 were ta-
ken. From these values and the experimentally determined speci-
men densities the effective diamond particle content of the
samples was calculated assuming the volume fraction of porosity
and interface carbides being negligible.

Unfortunately, the desired particle volume contents of 60, 65,
70, and 75 vol% have not been attained in general. However, the
manufactured samples contain between 57 and 72 vol% diamond,
which is quite close to the desired values.

3.2. Tensile tests

Table 2 summarizes the results of the tensile tests for the inves-
tigated composite configurations. For the samples with a diamond
content of approximately 60 vol% the results of the tensile tests
have already been published [6]. The Young’s moduli for the spec-
imens featuring higher diamond contents increases with increas-
ing particle content. On the other hand, a reduction of the
ultimate tensile strength as well as a reduction of the ductility
(ultimate strain) was found. While the reduction in ductility with
increasing diamond volume fraction is not surprising the reduction
in UTS is unexpected. Fig. 3 depicts the mentioned evolution as a
function of the diamond volume fraction for the investigated com-
posites. The overall ultimate plastic strains are extremely low indi-
cating the brittleness of the materials.

3.3. SEM investigations

The SEM micrographs presented in Figs. 4–6 show homoge-
neous distribution of the 22 lm diamonds (500/600) and the
200 lm diamonds (70/80) even for the bimodal powders. No pro-
nounced particle segregation or layering has been observed.

Comparing the fracture surfaces, it seems that in the silver-
based composite fracturing of the large diamond particles is more
pronounced when compared to the Al–2 wt% Cu composite where
debonding of the large particles seems to occur more often than
particle fracture. This indicates a better particle-matrix bonding
for the silver-based composite and coincides with observations
made on monomodally reinforced metal/diamond composites [6].
This observation is easier to make for larger diamond particles fea-
turing a defined crystal-like shape simplifying the distinction be-
tween debonded and fracture surfaces. The debonding of large
diamond particles offers furthermore a more detailed view on
the microstructure of the matrix material as well as the embedding
of the small diamonds as planar faces get visually accessible.

Table 2
Results of the tensile tests on diamond reinforced metals.

Specimen type Young’s modulus
(GPa)

UTS (MPa) Plastic strain
at fracture (%)

Ag–3 wt% Si + 500/600 305 ± 1 314 ± 15 0.19 ± 0.02
Ag–3 wt% Si + V65%a 370 ± 31 303 ± 4 0.15 ± 0.025
Ag–3 wt% Si + V70%a 414 ± 20 263 ± 6 0.09 ± 0.006
Ag–3 wt% Si + V75%a 428 ± 7 259 ± 1 0.07 ± 0.03
Al–2 wt% Cu + 500/600 248 ± 18 149 ± 23 0.03 ± 0.01
Al–2 wt% Cu + V65%a 333 ± 3 155 ± 45 0.04 ± 0.007
Al–2 wt% Cu + V70%a 352 ± 25 137 ± 26 0.02 ± 0.006
Al–2 wt% Cu + V75%a 377 ± 29 127 ± 14 0.02 ± 0.007

a Nominal values.

Fig. 3. Evolution of the mechanical and tensile properties of (a) Ag–3 wt% Si matrix and (b) Al–2 wt% Cu matrix composites as a function of diamond volume fraction.
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For the silver-based composite the vermicular microstructure of

                                                               

the eutectic Ag–3 wt% Si can be detected as well as the excellent
embedding of the small diamonds in the matrix material. In con-
trast to the Al–2 wt% Cu composites no interfacial phase can be de-
tected. For the aluminium-based composites an interfacial phase
covering the debonded particle surfaces forms, that has a plate-
let-like morphology. The comparison to other investigations on
the interface formation in aluminium/diamond composites [6,17]
suggests this phase to be aluminium carbide in agreement with
expectations based on thermodynamic considerations.

4. Discussion

4.1. Overall mechanical properties

On an engineering level the composites produced offer out-
standing mechanical properties with Young’s moduli up to
428 GPa for reinforced Ag–3 wt% Si and 377 GPa for Al–2 wt% Cu.

The specific rigidity of diamond particle reinforced composites
with high particle contents is outstanding compared to the pure
matrix materials. For the aluminium-based composite the specific
Young’s modulus is 115 GPa/(g/cm3) and thus increased by a factor
of 3.5 compared to approx. 26 GPa/(g/cm3) for the pure Al–2 wt%
Cu alloy. The increase for the silver-based composite is even more
impressive: The composite’s specific modulus is nearly ten times
larger than that of the unreinforced Ag–3 wt% Si alloy.

While the Young’s moduli of metal/diamond composites in-
crease with increasing volume fraction of diamond and thus follow
well-established mechanical models, cf. Section 4.3, the ultimate
tensile strength decreases with increasing particle volume con-
tents. This can be rationalized by the overall low ductility of the
composites, i.e. well below 0.2% for the ultimate strain. The evolu-
tion of ultimate tensile strength with increasing diamond volume
fraction is therefore governed rather by the concomitant reduction
in total strain to failure than by a strengthening effect due to high-
er loadings of hard phase.

Fig. 4. SEM micrographs of composites with a nominal diamond content of 65 vol% having (a) an Al–2 wt% Cu matrix and (b) an Ag–3 wt% Si matrix.

Fig. 5. SEM micrographs of composites with a nominal diamond content of 70 vol% having (a) an Al–2 wt% Cu matrix and (b) an Ag–3 wt% Si matrix.

Fig. 6. SEM micrographs of composites with a nominal diamond content of 75 vol% having (a) an Al–2 wt% Cu matrix and (b) an Ag–3 wt% Si matrix.
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4.2. Diamond volume fraction

                                                                   

While the particle volume contents could be increased by using
bimodal powders, the diamond contents are lower than intended.
Molina et al. [7] also found a similar effect, namely that experimen-
tal values in the range between 65 and 75 vol% particle content are
below the predicted theoretical contents. This effect can be ratio-
nalized by the finite size ratio between the small and the large par-
ticles giving rise to volume of reduced packing density around the
large particles.

4.3. Modelling of Young’s modulus

For both matrix materials the correlation between the theoret-
ical Young’s modulus and the diamond volume content was calcu-
lated using the models indicated in the introduction. For the Ag–
3 wt% Si matrix material a bulk modulus of 99.0 GPa and a shear
modulus of 29.6 GPa were calculated based on the composite nat-
ure of the matrix itself, i.e. a silver matrix with roughly 11 vol% of
Si particles. For the Al–2 wt% Cu the characteristic data were

76 GPa and 26 GPa, respectively. For the diamond particles the val-
ues for K and G of 442 and 478 GPa, respectively, were taken [18].
All experimental points lay within the well-known Hashin–Shtrik-
man bounds [19]. Fig. 7 shows the calculated curves of the models
together with the Young’s moduli experimentally determined from
tensile tests using the diamond contents calculated from the den-
sity measurements assuming no pores. All models presented are
based on a composite configuration featuring stiff particles in a less
rigid matrix [10–13]. The predictions of the GSCS, the TBHS and the
DEM are close to each other for volume fractions between 55% and
60%. The Mori–Tanaka model is typically significantly lower and
coincides with the lower Hashin–Shtrikman bound [19]. At higher
volume fraction, where the distinction between models becomes
more evident, the evolution of Young’s moduli of both composites
having an Al–2 wt% Cu matrix or an Ag–3 wt% Si matrix follows
roughly the differential effective medium model proposed by Nor-
ris et al. [13]. This is in agreement with recent results on alumin-
ium/alumina composites with high volume fractions of alumina
particles [20].

The DEM model is based on a hierarchical microstructure with a
large number of particle classes strongly differing in size for which
the, in absolute terms, small volume fraction of each class can be
viewed as embedded in quasi-homogeneous medium containing
already all smaller particles and forming in its turn a homogeneous
medium in which iteratively all classes of larger particles are sub-
sequently embedded. This model is often criticized because the
hierarchical microstructure underlying the DEM never obtains in
MMCs. The present results seem, however, to indicate that this
model describes the data best. We further note that its equivalent
formulations for electrical and thermal conductivity in MMCs have
been successfully validated for composites containing high volume
fractions of particles having a high phase contrast between parti-
cles and matrix [9,21].

4.4. Real composite architecture

The models presented above are all based on relatively simple
microstructures and an unambiguous matrix/inclusion topology.
One might argue that the presence of porosity (due to stronger
shrinkage of the matrix than of the particles during cooling from
the solidification temperature and due to incomplete infiltration)
and of second phases, i.e. the Si in the Ag–Si matrix and, for the
Al–Cu based composites, of aluminium carbide could modify the
bases of the calculation and could lead to a deviation from that
simple topology.

On a first level, porosity and the presence of carbides induce an
error in the calculation of the effective volume fraction of diamond
and, thus, in the predicted Young’s moduli. For the idealized case,
i.e. neglecting porosity and carbides, that has been adopted so
far, the volume fraction of diamond, V id

d , is calculated by

V id
d ¼

qexp � qm

qd � qm
ð1Þ

with qexp, qm, and qd the measured density of the composite, of the
matrix and of the diamond, respectively. Allowing for porosity and
carbides, the effective diamond volume fraction, Veff

d , may be calcu-
lated as

Veff
d ¼

qexp � qmð1� VpÞ � Vcðqc � qmÞ
qd � qm

ð2Þ

with indices p and c referring to porosity and carbide, respectively.
The difference between ideal and effective diamond content is
then

Veff
d � V id

d ¼
qmVp � V cðqc � qmÞ

qd � qm
ð3Þ

Fig. 7. Comparison of the experimentally determined Young’s moduli with
theoretical models (MT = Mori–Tanaka model [10], GSC = general self-consistent
model [11], TBHS = Torquato bimodal hard spheres [12], DEM = differential effec-
tive medium model [13]): (a) for composites with Ag–3 wt% Si matrix and (b) for
composites with Al–2 wt% Cu matrix.
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For the case of the Al–2 wt% Cu/diamond composites the overall

                                                               

amount of porosity may, under the assumption of (i) no possible
rearrangement upon cool-down from the solidification tempera-
ture, (ii) negligible quantity of carbides, and (iii) no elastic stresses,
be estimated to

Vp � ð1� VdÞðTm � T0Þðam � adÞ þ V0
p ð4Þ

where V0
p designates the volume fraction of unfilled space due to

insufficient infiltration pressure. With (1 � Vd) = 0.25–0.4,
(Tm � T0) � 600 K, (am � ad) � 2.3 10�5 K�1, and V0

p � 0:01ð1� VdÞ
we estimate the overall volume fraction of pores to 0.65–1% in
reasonable agreement with X-ray tomography measurements pub-
lished on comparable composites [22]. Therefore, the effective vol-
ume fraction of diamond may, with Eq. (3), be up to 3% larger than
the one calculated under idealized assumptions. The experimental
points may thus be shifted to higher diamond contents and the
predicted curves would lay somewhat lower in Fig. 3b and 7b if
porosity is present. If aluminium carbide is present in addition
to the porosity, several effects may have an influence on the com-
parison between experiment and model prediction: (i) since the
carbide is denser (2.99 g/cm3 [23]) than the aluminium alloy, the
diamond content may be slightly overestimated which would shift
the experimental points to the left; (ii) assuming – in absence of
tangible data on the mechanical properties of aluminium carbide
– that the carbide is stiffer than the aluminium matrix the pre-
dicted curves would be shifted upwards to higher Young’s moduli;
(iii) since the carbide has an embrittling effect on the composite
and seems to weaken the interface between diamond and matrix,
damage may develop at very low strains and the experimental
Young’s modulus determined after 0.05% total strain may already
be lowered as compared to the undamaged state. As the impor-
tance of these three effects is very difficult to assess, the compar-
ison of experimental Young’s modulus values of the Al-based
composites to the model predictions have to be taken with some
caution.

Applying the same line of reasoning to the Ag–3 wt% Si/dia-
mond composites we find with appropriate values in Eq. (4) a
comparable estimate of porosity, i.e. a volume fraction in the
range of 0.61–0.97%. Since for the present case the matrix is den-
ser than the particles, the effective diamond volume fraction may,
according to Eq. (3), be up to 1.5% smaller than indicated in Table
1. While this would shift the experimental points in Figs. 3a and
7a to lower diamond contents, the predicted Young’s moduli
would be shifted to lower values due to the porosity, albeit not
necessarily by the same amount for all models. The experimental
points would therefore lay higher left with regard to the calcu-
lated curves. While the experimental data on the Ag–3 wt%
Si/diamond composites may not be affected by carbides, it may
still be that the non-negligible quantity of Si particles contained
in the matrix leads to the formation of bridges between the
diamond particles rigidifying the structure, which may serve as
a rational why the experimental values are rather higher than
the predicted values.

We note at last that since the powder mixtures used for the
Al- and the Ag-based composites were the same, one would also
expect the two types of composites to have the same volume
fraction of diamond after infiltration. If porosity is present the
Al-based composites should have slightly lower apparent dia-
mond volume fraction, which is the case, cf. Table 1. However,
the difference is typically smaller than expected from the rea-
soning presented above, especially for the composites with the
highest volume fractions of diamond for which the Young’s mod-
ulus is rather low compared to the extrapolation from the other
samples.

5. Conclusions

Aluminium- and silver-based diamond reinforced composites
reach much higher Young’s moduli than the unreinforced matrix al-
loys. This is particularly true for the specific Young’s moduli. Addi-
tionally, the evolution of the elastic modulus depending on the
diamond volume content is best described by the differential effec-
tive medium model proposed by Norris et al. [13]. Due to some
uncertainty regarding the inner structure of the composites, espe-
cially quantity, and elastic properties of the aluminium carbide
phase in the Al–2 wt% Cu base composites as well as the amount of
particle bridging by the Si phase in Ag–Si based composites, it cannot
be judged based on the present data whether the agreement with the
DEM is a general behaviour of systems with high volume fractions of
more rigid particles or a consequence of the inner structure. Increas-
ing diamond contents decrease the inherently low ductility and con-
sequently the ultimate tensile strength due to a reduction of the total
strain to failure. The overall low ductility and the decreasing
strength limit the use for structural applications.
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