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Abstract

This paper presents a novel method for the bimodal design of graphite blocks by optimizing the weight ratio of small-
sized natural graphite (NG) particles (mean size of 5 um) and large-sized NG particles (mean size of 500 um). Graphite
blocks were fabricated by subjecting a mixture containing large NG particles and a well-dispersed pitch/small-sized NG
mixture (PSM) to pressure-mold heat treatment. The effect of the PSM contents on the structural, thermal, and mechani-
cal properties of the graphite blocks was investigated. A correlation was found between the amount of small-sized NG
particles, the micro-pore structure, and the distribution of large-sized NG particles. In particular, the graphite block,
with small-sized NG particle content and pitch binder content of 21 wt% and 9 wt%, respectively, achieved maximum
thermal conductivity and flexural strength values of 460 W m K™ and 14 MPa, respectively, after pressure-mold heat
treatment (graphitization) at 2600 °C. Our research advances the development of an eco-friendly solvent-free graphite
block fabrication method that produces high-performance graphite blocks of varying size faster and more cost-effectively.
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1 Introduction thermal protection systems, and other high-power and

high-efficiency electronic equipment [1-5]. As one of
Graphite blocks have seen extensive applicationinarange  several potential heat-sink parts, carbon-based heat-dis-
of modern technological devices such as electrode mate-  sipating materials such as the graphite block [6], carbon/
rials for the metallurgical industry, heat-redistribution  carbon composites [7, 8], carbon/metal composites [9-12],
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and graphite paper [13] have been widely used because of
their excellent thermal conductivity, lightweight, corrosion
resistance, and high mechanical properties. To increase
these properties, suitable reinforcement fillers are used
with a binder (like pitch) between various carbon allo-
tropes including graphite, carbon nanotubes, and single
or multilayered graphene because of their extraordinary
thermal conductivity, electrical conductivity, and mechani-
cal properties [14-18]. Graphite blocks have been exten-
sively studied as an important pitch-based heat-sink part
due to its high in-plane thermal conductivity, low ther-
mal expansion coefficient, good mechanical strength, and
ultra-large specific surface area.

As raw material, attractive properties of natural graph-
ite (NG), a naturally occurring form of crystalline carbon
found in metamorphic and igneous rocks, include high
thermal conductivity, low density, and a low thermal
expansion coefficient which make it a promising thermal
management material and mold lubricant, suitable for
use as heat dissipation materials and refractory materi-
als [19-22]. Carbonization refers to the conversion of any
organic matter into carbon, an aspect of many different
processes, while graphitization refers to the conversion of
carbon into graphite that proceeds rapidly after dewrin-
kling of the distorted aromatic layers [23]. Theoretically,
NG has extremely high thermal conductivity parallel to the
graphite layers due to its planar-flake shape and lamel-
lar crystalline structure; according to molecular dynamics
simulations, the value could be as high as 2000 W m™" K™,
much higher than metal [2, 5]. In NG-filled graphite blocks,
a major obstacle is the agglomeration of NG particles due
to strong van der Waals interactions and poor dispersion
of NG particles within the graphite block. The formation of
a well-arrayed NG structure is especially important for the
thermal conductivity and the flexural strength of graphite
blocks. Conventionally, graphite blocks are fabricated from
a pitch binder (i.e., coal tar or petroleum) and filler (i.e.,
coke) mixture, shaped via cold isotropic pressure or extru-
sion and subjected to subsequent, repeated impregna-
tion and high-temperature (exceeding 2500 °C) pyrolysis
processes. However, the thermal conductivity of a typical
graphite block using pitch binder and coke powders is as
low as 70-150 W m K™' at room temperature [24, 25]. To
increase the orientation of the carbon crystallite, efforts
have been focused on hot pressing at high temperature
(1000-3000 °C) and high pressure (20-30 MPa). The hydro-
thermal carbonization method is restrictive, limiting the
range of graphite block sizes. Therefore, it is necessary to
develop a production process that removes the volatile
components of the pitch binder during a relatively low-
temperature hot-press method, accommodates fast heat
treatment, allows fabrication of variable graphite block
sizes, and obviates impregnation.
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The most common approach to attaining high thermal
conductivity is to suspend the pitch and NG in the graphite
block by using high-temperature hydrothermal carboniza-
tion. Liu et al. [26] produced a high thermally conductive
graphite block containing NG and mesophase pitch using
high-temperature hot pressing (at 2300-3000 °C). The maxi-
mum thermal conductivity and flexural strength values of
704 W m™"' K" and 21.1 MPa, respectively, were achieved
when the hot-pressing temperature was 3000 °C. During
heat treatment, the graphite crystallites become larger
and more perfect, thereby improving the lamellar stacking
structure and orientation, which significantly increases the
thermal conductivity. Zhong et al. [27] achieved the highest
bending strength of carbon blocks, i.e., 41.98 MPa and ther-
mal conductivity along the direction parallel to the graphite
layers of approximately 55 W m~' K™', using a mesophase
pitch content of 25 wt% at 1300 °C. Yuan et al. [28] fabricated
graphite blocks with thermal conductivity of 522Wm™" K™
and flexural strength of 7.7 MPa from NG and mesophase
pitch with low-temperature hot pressing at 500 °C. In par-
ticular, He et al. [29] fabricated mixed fillers containing NG
and calcined coke to form fine-grained isotropic graphite
blocks using a cold isostatic pressing method. The maximum
thermal conductivity of the structure increased from 93 to
130Wm™" K" as the NG filler weight ratio increased. In these
studies, pitch is normally used as a binder due to its easy
graphitization. However, the arrangement of the pitch and
various sized NG particles, evolution of the structure, and the
relationship between structure and mechanical properties
resulting from graphitization have not been systematically
reported.

We demonstrate that the thermal conductivity and
mechanical properties of graphite blocks were improved
by using pressure-mold heat treatment, and by mixing
various sized NG particles with well-dispersed pitch/
small-sized NG particle mixture (PSM) powders. Incorpo-
rating the well-dispersed PSM powders into the graphite
block synergistically improved the thermal conductivity
and mechanical properties. To determine the mechanisms
underlying this improvement, the effect of the network
pathways and bimodal particle size distribution of NG on
the thermal and mechanical properties was systematically
investigated along with the effect of content changes of
pitch and small-sized NG particles on the mechanical prop-
erties and microstructure of the graphite blocks.

2 Experimental
2.1 Materials

The pitch binder was prepared from pyrolyzed fuel
oil using a mild thermal reaction pilot-scale unit
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manufactured by Korea Research Institute of Chemical
Technology. The softening point of 156.5 °C and carbon
yield of approximately 38.3 wt% were determined at
900 °C with a heating rate of 10 °C min~" using insoluble
quinoline of approximately 1 wt%.

The NG powders with average particle diameters of
5 um (Micrograf 99507UJ, Nacional de Grafite Ltda., Bra-
zil) and 500 um (#3763, Asbury Carbons, USA) and purity
greater than 99% were purchased and used without
further purification. The SEM images and correspond-
ing particle size distribution of the pure NG powders
are shown in Scheme 1 and S1(a)-(b) (Online Resource
1), respectively. Raman spectra were obtained using a
high-resolution Raman spectrometer (US/HR-800, HOR-
IBA Jobin-Yvon, Japan) with an excitation wavelength
of 532 nm to characterize the microstructure of the pure
NG powders. The number of defects in the NG powders
was characterized by the ratio of intensities of the D
and G bands (Ip/I ratio) located at 1353 and 1575 cm™’,
respectively, in the Raman spectrum. The I/l ratio of
graphite particles with diameter of 5 um and 500 um was
0.19 and 0.14, respectively [see Fig. S2a (Online Resource
1)]. Conversely, the ratio of intensities of the 2D and G
bands I,p/I for the 5 pm and 500 pum diameter particles
was 0.43 and 0.44, respectively, a minimal difference. The
X-ray diffraction (XRD) patterns of the pure NG powders
were obtained using a Philips PW 3830 X-ray diffractom-
eter with Cu Ka radiation (A=1.5418 A) for determining
interlayer spacing (d,), crystallite size (L,), and crystal-
lite height (L,). The L. and L, were calculated using the
expressions:

L = 0.894/($02C050507) (M

L, = 1.844/(B100C0OS0;00) )

where A is the wavelength of X-ray, 8 and 6 are the full
width at half maximum (FWHM) and Bragg angle of the
diffraction peak, respectively. The L. value increased from
288.84 to 594.32 as the size of the NG particles increased,
see Fig. S2(b) and Table S1 (Online Resource 1).
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2.2 Preparation of PSM powders and PSM/
large-sized NG particle powder mixtures (PSM/
NG)

In order to realize a comparatively homogenous distribu-
tion of the raw materials, the pitch was micronized using
an electric pulverizer (Tube Mill 100 control, IKA, Ger-
many) at 25,000 rpm for 60 s. The ground pitch [see Fig.
S1(c) (Online Resource 1)] was subsequently mixed with
the small-sized NG particles (mean size of 5 pm) with the
same equipment and process to produce PSM. Finally, the
large-sized NG particles (mean size of 500 um) were added
to the mixture using the electric pulverizer at 5000 rpm
for 30 s to produce PSM/NG. The lower speed and shorter
time of the final mixing step reduce the micronizing of the
500 pm particles. PSM/NG mixtures were prepared with
various pitch binder contents, i.e., 7 wt%, 9 wt%, 11 wt%,
and 13 wt%, and various small-sized (5 um) NG particle
contents, i.e.,, 19 wt%, 21 wt%, 22 wt%, 24 wt%.

2.3 Fabrication of PSM/NG blocks by compression
molding

The prepared PSM/NG powder mixtures were compres-
sion molded (HT-15T, ILSHIN Autoclave, Korea), dry and
without mixing media, into compacted green blocks
(60x 60 %7 mm? in size) at 350 °C, under 35 MPa pressure
for 30 min inside a steel die within a uniaxial hydraulic
press. The basic process and formation of the graphite
blocks are illustrated in Scheme 1. Compression-induced
shear stress preferentially orients the graphite grains
with their basal plane perpendicular to the direction of
pressure. The green blocks were subsequently placed
into a heat treatment furnace under vacuum. Carboni-
zation treatment to ~ 1400 °C was performed (heating
rate: 5 °C min~") in order to inhibit the rapid release of
volatiles, reducing the delamination or cracking of the
unidirectional laminates. Carbonization was performed
under different conditions, i.e., normal, where the graph-
ite block is heated in a crucible, pressure mold, where
the graphite block is heated within a pressure mold,

\ Heat
9. s treatment

Graphite block

powders

Scheme 1 lllustration of the PSM/NG powder mixing and graphite block formation process
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and NG bed, where the graphite block is heated while
embedded in NG powder, as shown in Fig. 2.

The carbonized pressure-mold graphite blocks were
subsequently graphitized, under an argon atmosphere,

inside a furnace which was heated to ~ 2600 °C, at a heat-

ing rate of 10 °C min™".

Fig.2 Photographic images of
the graphite blocks carbonized
under a normal, b pressure-
mold and ¢ NG bed conditions,
d The density measurements
of the graphite blocks in a
normal, b press and c bed,
respectively. The inset images
illustrate the heat treatment

2.4 Characterization of the PSM/NG blocks

The density and porosity of the graphite blocks were deter-
mined with the following equations:

W1

T w2-ws (3)

Density(gcm™)

conditions
Crucible =
Bl Sample
)
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o
2
2
2 161 © °
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w2 — Wi

POYOSity(%) = VV2—VV3

(4)
where the dried weight (W1), saturated weight (W2), and
suspended weight (W3) were measured using the Archi-
medes’ method. The particle size distribution in the PSM/
NG powder mixtures was measured with a particle size
analyzer (PSA, Mastersizer 2000, Malvern, UK). The frac-
tured surfaces and polished surfaces of the graphite blocks
were observed using field-emission scanning electron
microscopy (FE-SEM; S-4800, Hitachi, Japan) and optical
microscopy (MA100, Nikon, Japan), respectively. Tests for
thermal conductivity were performed on 10 x 10 x 2 mm?
(Ixwx h) samples using a thermal conductivity meter
(Netzsch, LFA 457, Germany). The flexural strength of spec-
imens was measured perpendicular to the compression
direction using a universal testing machine (UTM; DEC-
M200KC, Dawha Testing Machine, Korea); each specimen
was cut to a size of 50 x4 x 3 mm?3 (Ixwx h) in the interna-
tional standard ASTM 790. The average flexural strength
was determined from the results of five tests.

3 Results and discussion

3.1 Preparation of PSM/NG blocks by compression
molding

Figure 1a shows the particle size distribution of the NG
particles and pulverized pitch powder. The large raw pitch
lumps (20-100 mm) were pulverized to an average parti-
cle size of 30 um [see Fig. 15(c) (Online Resource 1)]. Well-
dispersed PSM powders were fabricated, in which the fine
pitch powder mingled with the small-sized NG particles
[see Fig. S1(d) (Online Resource 1)]. Improving the parti-
cle dispersion in a graphite block in this way enhances its
thermal and mechanical properties by increasing the area
of interfacial interaction between the particles, as shown
in Fig. 1b. Furthermore, the small-sized particles (average
size 5 ym) in the PSM powder improve contact between
the graphite after compression molding, further enhanc-
ing the thermal and mechanical properties.

The compression molding process was performed at
350 °C to remove the volatile components with lower
molecular weight than that of the pitch binder, because
these can cause the cracking or swelling of the graphite
block during heat treatment. By increasing the molding
temperature, the NG particles of filler and pitch binder
come closer, producing a denser and more compact
graphite block. The heat treatment after compression
molding affects the microstructure and performance of
the graphite block; the heat-treated samples containing
9 wt% pitch binder were investigated. After carbonization

to~ 1400 °C, the aromatic hydrocarbons had decomposed
further, polymerizing to form a zigzag or sinuous carbon
layer.

We examined the graphite blocks formed under
the three different processing conditions, as shown in
Fig. 2a—c. The graphite blocks heated in the crucible and
within the bed of NG powder, expanded during the fast
heat treatment. Although high-temperature treatment
can decrease the density of these graphite blocks, which
improves their thermal properties, high heating rates
result in the macroscopic cracks and swelling phenomena
seen in Fig. 2a, c. As shown in Fig. 2d, the maximum den-
sity of 1.75 g cm™ was achieved by the sample carbonized
under pressure-mold conditions. This may have been due
to the pitch binder filling the spaces between the NG par-
ticles. The lower density of the blocks in Fig. 2a, cis due to
cracks and micro-pores generated by the pyrolysis of the
pitch binder during heat treatment.

3.2 Effect of the pitch binder content of a PSM/
NG block on the mechanical properties
and microstructure

Controlling the content of the pitch binder is essential for
the development of a graphite block with relatively low
porosity and high flexural strength and thermal conductiv-
ity. Table 1 lists the physical properties of graphite blocks
with various pitch contents and a constant NG particles
ratio (i.e., 500:5 um =80:20) fabricated using the same
mixing and compression processes. The density of the
graphite blocks generally decreases as the content of the
pitch binder increases both before and after carbonization.
This is because the lower molecular weight of pitch binder
decomposes at high temperatures, resulting in the genera-
tion of gaseous species which produce porous structures
within the graphite block; the greater the pitch binder
content, the more gas is generated.

To evaluate the effect of pitch binder content on the
degree of NG particle orientation within the plane per-
pendicular to the direction of compression, the fracture
surfaces of graphite blocks with various pitch binder con-
tents were characterized by SEM and optical microscopy,
as shown in Fig. 3 and S3 (Online Resource 1). The optical
microscopy images of cross sections parallel to the com-
pression direction show that most NG particles are stacked
parallel to each other forming a highly oriented structure,
depending on the binder pitch content. The stress in the
hot-pressing (compression molding) process also caused
the large disk-like aromatic hydrocarbons to compress
contributing to the growth and stack of graphite crystal-
lites along the surface of the graphite flakes. A higher pitch
binder content resulted in greater pitch binder agglom-
eration within the green body and the appearance of a
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Table 1 The properties of PSM/

| . . Pitch After hot press  Carbonization (°C)  Graphitization (°C)
NG blocks with various pitch content
binder contents. NG content (Wt%) Density (g cm™3) Porosity (%) Flexural Thermal
ratio (500:5 pm=80:20) strength conductivity
(MPa) (Wm™ K™
7 212 Crack N/A
9 2.07 1.843 1.800 13.04 11.6 437.9
1 2.03 1.803 1.800 13.80 124 391.7
13 2.01 Swelling N/A

Fig. 3 SEM images of the polished fracture surface of: a the green
body with 9 wt% pitch content. b A graphite block with 9 wt%
pitch content after graphitization and ¢ high-magnification image
of fractured graphite block section enclosed by the red circle in b. d

micro-pore structure with voids between the NG particles
which, under pressure (during graphitization), lead to the
formation of non-oriented crystallites far away from the
major planes of NG particles, as shown in Fig. 3d-f and S3
(Online Resource 1).

3.3 Effect of the bimodal particles size distribution
in PSM/NG blocks on mechanical and thermal
properties

To determine the mechanisms underlying this improve-
ment, the effects of the network pathways and bimodal
particle size distribution of NG particles on the thermal
and mechanical properties were systematically analyzed
as well. We examined the density and porosity of graphite
block with various small-sized (5 um) NG particle contents.
Figure 4 shows the density and porosity of graphite blocks
as a function of small-sized NG particle content. Small-
sized NG particles act as connecting pathways between
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The polished fracture surface of the green body with 11 wt% pitch
content and e high-magnification image of green body section
enclosed by the red circle in d. f The polished fracture surface of
the graphite block with 11 wt% pitch content after graphitization

larger NG particles effectively increasing density and
decreasing porosity.

The morphology, particularly the dispersion of parti-
cles, may offer insights into the physical properties of the
graphite blocks. Figure 5 shows SEM images of the surface
of polished graphite blocks before and after heat treat-
ment with various small-sized NG particle contents. The
polished fracture surfaces in Fig. 6a, b show a connected
graphite structure interspersed with small graphite par-
ticles. The internal graphitic layers of the graphite blocks
after graphitization show a highly preferred orientation
perpendicular to the direction of pressure employed
during hot pressing. However, the smaller NG particles
strongly agglomerated creating voids in the graphite
blocks before and after heat treatment, see Fig. 5¢-f.

The thermal conductivity of the graphite blocks is
strongly correlated with orientation, dispersion, and size
of the NG particles. We analyzed the thermal conductiv-
ity and flexural strength as a function of the small-sized
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Fig.4 Influence of small-sized NG particle (mean size of 5 um) content on the a density and b porosity of graphite blocks

Fig.5 SEM images of graphite
blocks with various small-
sized NG particle contents: a
polished fracture surface of the
green body with 21 wt% small-
sized (5 um) NG particle con-
tent and b after graphitization.
¢ polished fracture surface

of green body with 24 wt%
content, d high-magnification
image of c. e after graphitiza-
tion, f high-magnification
image of e
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NG particle content in the graphite blocks (see Fig. 6).
It was believed that the 5 um NG particles in the mix-
ture would improve the packing density of the graphite
block, increasing the density and flexural strength, and
reducing the porosity. After graphitization, the thermal
transport properties of the graphite blocks are mark-
edly improved. In the case of the graphite blocks gra-
phitized at 2600 °C, the thermal conductivity and flexural
strength values were as high as 460 W m K™' and 14 MPa,
respectively. Thus, in terms of dispersion, the 5 um NG
particles positively affected the inter-particle conduc-
tion, enhancing the overall thermal conductivity of the
graphite blocks.

4 Conclusions

The goal of this study was to improve the thermal con-
ductivity and flexural strength of graphite block through
bimodal optimization and pressure-mold heat treat-
ment. It was observed that a well-dispersed PSM/NG
mixture, with small-sized NG particle content and pitch
binder content of 21 wt% and 9 wt%, respectively, com-
pression molded, and pressure-mold heat treated (i.e.,
carbonized to ~ 1400 °C then graphitized to ~ 2600 °C),
achieved the best thermal conductivity and flexural
strength values of 460 W m K™" and 14 MPa, respectively.
This method is commercially attractive as it can be used
to produce quality graphite blocks of various sizes sim-
ply, cost-effectively, and at speed.

15 —— -
-540 @

T — 3
o 144 ") 520 ©
S \0 500 §
S 13- T~ 3
c -480 <
o ° 2.
@ 124 i —n -460 =
© / \ I =
5 F440 2
% 1l " . =
™ —— 420 3,
10 : ——— 400 i

18 20 22 24

5 um graphite content (wt%)

Fig.6 Flexural strength and thermal conductivity of the gra-
phitized graphite block as functions of the small-sized NG particle

content
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