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Abstract: The microstructural evolution and performance of diamond/Al composites during thermal cycling has rarely been investigated. In
the present work, the thermal stability of diamond/Al composites during thermal cycling for up to 200 cycles was explored. Specifically, the
thermal conductivity (1) of the composites was measured and scanning electron microscopy of specific areas in the same samples was carried
out to achieve quasi-in situ observations. The interface between the (100) plane of diamond and the Al matrix was well bonded with a zigzag
morphology and abundant needle-like Al4C; phases. By contrast, the interface between the (111) plane of diamond and the Al matrix showed
weak bonding and debonded during thermal cycling. The debonding length increased rapidly over the first 100 thermal cycles and then in-
creased slowly in the following 100 cycles. The A of the diamond/Al composites decreased abruptly over the initial 20 cycles, increased after-
ward, and then decreased monotonously once more with increasing number of thermal cycles. Decreases in the A of the Al matrix and the cor-
responding stress concentration at the diamond/Al interface caused by thermal mismatch, rather than interfacial debonding, may be the main

factors influencing the decrease in A of the diamond/Al composites, especially in the initial stages of thermal cycling.
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1. Introduction

Diamond particle-reinforced Al matrix (diamond/Al)
composites have been widely investigated on account of their
high thermal conductivity (1) [1] and tailorable coefficient of
thermal expansion (CTE) [2], and diamond/Al composites
with high performance are urgently needed to be addressed
for new generation electronic packaging industry [3]. In-
depth research on diamond/Al composites carried out in re-
cent years has mainly focused on the optimization of the pre-
paration method [4-5] and corresponding parameters [6—7]
of these composites, microstructural design by process con-
trol [8-9], and interfacial engineering [10—11]. Tan et al. [12]
compared the microstructure and properties of diamond/Al
composites fabricated by the vacuum hot pressing and spark
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plasma sintering methods and concluded that VHPed com-
posites show enhanced A on account of the good interfacial
bonding status of their individual components. Wang et al.
[13] found that the A and bending strength of diamond/Al
composites prepared by squeeze casting could be improved
significantly by 89% (from 321 to 606 W/(m-K)) and 124%
(from 98 to 220 MPa), respectively, by controlling their cool-
ing rate. Li et al. [14] reported that introduction of a ZrC lay-
er could reduce the amount of Al,C; formed in the resulting
composite and demonstrated that a diamond/Al composite
bearing the ZrC interface exhibits a high A of 572 W/(m-K).
Ma et al. [15] found that addition of a Mo,C submicron layer
coated by a molten-salt route could increase the A of dia-
mond/Cu composites, while the Mo,C submicron layer led to
the decrease of the A in diamond/Al composites. Yang ef al.
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[16] and Chen et al. [17] found that an interfacial layer of W
introduced by magnetron sputtering could enhance the A
(maximum, 622 W/(m'K)) and bending (maximum, 304
MPa) properties of diamond/Al composites. Overall, these
studies support efforts to significantly enhance the A of dia-
mond/Al composites.

While extensive research on the design of the interfacial
microstructure and corresponding A of diamond/Al compos-
ites has been carried out, by contrast, the microstructural
evolution and performance of diamond/Al composites under
simulated service conditions have been rarely reported. Dia-
mond/Al composites could be mainly applied in thermal
management systems because of their ability to endure high
heat-moisture environments and thermal cycling. Thus, un-
derstanding the stability and evolution of the properties of
these composites is essential to expand their applications.
Limited research on the stability of composites in a high
heat-moisture environment has been carried out. Monje et al.
[18] reported that diamond/Al composites with small
amounts of Al,C; are highly prone to remarkable decreases in
A, which contradicts the findings of Yang et al. [19], who
showed that the A of similar composites decreases by only
17% because of the decomposition of Al,Cs. Yang et al. [19]
and Xin et al. [20] reported that the thermal stability of dia-
mond/Al composites could be greatly improved by the inter-
facial layer design of W and WC. Thus far, only Monje et al.
[18] have reported that diamond/Al composites with small
amounts of AL,C; show poor stability on account of their in-
terfacial debonding characteristics. Indeed, the in-depth mi-
crostructural evolution and variation of properties of dia-
mond/Al composites have yet to be fully understood.

In the present work, the thermal stability of diamond/Al
composites during thermal cycling from —65 to 150°C for up
to 200 cycles was explored. The evolution of the interfacial
bonding of the composites was also investigated, and the
variation of A as a function of number of thermal cycles was
assessed.

2. Experimental

Diamond particles with mean size of 100 um (MBD4;
Henan Famous Diamond Industries) and commercial-grade
Al (1060, 99.6wt% purity; Northeast Light Alloy Co., Ltd.,
China) were used as raw materials in the present study. Dia-
mond/Al composites (58vol%) were synthesized via an op-
timized squeeze-casting method as reported in detail in our
previous work [13]. The as-received diamond powder was
tap-packed into a graphite mold assembled in a steel cylinder
and then preheated at 800°C. The tap-packed diamond
powder was then infiltrated with pressurized liquid Al that
had been preheated to 850°C. Sufficient solidification was
achieved after approximately 20 min of melt pressurization.
Six samples measuring $12.7 mm x 3 mm in size were pre-
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pared and then thermal-cycled; specifically, five samples
were used for the A test and one sample was used for micro-
structural observations. The thermal cycling treatments were
performed in a thermal shock chamber with a temperature ac-
curacy of 5°C (Jinan Shidai Mountain Instrument Co., Ltd.,
China) according to GJB548B-2005. The thermal cycling
treatments were carried out from —65 to 150°C for up to 200
cycles with a shift time from —65 to 150°C less than 1 min.
Each shift was maintained at the set temperature for 10 min,
as shown in Fig. 1.
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Fig. 1. Schematic process of the thermal cycling treatment
employed in the present work.

The morphology of the polished surfaces of the diamond/
Al composites was observed by scanning electron micro-
scopy (SEM; FEI Quanta 200FEG) during thermal cycling.
Areas of interest in the composites were marked out for fur-
ther observation of their microstructural evolution after a pre-
determined number of thermal cycles. Thus, quasi-in situ ob-
servations were achieved. The composite samples were pol-
ished by a cross-section polishing machine (IB-09020CP,
JEOL) working at an acceleration voltage of 6 kV and gun
currents of 150-180 pA.

Transmission electron microscopic (TEM) observations
were conducted on a JEL-2100 transmission electron micro-
scope (JEOL Ltd.) working at an acceleration voltage of 200
kV, while the TEM samples were prepared on a FEI Helios
NanoLab 600i focused ion beam scanning electron micro-
scope (FIB SEM) equipped with a micromanipulator (Omni-
probe Autoprobe 200.2 micromanipulator, Dallas, TX). The
thermal diffusivity (k) of the samples was measured by an
LFA 447 Nanoflash instrument (NETZSCH GmbH, Selb,
Germany) at room temperature. The A of the composites was
calculated by using the following equation: A =k x p X C,,
where p and C, are the density and specific heat, respectively,
of the diamond/Al composites, p could be determined by the
Archimedes method, and C, could be calculated according to
the law of mixtures. Five samples of each composite were
measured to ensure the statistical significance of the results.
Moreover, the A tests were carried out using the same five
samples throughout 200 thermal cycles to eliminate errors
that may be introduced by other factors.
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3. Results and discussion
3.1. Microstructure of the diamond/Al composites

3.1.1. Microstructure of the diamond/Al composites before
thermal cycling

Representative microstructures of the diamond particles
are shown in Fig. 2. As widely reported in the literature, the
diamond particles show an octahedral morphology with rect-
angular (100) and hexagonal (111) surface planes [21]; high-
magnification images of these planes are shown in Figs.
2(a)-2(d), respectively. Several growth steps, which are
likely due to the rapid growth of diamond particles [22], are
observed on the surfaces of the particles, and even more steps
are observed in the (100) plane. Compared with the (100)
plane (Figs. 2(a) and 2(b)), the (111) surface plane of the dia-
mond particles is clearly flatter (Figs. 2(c) and 2(d)). Che
et al. [23] measured the roughness of the (100) and (111)
planes of diamond particles by atomic force microscopy and
reported that both surfaces are rather smooth with height
variations of only several nanometers.

Fig. 2. Representative microstructures and high-magnifica-
tion images of the (a, b) (100) and (c, d) (111) surface planes of
the diamond particles.

The SEM microstructure of the polished surface of the
prepared diamond/Al composites obtained before thermal
cycling is shown in Fig. 3. The dark black and continuous
phases reflect diamond and the Al matrix, respectively.
Bright gray phases measuring several hundred of nanomet-
ers in size (yellow arrows) reflect the interface between dia-
mond and Al Interestingly, the distribution of these gray
phases occurs only on certain diamond surfaces; other sur-
faces marking interfaces between diamond and the Al matrix
are relatively clean.
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Fig. 3. SEM microstructure of the polished surface of the pre-
pared diamond/Al composites.

TEM micrographs of a clean interface and an interface
with bright gray phases are shown in Fig. 4. The correspond-

ing selected area diffraction patterns in Figs. 4(b) and 4(e) re-
spectively reveal the (111) and (100) planes of the diamond
particles. The bright gray phases observed at the interface
between the (100) plane of diamond and the Al matrix are
needle-like Al,C; (Fig. 4(f)). Because the surface energy of
the (111) plane is much lower than that of the (100) plane
[24], selective interfacial bonding behavior has been widely
reported in diamond-reinforced metal-matrix composites
[25-27]. The interface between the (111) plane of diamond
and the Al matrix is rather flat. In our previous work, the
measured height variation of the (111) surface of diamond
particles is ~4.7 nm [16], which is close to the height vari-
ation of annealed diamond reported by Che et al. [23]. Be-
cause no interfacial product is formed between the (111)
plane of diamond and the Al matrix, the bonding mode of this
interface could be mainly attributed to mechanical bonding,
which is rather weak on account of the very smooth surface
of diamond. Besides needle-like Al,C;, several steps are ob-
served on the (100) plane of diamond. Therefore, the bond-
ing mode between the (100) plane of diamond and the Al
matrix is a combination of chemical and mechanical bonding.
The bonding strength of this interface may be expected to be
fairly high because of its zigzag morphology.

[011] pramond

-’ Slnm [110] aic
Fig. 4. TEM observation of the interface between diamond
particles and the Al matrix. (a) Interface between the (111)
plane of diamond and Al (b, c) Selected area diffraction
(SAED) patterns of (b) diamond and (c) Al in (a). (d) Interface
between the (100) plane of diamond Al. (e, f) SAED patterns of
(e) diamond and (f) Al,C; in (d).

3.1.2. Microstructural evolution of the diamond/Al interface
during thermal cycling
Representative microstructures of the same areas in the
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diamond/Al composites before and after thermal cycling (200
cycles) are shown in Figs. 5(a) and 5(b), respectively. No sig-
nificant change is observed in the interface between the (100)
plane of diamond and the Al matrix with needle-like Al,C;
(yellow dashed box, Fig. 5(a)) over the course of thermal
cycling. By contrast, significant debonding occurs in the in-
terface between the (111) plane of diamond and the Al mat-
rix (red dashed box, Fig. 5(b)); this debonding may be due to
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the weak bonding characteristics of the interface. Because the
CTEs of Al and diamond particles are remarkably difference,
thermal cycling may generate high levels of thermal mis-
match stress, which causes the visco-plastic deformation of
the Al matrix. The variation in volume (AV7,) between a sol-
id matrix v,, and a rigid particle arrangement of metal-matrix
composites can be estimated in terms of the volume fraction
of the matrix by using Eq. (1) [28]:

(2) (b)
2 pm 2 um

N — -

50 cycles

100 cycles

150 cycles

30 cycles 40 cycles

60 cycles

80 cycles

200 cycles

Fig. 5. Representative microstructure of the same area of a diamond/Al composite (a) before and (b) after 200 thermal cycles (no in-
terfacial debonding was occurred in the area marked by the yellow dashed box). (¢) Changes in the microstructure of the area
marked by the red dashed box in (a) as the number of thermal cycles increases from 5 to 200.

AV, = 3vyy(CTE,, — CTE,)AT )

where the subscripts m and p refer to the matrix and particles,
respectively, and AT is the temperature difference during
thermal cycling.

Because the volume content of the Al matrix in the com-
posite is approximately 42%, the CTE of Al is ~23 x 107%/°C,
the CTE of diamond is 2.3 x 107%/°C, and AT is 215°C, the
calculated volume variation is approximately 0.56%. Only a
small fraction of deformation (<0.1%) could be accommod-
ated by elastic strain [28]. Therefore, extensive residual
visco-plastic deformation may occur in the composite and
lead to permanent interfacial debonding between the (111)
plane of the diamond particles and the Al matrix. By compar-
ison, enhanced interfacial bonding between the (100) plane of
the diamond particles and Al matrix due to mechanical oc-
clusion and the presence of needle-like Al,C; with a moder-
ate CTE (~8 x 107%/°C) could compensate for the thermal
stress that develops at the diamond/Al interface over the
course of thermal cycling. Therefore, no interfacial debond-
ing is observed between the (100) plane of the diamond

particles and the Al matrix.

Changes in the microstructure of the area marked by the
red dashed box in Fig. 5(a) were observed as the number of
thermal cycles increased from 5 to 200, as shown in Fig. 5(c),
to assess the interfacial debonding process of this area. Very
weak debonding is observed within the first 10 thermal
cycles. However, as the number of cycles increases, interfa-
cial debonding becomes more significant and the debonding
length gradually increases. Changes in debonding length
measured from Fig. 5(c) are shown in Fig. 6. The debonding
length increases quickly in a nearly linear manner from 0 to
6.2 um in the first 100 cycles and then increases very slow to
6.7 um in the following 100 cycles. The variation of the de-
bonding length (L) of the diamond/Al composite with the
cycle number () could be fitted using Eq. (2) with an adjus-
ted R* value of 0.97754. Eq. (2) reveals that the debonding
length could be expected to grow very slowly with further in-
creases in thermal cycling, thus implying that thermal mis-
match stress could be well relaxed by debonding of the dia-
mond/Al interface.
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Fig. 6. Variation of the debonding length measured from Fig.

5 and thermal conductivity of the diamond/Al composite dur-
ing thermal cycling.
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3.2. Evolution of the thermal conductivity of the dia-
mond/Al composites

The variation of the A of the diamond/Al composites dur-
ing thermal cycling is shown in Fig. 6. In general, A de-
creases with increasing cycle number, which agrees well with
the results reported by Monje et al. [18] and Bai et al. [29].
Monje et al. [18] measured the A of diamond/Al composites
after 100-1000 cycles and observed a monotonous decrease
in this property. However, in the present work, the A of the
diamond/Al composite initially decreases abruptly in the first
20 cycles to a minimum value, increases to a relatively high
value, and then decreases monotonously once more with in-
creasing number of thermal cycles. The A of the diamond/Al
composite observed after 20 cycles (553 W/(m-K)) is close to
that obtained after 200 cycles (547 W/(m-K)). The A of the Al
matrix composite reinforced with 40 um diamond particles
(named as 40 um-diamond/Al composite) was measured dur-
ing thermal cycling to confirm this unusual result, as shown
in Fig. 7. The A of the 40 um-diamond/Al composite clearly
showed a trend similar to that of the 100 um-diamond/Al
composite (Fig. 6).

3.3. Mechanism of the evolution of the thermal conduct-
ivity of diamond/Al composites during thermal cycling

The A of particle-reinforced metal-matrix composites
could be well described by the Hasselman and Johnson (H-J)
model, which is expressed as [30]:

A ia A A ia A ia
2Wpia( 2 = )+ SR 422 4
I /lAl ahc Al ahc (3)
¢ Al ﬂDia /1Dia /1Dia /lDia
Vbia(1— + )+ +2 2

where A and V respectively refer to thermal conductivity and
volume; the subscripts ¢, Dia, and Al respectively refer to the
composite, diamond particles, and Al matrix; « is the aver-
age radius of the particles; and /. is the interfacial thermal
conductance of the composites.
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Fig. 7. Variation of the thermal conductivity of the 40 pm-
diamond/Al composite during thermal cycling.

If the A of the Al matrix and diamond particles and their
corresponding volume contents are considered constant dur-
ing thermal cycling, the /. of the composites decreases from
approximately 3.2 x 10% to 1.9 x 10* W/(m*K) during the
first 20 thermal cycles, increases to approximately 2.9 x
10® W/(m*K), and then decreases once more to approxim-
ately 1.8 x 10* W/(m*-K). The corrected interfacial thermal
conductance (") could be calculated simplistically as fol-
lows:

* LO - Lc
h = L—0h° “)
where L, is the average side length of the diamond particle
surface (~55 pm) and L. is the length of the debonded inter-
face.

If only interfacial debonding is considered (i.e., 6.7 um
after 200 cycles) and the average length of the (111) plane of
the diamond particles is set to 55 pm, the 4, of the compos-
ites only decreases from ~3.2 x 10° to 2.8 x 10° W/(m?*-K), as
shown in Fig. 8, which is far higher than the calculated value
of 1.8 x 10° W/(m?-K). Therefore, interfacial debonding may
not be the sole factor responsible for the observed decrease in
A, and some other factor may contribute more significantly to
the A of the diamond/Al composites. In general, the A of the
diamond/Al composites is affected by the properties of the Al
matrix, the diamond reinforcement, and the interfacial bond-
ing status of the composite. Because the content and A of the
diamond particles may be considered constant, only the A of
the Al matrix may vary in this system. If the effect of interfa-
cial debonding and thermal stress concentration at the inter-
face is neglected and the 4, of the composite is fixed to 3.2 x
10* W/(m*-K), the A of the Al matrix decreases from 237 to
199 W/(m'K) and the A of the composites decreases from
606 W/(m-K) to 547 W/(m-K). The effect of interfacial de-
bonding may further decrease the A of the Al matrix to 205
W/(m-K). Generation of a high density of crystal defects has
been reported to occur during thermal cycling because of the
high thermal mismatch stress generated in the system
[31-32], which could remarkably decrease the A of the Al
matrix [33]. Thus, rather than interfacial debonding, which
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has been widely cited to explain decreases in A in diamond/
Al composites, the decrease in A of the Al matrix caused by
thermal mismatch stress accumulation could be considered
the main factor influencing the change in the A of these com-
posites.
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ance and thermal conductivity of the Al matrix during thermal
cycling.

The effect of thermal stress concentration at the interface
of the diamond/Al matrix on the 4, of the composite shows a
linear trend. However, the effect of interfacial thermal stress
on the interfacial thermal conductance and thermal conduct-
ivity of the Al matrix reveals a nonlinear trend, which may
affect the A of the composites. Thus, besides interfacial de-
bonding, which leads to a decrease in the A of the diamond/Al
composites, nonlinear decreases in the A of the Al matrix and
the effect of interfacial thermal stress on interfacial thermal
conductance may explain the observed decrease in A in the
initial 20 thermal cycles. The actual contributions of these
factors should be established in future investigations.

Chemical decomposition [34] and the presence of Al,C;
could increase the vulnerability of diamond/Al composites to
moist environments [20], which limits their applications.
Therefore, a transition interface with a moderate CTE that
could match dimensional changes during thermal cycling and
good strength/toughness to relax the generated thermal mis-
match stress may be an important approach to improve the A
of diamond/Al composites during thermal cycling.

4. Conclusions

In the present work, changes in the thermal stability and
interfacial microstructural evolution of diamond/Al compos-
ites during thermal cycling from —65 to 150°C for up to 200
cycles were explored.

(1) The (100) plane of diamond shows a zigzag morpho-
logy, and several needle-like Al,C; phases are observed at the
interface between this plane and the Al matrix. The absence
of a significant change in the interface of the (100) plane of
diamond and the Al matrix after 200 thermal cycles is attrib-
uted to enhanced interfacial bonding between these phases.
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However, the interface between the (111) plane of diamond
and the Al matrix is very flat, and no interfacial product is ob-
served. This interface reveals debonding after 200 thermal
cycles because of stress accumulation due to thermal mis-
match. Further observation indicates that the debonding
length of this interface initially increases rapidly within the
first 100 cycles from 0 to 6.2 pm and then increases very
slow to 6.7 um in the following 100 cycles, thereby implying
that thermal mismatch stress could be well relaxed by de-
bonding.

(2) The A of the diamond/Al composites initially de-
creases abruptly from 604 to 553 W/(m-K) in the first 20
thermal cycles, increases to 595 W/(m-K) afterward, and then
decreases monotonously once more with increasing number
of thermal cycles. Changes in the A of the diamond/Al com-
posites are discussed on the basis of the H-J model. Results
suggest that, rather than interfacial debonding, which is
widely cited to explain decreases in A in diamond/Al com-
posites, decreases in the A of the Al matrix arising from stress
accumulation due to thermal mismatch appears to be the
main factor influencing the A of these composites, especially
in the initial period of cycling.
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