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Abstract

An Al matrix composite reinforced with 40 vol.% graphite flake (Gf) was developed
by powder metallurgy as a promising candidate for thermal management applications.
Thermal conductivity (TC) along the orientation direction of the composite sintered at
640 °C was measured to be 452 W/m K, which is approximate to the highest TC value
theoretically predicted by effective medium approximation model. The three
underlying mechanisms responsible for such TC enhancement were clarified in terms
of microstructure characterization. First, heat treatment of as-received Gt under Ar +
H, atmosphere resulted in reduction of defects on the edge contributing to
improvement of interface thermal exchange efficiency between Al and G;. Second,
image analysis quantitatively confirmed that a step-by-step die filling process using
the spherical powder ensures the perfect orientation of G in the Al matrix. Third, it
was found that the TC of the composite increases with the sintering temperature from
580 to 640 °C. The formation of a small amount of fine platelet-like Al,C; at the
interface between the side surface of Gt and Al matrix indicates the desirable bonding
state for minimizing interfacial thermal resistance, beneficial for the overall TC

enhancement. Besides, the relevant coefficient of thermal expansion and bending
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strength were discussed.
KEY WORDS: Graphite flake/Al composite materials; Thermal conductivity;

Powder filling process; Sintering.

1. Introduction

In the modern electronic industries, heat dissipation has become a critical issue
raised by rapid increase of high-power density and miniaturization of electronic
components. This has become a major driving force for the development of electronic
packaging materials with a high thermal conductivity (TC) improving the efficiency
of heat removal, and tailored coefficient of thermal expansion (CTE) matching that of
electronic chips [1, 2]. Compared with pure metals, such as silver (Ag), copper (Cu),
and aluminum (Al), all having the high TCs but undesirable CTEs, engineering a
particulate-reinforced metal matrix composite (MMC) has been proved to be an
effective solution to meet the requirement of both TC and CTE for thermal
management applications [3, 4].

Nowadays, carbon-based reinforcement materials, such as graphite flake (Gg)
[5-7], diamond (D) [8], and short carbon fiber (CF) [9, 10], have become more and
more attractive in MMCs because of their excellent thermal properties. It has been
reported that the high TC has been achieved in D/metal composites (e.g., 475 W/m K
for the 40 vol.% D/Al composite [8]), while their drawbacks are relatively high cost
and poor machinability [8, 11]. Regarding CFs, how to orient them to obtain the high
overall TC of composite is still a technical obstacle, since CFs always tend to be
randomly distributed in the plane perpendicular to the pressing direction [9, 10].
Among the above-mentioned reinforcements, Gt is low cost, light weight, and easily
machinable, which makes it a promising reinforcement candidate in MMCs used for
electronics [5, 6, 12-14].

Considering the large anisotropic thermal properties of G¢ (1000 W/m K in-plane
[15] and 5-10 W/m K through-plane [16]), the orientation of Gt in the metal matrix is
vital to obtain the high overall TC along the direction of graphite plane [6, 17, 18].

High alignment of G¢ has been realized via liquid phase routes, such as gas infiltration
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and squeeze casting, because G¢ tends to lie on the top of each other due to its large
ratio of lateral size and thickness. It is also necessary to add a separator (e.g., silicon
carbide (SiC) [19] or silicon (Si) particles [20]) to create spacing between the layers
of Gf making metal infiltration feasible. However, the presence of spacers may act as
obstacles for heat transfer of the matrix, which is the disadvantage for the TC of
composite [13]. Regarding powder metallurgy, the high orientation of G; was
expected to be acquired by applying uniaxial compression during compacting and
sintering processes [6, 21, 22]. However, it was reported that there was still some
misaligned Gy distributed in the Al matrix using the one-step die filling of spherical
powder [14]. One possible solution to avoid misaligned G was reported in G¢/Cu
composite [12, 23], in which the powder loading process was divided into several
steps. Alternatively, a high orientation of Gt in the Al matrix was obtained by one-step
die filling after converting the spherical Al powder into flake one using ball milling
[14]. Using the flake Al powder, instead of spherical one, led to decrease of the
apparent density to increase the Gt alignment parallel to G basal plane during cold
compaction [24]. However, ball milling is regarded as a time consuming process, and
it can probably reduce the TC of Al matrix itself by increasing oxygen content and
introducing contamination compared to initial gas-atomized (spherical) powder [14].
Further, it should be emphasized that interfacial thermal resistance (ITR)
between the metal matrix and reinforcement dominates the overall TC of MMCs,
especially for non-wetting or non-reactive systems, such as carbon/Cu. For these
composites, TC can be easily enhanced by introducing chemical bonding between the
matrix and the reinforcement [11, 25-28]. When reinforced with isotropic material,
such as D particles, TC is mainly determined by the intrinsic thermal properties of the
matrix and the reinforcement as well as the ITR [11, 29]. However, due to the
anisotropic thermal properties of Gy, alignment of Gt should be considered as an
additional factor in order to tailor the TC of composite [30]. It was reported that
reduction treatment can increase intrinsic TC of as-received G and, in turn, the
overall TC of composite [31]. To the best knowledge of the authors, no works have

dealt with the enhancement of in-plane TC of the G¢/Al composite via improving both
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the alignment degree of Gsand ITR.

The main objective of this work aimed to achieve the highest orientation of Gs in
the Al matrix via a step-by-step powder filling process using the spherical Al powder.
Followed by this, the in-plane TC of the perfectly oriented G¢#Al composite can be
maximized by optimizing the sintering temperature and using Ar + H, treated Gy,

considering simultaneously the ITR and the intrinsic TC of Gy.

2. Experimental

Starting materials were gas-atomized spherical Al powder (ULTDO0065,
Hermillon powders, France, Fig. 1a) with the average particle size of around 10 pum,
and Gt (Purchased from Yanxin-Graphite Co., Ltd, China, Fig. 1b) with the diameter
and thickness of around 500 um and 25 pm, respectively. A small batch of G; was
treated at 400 °C under Ar + H, atmosphere (95% Ar + 5% H,) for 1h. Al powder was
mixed with Gs using a resonant acoustic mixer (LabRAM, Butte, Montana, USA) for
20 s with an acceleration of 70 g, in which the volume fraction of G was fixed at 40%.
The mixture was filled in a graphite die step-by-step and compacted under a pressure
of 2 MPa, in which the thickness of each layer was controlled thinner than 1 mm.
Cylindrical bulk composite sample (® 40 mm x 7.5 mm) was fabricated by vacuum
hot pressing (VHP) under the vacuum of 5 x 10" mbar. Uniaxial pressure and holding
time were set to 60 MPa and 30 min, respectively. Different sintering temperatures
used were 580 °C, 600 °C, 620 °C, and 640 °C. It should be noted that the sample
sintered at 640 °C had the difficulty of demold and the risk of breaking the mold after
sintering since it was easy to enwrap the punch under uniaxial pressure during
sintering. Thus, the sintering temperature of 620 °C was applied to produce a
composite used for CTE and mechanical property tests. For comparison, the same
amount of powder mixture and pure Al was filled in the die by one single step and
compacted by VHP at 620 °C. Hereafter hot pressing direction and Gt plane were

designated as z direction and x-y plane, respectively.



Fig. 1. SEM micrographs showing the morphologies of (a) as-received spherical Al, and (b)
Gs powders.

Cross-sectional microstructures, perpendicular to x-y plane, were characterized
by scanning electron microscopy (SEM) using Tescan VEGA and JEOL JSM-7800F
microscopes. X-ray diffraction (XRD) was carried out using a PANalytical X’pert
PRO MPD diffractometer (Cu Ka radiation, A = 0.15418 nm). 26 angular range and
scanning speed were set to 8-80° and 1°/min, respectively. If necessary, low scanning
rate of 0.2° /min in the angular range 30-38° was used to detect the possible formation
of aluminum carbide (Al4C3). A high purity Si powder was used as a reference to
calibrate the (002) peak position of as-received and Ar + H, treated Gs for verifying
their graphitization degree, where the XRD measurement was set at a low scanning
rate of 0.25° /min in the angular range 25-30°. Standard Si powder with particle size
in the range 25-50 um was obtained through pulverizing a single crystal of Si
following by screening with 325 and 500 mesh standard sieves.

Both as-received and Ar + H, treated G¢ were characterized by Raman
spectroscopy using a high-resolution Horiba spectrometer equipped with a 532 nm
laser in a backscattering micro-configuration (accuracy equal to 0.1 cm™). Laser
power was kept in the range between 5 and 10 mW. All the tests were carried out at
room temperature with a 50x objective having a laser spot size of about 400 nm.
Single and multi-peak fittings of selected Raman bands were done using Gaussian and
Lorentzian functions in Fityk 1.3.1 software.

Thermal diffusivity (TD) was measured at 70 °C by laser flash technique using a
NETZSCH LFA 45 instrument. Relative density was calculated through dividing the

experimental one measured via Archimedes principle by the theoretical one (2.52
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g/lcm®). Specific heat capacity (HC) of composite materials was calculated using the
linear rule of mixture. TC of as-sintered sample was calculated by multiplying TD,
density, and HC. Sample (cylinder shape with @ 6 mm x 4 mm) used for TD
measurement was machined along x-y plane.

Thermal expansion behaviours were examined by a horizontal dilatometer
(NETZSCH DIL 402 PC) in two thermal cycles from 40 °C to 300 °C with the
heating/cooling rates of 2 °C/min in an argon atmosphere. Samples were cut into a
cubic shape (5x5x5 mm?®). Measurements were carried out along the three directions:
parallel and perpendicular to the pressing direction as well as along the direction
having the angle of 45° with respect to the G (x-y) plane.

Flexural strength of samples with a dimension of 2x7x40 mm?® was measured at
room temperature by 3-points bending test using a universal testing instrument
(Instron® 3369). Loading rate was set to 0.01 mm/sec. Only samples in x-z or y-z

planes were tested due to size limitation.

3. Results and discussion
3.1  Effect of Ar + H, heat treatment on the TC of Gy

Fig. 2 shows the XRD patterns of the Gs and Si powder mixtures. The (002) peak
of Gt was corrected by the (111) peak of Si using the following equation [32]:

285; — 8si-¢ = 20¢ )
where 20s; is 28.443° for standard Si powder. dsi.c of 1.892 was measured as can be
seen in Fig. 2. Indeed, this value is the same for both as-received and Ar + H; treated
Gt. Additionally, the inter-planar of doo, was calculated using Bragg’s equation with
20c value originated from Eq. (2):

d = A/2sinb (2

The calculated dgp, is 0.3357 nm, which is very close to 0.3355 nm for
high-quality graphite [33]. Note that the smaller doo, and the higher degree of
graphitization of Gt [34]. Thus, the result indicates that the high graphitization degree

of Gt maintained unchanged after Ar + H, heat treatment at 400 °C.
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Fig. 2. XRD patterns of G mixed with standard Si powder before and after reduction
treatment

Fig. 3 shows the Raman spectra recorded on the edge of the as-received and Ar +
H, treated Gr. The G band appears at around 1580 cm™ corresponding to sp>-C
network. The D and D’ bands are located at around 1350 cm™ and 1620 cm™,
respectively, which resulted from the defects in the C-lattice of Gt. The ratio Ip/lg has
been applied to indicate the concentration of defects in graphite [35, 36]. The result
shows that the Ip/lg value on the edge of graphite decreases from 0.4 + 0.1 to 0.2 +
0.03 after Ar + H, heat treatment, while this ratio in the center of Gs is nearly
independent on heat treatment and lower. Moreover, the Ip/lp- value was calculated to
be around 0.3 for both samples, which indicates the existing defects can be classified
as boundary-like type [37]. The decrease of defects on the edge of Gt can promote

heat transport carried by phonons to improve interface thermal exchange efficiency

between Al and Gs.
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Fig. 3. Raman spectra recorded from (a) center and (b) edge areas of the as-received (black)

and Ar+H, heat treated (red) G¢
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3.2 Microstructure characterization of the G¢/Al composite materials

Fig. 4a shows the typical cross-sectional SEM micrograph of the sintered
composite applying the one-step powder filling process. The dark regions represent Gy,
and the continuous gray region is the Al matrix. Most of Gs were oriented along the
x-y plane, while there are still quite a few Gy distributed randomly (some even were
oriented along the z (pressing) direction). Consistent with the previous results in
Ref.[14], the application of uniaxial pressure can result in the alignment of G during
hot pressing [6], but it is insufficient to achieve the high orientation of Gx.
Comparatively, the perfectly high alignment of G was obtained using the step-by-step
powder filling process as shown in Fig. 4b. Importantly, the misalignment of G¢ was

effectively avoided by controlling the thickness of each laye

r when filling the powder.

ey

= = | —

Fig. 4. Typical SEM micrographs of the 40 vol.%G¢/Al composite materials sintered at

620 °C using (a) one-step, (b) step-by-step powder filling methods.

The XRD results (Fig. 5) of the G¢Al composites sintered at the different
temperatures show qualitatively the similar diffraction peaks of Al and Gt. No peaks
corresponding to Al,C; (see inset in Fig. 5) are confirmed even at the highest
temperature of 640 °C. In addition, the diffraction peak at about 20 = 26.5°,
corresponding to (002) crystal plane of hexagonal graphite, has the relatively weak

intensity indicating the high orientation arrangement of G [13].
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Fig. 5. XRD patterns of the G¢/Al composite samples sintered at the different temperatures
High-magnified SEM micrographs (Fig. 6) clearly show that there are no defects
like pores at the side surface Gi/Al interface (i.e. interface perpendicular to the
direction for TC measurement), and visibly more platelet-like phases distributed at the
interface of the composite sintered at 640 °C than sintered at 580 °C. It has been
well-known that Al,Cs is the most common interfacial reaction product [38-40],
where the chemical reaction can be described as follows: 4Al + 3C — Al4Cs. The
standard free energy of reaction can be given by AG = -289,512 + 60 x T (T is the
temperature) [41], indicating there is always a tendency of the formation of Al4C; at
the interface as the free energy is negative in the large temperature range. Thus, the
platelet-like phases should be the reactive product (Al4C3) of Al and Gs. Moreover, the
reaction rate of Al4C; is determined by atomic diffusion, which can be calculated by
the equation X = (2Kt)"/, where X represents the thickness of the reaction layer and t
is the reaction time, K is the reaction rate constant which is associated with
temperature [42]. It suggests that increasing processing temperature and time can lead
to more formation of Al,Cs. In this case, increase of sintering temperature can result
in more creation of interfacial product meaning more chemical bonding formed
between the Al matrix and Gt reinforcement. Our previous studies by in-depth
electron microscopy characterization indicate that suitable formation of Al,Cs at the
nanoscale can effectively minimize ITR being highly beneficial for improving overall
TCs of the D/AI [43] and G¢/Al composites [20].
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Fig. 6 SEM micrographs of the Al/40 vol.% G; (as-received) composites highlighting the
Al-G; interface area in the samples sintered at the different temperatures of (a) 580 °C and (b)
640 °C.

3.3 Discussion of theoretical TC by numerical calculations

The various factors affecting the TC of MMC include the intrinsic thermal
properties of matrix and reinforcement, the shape, size, orientation and volume
fraction of reinforcement, and the ITR. There is a classical model that considers all of
those factors called effective medium approximation (EMA) [44]. The formulation of

in-plane TC is defined as follows:

2+f[BL(1-S1)(1+(c0s?08))+Br(1-ST)(1—(c0s20))]

K/ = K = g5, (1 (cos70))+ Bror(1—(cos?6)] )
in which
cost) = ettt 0
Bi = ﬁ (i=LT) )
SL=15, Sp=1- (6)

The subscripts L and T are noted as the in-plane and through-plane directions of Gy,
respectively. f is the volume fraction of reinforcement, and S is the geometrical factor,
where D and t are the diameter and thickness of the reinforcement, respectively [14].
K is the TC of the Al matrix, which obtained from the measured TC of the pure Al
sample (220 £ 2 W/m K). K; is intrinsic TC of Gy, and K, and Ky are 1000 [6], and
10 W m? K [45], respectively. (cos28) represents the alignment degree of
reinforcements in the matrix, where p(8) is a distribution function describing the

orientation of G in Al matrix. 6 is the angle between the basic graphite plane and the
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x-y plane of the composite materials.

Image analysis technique [18, 46] was used to statistically calculate the angle 6
distribution of Gy. The result of the statistical measurement of angle 6 by ImageJ
software based on Fig. 4 is shown in Fig. 7, in which it contains the fittings of angle
distribution. Herein, an ExpDec 1 function @(6) was used to fit the curves of the
frequency (the number of Gs at certain 0 in all the Gs) versus 6 using Origin software

[46, 47].

@(0) = AT +y, (7

where Aj, t; and yp are the fitting variables. After applying the fittings, the
specific ¢(08) was obtained, and (cos?0) values of each considered image can be
calculated through numerical integration. It shows that (cos?0) values of all the
samples except the one (Fig. 7a) using the one-step powder filling are close to 0.94,
suggesting that they have almost the same orientation of Gyt Indeed, the same
alignment level of Gt has been achieved in the G¢/Al composite using the flake Al
powder associated with step-by-step powder filling method [48]. Therefore, it
confirms that such a step-by-step powder filling method can achieve the high

orientation of Gt in the Al matrix no matter which type of Al powders used.
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Fig. 7. Distribution plots of the angle between the graphite basic plane and the x-y plane of
the composites sintered at the different temperatures, (a) 620 °C fabricated by one-step
powder filling; (b) 580 °C, (c) 600 °C, (d) 620 °C, (e) 640 °C fabricated by step-by-step

powder filling, plots were fitted by the ‘nonlinear curve fit’ process using Origin software.

In order to consider interfacial thermal conductance (ITC, inversely proportional
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to ITR), interfacial thermal barrier was introduced via making modification of the
intrinsic TC of reinforcement [49]. Therefore, the TC of filler can be treated as an

effective TC, and equations are expressed as follows:

K
KE" = o ®)
ﬁ‘l‘l
eff _ Kt
K" = o ©)

Where h is the ITC, which can be acquired using the acoustic mismatch model (AMM)

[50]. hamm is expressed to be:

1 Vi1 PmUmPrVr
h ~ = Um _ PmYmPrVr 10
AMM = 7 Pmbtm 02 (Pmom+pr0p)2 (10)

where C, p, and v are the specific heat capacity, density and the Debye phonon
velocity, respectively, and subscripts m and r represent the matrix and reinforcement,
respectively. The values of these material parameters can be obtained from previous
work [14]. The ITC of G¢/Al composite material was thus calculated using equation (8)
is4.6x 10" Wm? K™

Fig. 8 shows the TC predictions as the dependence of various factors based on
EMA model, which helps to better understand how to tailor the TC of composites.
Volume fraction of G is a remarkable parameter that affects the overall TC of
composite, which has been investigated in details in refs. [6, 14]. As mentioned above,
Gt is a highly anisotropic material such that the orientation is very critical to the
enhancement of TC along the basal plane of graphite. Thus, if being highly oriented
along the in-plane direction of G;, TC of composites goes up with increment of G¢
content as shown in Fig. 8a.

In order to study the evolution of TC as a function of ITC (h) at the given
volume fraction of Gy, the variable h can be expressed as 4.6 x 10* W m™? K, where x
is Lg(h/4.6) (Lg is common logarithm). When the volume fraction of G is set to 40
vol.%, the theoretical predication of TC as a function of the Lg(h/4.6) with the
different orientation degrees is shown in Fig. 8b using equation (1). It indicates that
there is the quick change of TC in the Lg(h/4.6) range 5-7, while the TC becomes
maximum and constant when the Lg(h/4.6) is larger than 8. It should be highlighted

that the TC does not reach the maximum value when h is 4.6 x 10’ W m? K*
12



obtained using AMM as shown by a vertical dotted line in Fig. 8b. On the other hand,
when we modified the intrinsic TC of Gs in the range 900-1100 W/m K at the fixed
volume fraction and orientation degree of Gy, as shown in Fig. 8c, the maximum TC
goes up as increasing the intrinsic TC of Gt. Therefore, at the given volume fraction
and orientation degree of Gy, the intrinsic TC of reinforcement determines the
maximum value of TC, and whether it can reach the maximum depending on the h.
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ITC using 4 different orientation degrees of Gy, (c) ITC using 3 different intrinsic TCs of Gs
and (d) thickness of G; using 4 different orientation degrees of G;.

The effect of Gy thickness t (the diameter of Gt is fixed at 500 um) on TC is
illustrated in Fig. 8d, in which the volume fraction of Gt is 40 vol.%. When the
alignment of Gg is perfect, TC increases with reducing thickness of G¢. The maximum
TC is around 530 W/mK when the thickness is thinner than 1 um, while the maximum
TC moves slightly rightward as the orientation degree of G degrades from 1 to 0.9. In
this work, the average diameter and thickness of G; are 500 um and 25 pm,
respectively, and the orientation degree of Gy is 0.94, whose corresponding TC values
is very close to the maximum one as indicated by the black ellipse in Fig. 8d. Thus,
the theoretical analysis suggests that the intrinsic TC of the matrix and reinforcements
need to be as high as possible to get high in-plane TC of the G{#Al composites.

Followed by this, the highly oriented Gy is the most critical to obtain a high in-plane
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TC providing that the interface state between the matrix and reinforcement can be
tailored to have high ITC.
3.4 Discussion of TC using experimental results

Fig. 9a shows the measured in-plane TCs of the 40 vol.% G¢#Al composite
materials sintered at the different temperatures using the as-received and Ar + H;
treated G¢. The TCs of the samples fabricated using the step-by-step powder loading
method increase with the sintering temperature. Besides, the TCs of the samples
sintered at each temperature using the Ar + H; treated Gt are always higher than those
without such a treatment. However, this variation of TC becomes negligible at 640 °C.
As presented above, our step-by-step powder loading method leads to the relatively
high orientation degree (<cos’0>) of G of around 0.94. For comparison, the sample
fabricated via the one-step powder filling process at 620 °C has a TC of 330 + 45
W/m K (see Fig. 9a), which is much lower than the TC of the sample using the
step-by-step loading method (440 + 2 W/m K). The low orientation degree of Gs in
this sample was 0.67 (Fig. 7a), which can explain the low in-plane TC, and the large
error of TC also witnesses the inhomogeneous distribution of Gy. Besides, Fig. 9b
shows that all the sintered samples have the high relative density close to 99 %
suggesting that this sintering temperature variation has no significant effect on the
final density. Since all the other parameters supposed to be the same considering the
EMA model, such as starting materials, volume fraction and alignment degree of Gy,
there is only one possible factor that may affect the TC of composites fabricated at the

different sintering temperatures, which can be the ITC.
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Fig. 9. (a) Measured TC values along the alignment direction and (b) relative densities of the

40 vol.% G; /Al composites produced using the step-by-step powder filling method sintered at
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the different temperatures with as-received and Ar + H, treated G:.

Adrien et al. [31] reported that the intrinsic TC and surface quality of Gf can be
improved by heat treatment under Ar + H;, atmosphere that have been confirmed by
XRD and X-ray photoelectron spectroscopy. Thus, the overall TC of G¢/Cu composite
was increased using the treated G¢. Being consistent with this, our results have shown
increased TC of the G¢#Al composite using Ar + H; treated G compared with the
counterparts only using as-received G¢. The improved TCs of the G¢/Al composite via
increasing sintering temperature suggest that ITC increases as increasing sintering
temperature. However, this prediction was not reflected on the experimental results
when the sintering temperature is 640 °C (Fig. 9a). Our Raman spectra and
measurement of dog, of Gr indicate that Ar + H, heat treatment decreases the defects
of Gt on the edge rather than leading to the enhancement of its intrinsic TC. One
explanation is that Ar + H, treatment only helps to improve ITC rather than intrinsic
TC of G which make the similar contribution compared to increased sintering
temperature. Finally, the in-plane TC almost reaches its maximum value using our
fabrication conditions with the spherical Al powder (Fig. 9a).

3.5 Thermal expansion behaviors and mechanical property

Typical thermal expansion curves of the 40 vol.% G¢Al composites are shown in
Fig. 10a, which originated from the first cooling stage. The curve (dotted line) is
linear along the basal plane direction, while it (dash-dotted line) is nonlinear along the
through-plane (i.e. pressing) directions. The nonlinear curves look like a parabola,
which means the tested materials shrink first and then expand with continually
increasing the temperature. Besides, the curve (dashed line in Fig. 10a) obtained along
the direction forming an angle of 45° to the basal plane also appear like a parabola,
which only show that the starting points of the expansion stage shift to the low

temperature ranges compared to that along the through-plane direction.
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Fig. 10. (a) Thermal expansion curves and (b) dynamic CTE of the 40 vol.% G//Al

composites sintered at 620 °C (The insets show the measuring directions).

Since through-plane thermal expansion behaviour is nonlinear, it is necessary to
study the dynamic CTE (Dcte) as a function of temperature, which is the derivation of
thermal expansion curve. Fig. 10b shows the Dcre curves that derived from Fig. 10a.
The Dcte value is almost constant over the whole testing temperature range
(40-300 °C) along the direction of the basal plane (dotted line). Measured parallel to
the pressing direction, Dcre varies from the low value to high one. As for the 45°
direction, it has an average performance of the other two directions, which can be
confirmed by the calculation process using strain transformation equation. Thus, the
material shows a high anisotropy in thermal expansion. It has recently been
demonstrated that the architecture design by extending 1D to 2D arrangement can
effectively tailoring CTE and maintaining the high TC [48].

The measured bending strength of the Al sample is 179 MPa at 5% strain as
shown in Fig. 11, while the bending strength of the composite decreased to 74 MPa. It
indicates the presence of Gt degraded the overall mechanical properties remarkably.
Thus, how to enhance the mechanical property of the GiAl composite is still a
challenge in order to realize its application in microelectronic industry. Adding a
small amount of nano-particles, such as SiC, titanium diboride (TiB;) and boron
carbide (B4C), into the Al matrix can be effective to improve mechanical properties of
composite without degrading TC of the Al matrix. The key challenge of this method is
how to obtain a uniform distribution of nano-particles in the metallic matrix to make
Orowan strengthening mechanism effective. Another method is architecture design

based on a mimic biological structure, such as lamellar structure in nacre. Flake
16



powder metallurgy applying on the Al powder with native Al,O3 skins was a simple
and quick approach to produce Al,Os/Al nanolaminated composites with improved

mechanical properties [51].
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Fig. 11. Flexural stress strain curves of pure Al specimen and 40 vol.% Gs /Al composites

sintered at 620 °C (inset shows the testing direction).

Conclusions

The G{/Al composite materials with the perfectly high alignment of G¢ was
successfully produced using the spherical Al powder via a step-by-step powder filling
method, which is comparable to that by means of flake powder metallurgy [14].
Increase of the sintering temperature of VHP from 580 °C to 640 °C is able to
improve the TC. Using Ar + H, heat treated G¢ further enhances TC at the same
sintering temperature, while this enhancement becomes limited at the highest
sintering temperature of 640 °C. With the aid of EMA model, the effect of various
factors on TC, such as geometry of filler, ITC between Al matrix and Gy, and intrinsic
TC of filler, was established. The positive effects of both increasing sintering
temperature and use of treated G on TC of the composite materials can be attributed
to the optimization of the ITC between the Al matrix and Gt. Regarding this, suitable
chemical bonding by local formation of fine platelet-like Al,Cs at the G¢/Al interface
is beneficial for TC enhancement. Above all, the theoretically predicted highest value

of TC (452 W/m-K) was experimentally obtained using the content of Gt of 40 vol.%.
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