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Abstract
The unique properties of graphene make it a very attractive application, although there are still no commercial products in

which graphene would play a key role. Good thermal conductivity is undoubtedly one of the attributes which can be easily

used both in materials involving large monoatomic layers, that are very difficult to obtain, as well as multilayer graphene

flakes, which have been commercially available on the market for several years. The article presents the results of tests on

the characteristic thermal properties of composites with the addition of 2–15% of multilayer graphene (MLG) crystals. The

motivation of the study was literature reports showing the possibility of increasing the thermal conductivity of composites

with MLG participation in the copper matrix. Since the production of composites with increased properties is associated

with obtaining a strong orientation of the flakes in the structure, composites with hBN flakes exhibiting significantly worse

but also directional thermal properties were produced for comparison. The paper showed a strong influence of flake

morphology on the possibility of creating a directional structure. The obtained Cu/MLG composites with the addition of

only 2% MLG were characterized by an increase in the thermal conductivity coefficient of about 30% in relation to sinters

without the participation of MLG.
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Introduction

Metals, due to the presence of metallic bonds and free-

moving electrons, are good thermal conductors [1]. When

seeking good thermal management, probably the first

choice will be representative of this group of materials.

Although this is not an obvious selection, different forms of

carbon have proved to be a much better candidate.

For many decades, first place in heat transfer was taken

by diamond, where uniform, continuous three-dimensional

network of C–C single bonds (rsp3) provides high thermal

conductivity (TC), measured to be more than

2400 W m-1 K-1, which is almost six times more than

copper [2]. However, unlike metals, heat transport in dia-

mond is the result of elastic vibrations of the lattice

(phonons).

As in the case of diamond, the thermal conductivity of

graphite is mainly due to phonons. High in-plane thermal

conductivity is the result of sp2 covalent bonding between

carbon atoms, but large lattice spacing in the c-direction

and the weak van der Waals bonding forces between basal

planes cause strong thermal anisotropy with over 100-fold

between the in-plane and out-of-plane directions

(20 W m-1 K-1) [3–5]. This is a value impossible to

achieve for a diamond where thin polycrystalline layers,

obtained by using CVD methods, may result only about

50% differences in conductivity depending on the direction

[6, 7].

& Marek Kostecki

marek.kostecki@pw.edu.pl

Tomasz Cygan

tomasz.cygan@pw.edu.pl

Mateusz Petrus

mateusz.petrus@pw.edu.pl

Jakub Jaroszewicz

jakub.jaroszewicz@pw.edu.pl

1 Faculty of Materials Science and Engineering, Warsaw

University of Technology, Wołoska St. 141, 02-507 Warsaw,

Poland

123

Journal of Thermal Analysis and Calorimetry (2019) 138:3873–3883
https://doi.org/10.1007/s10973-019-08330-5(0123456789().,-volV)(0123456789().,- volV)

http://orcid.org/0000-0001-8309-0301
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-019-08330-5&amp;domain=pdf
https://doi.org/10.1007/s10973-019-08330-5


On the one hand, anisotropy affects the low average

conductivity of polycrystalline graphite, but on the other

hand, the individual layers of graphite in the form of gra-

phene [8] are characterized by a much higher in-plane

thermal conductivity, whose values are up to

5300 W m-1 K-1 in room temperature [9]. Furthermore,

some mathematical models indicate that it may be even

larger and will grow with the increasing linear dimensions

of graphene flakes [10, 11].

Such exceptional thermal properties make graphene a

very desirable material. However, the complicated manu-

facturing process and the constantly high costs of produc-

ing monolayers make it possible to use rather as a thermal

management material in future nanoelectronic circuits [12],

interface materials [13, 14] or thermal phase change

materials [15].

Nowadays, the possibilities of using graphene in the

form of multilayered graphene (MLG) [16, 17] on a mass

scale as a component of bulk composite materials with

increased thermal properties are being investigated. One

should take into account the fact that multilayer graphene

flakes will have a lower conductivity than monolayers. It

has been clearly demonstrated that increasing the number

of graphene layers will cause a decrease in in-plane thermal

conductivity due to the cross-plane coupling of phonons,

which was induced by the van der Waals forces between

the layers [18, 19]. However, the stronger this argument is,

all potential materials constituting a possible matrix will

have a much lower TC, and obstacles to obtaining good

properties of composite should be looked for elsewhere.

The problem to take into account is the graphene itself;

isotopes, strain, chemical functionalization [10] and defects

[20] can lead to considerable reduction in graphene TC. An

even more important issue is related to the effect of

bonding on phonon transmission and thermal boundary

conductance (TBC) at the interface. For example, TBC

across Cu/single-layer graphene interfaces is about

10 MW m-2 K-1 [21] which is 1–3 order of magnitude

lower than in pure metal [22], whereas the interfacial

conducts between metal and c-axis for highly oriented

pyrolytic graphite (HOPG) are similar to those of metals

and diamond [23]. This fact is a huge obstacle in the

production of composites based on metals with increased

properties in which the effect of high in-plane conductivity

of graphene can be used [24].

The analysis of the literature concerning both numerical

simulations and real materials produced by different tech-

niques suggests that important parameters which allow

improvement in thermal properties to be achieved lie

mainly in the precise planning of the composite

microstructure [25]. Although the task is technologically

difficult, it turns out to be a solution to the problems

described earlier.

One of the first works in which the improvement in

composite properties was achieved concerned the orienta-

tion of graphene flakes. Thermal conductivity of electro-

chemically deposited Cu/graphene composite films was

increased to 460 W m-1 K-1. It was found that the cross-

plane thermal conductivity is reduced as a result of the low

thermal conductivity of graphene perpendicular to the

planes, although the interface thermal resistance was not a

limiting factor [26]. Instead, the smaller size of graphene

platelets is thought to be the limitation [27].

Other studies carried out for bulk composites also

indicate the possibility of a significant increase in con-

ductivity under the condition of manufacturing high degree

of alignment of graphite nanoplatelets, and the use of flakes

of the largest possible lateral size [28]. The same authors

soon developed a composite with in-plane thermal con-

ductivity of 503 W m-1 K-1 and ultralow thermal expan-

sion, where graphite platelets have lateral size of 300 lm

and 5 lm thickness [29].

Very similar conclusions were drawn by the authors of

subsequent works indicating increased thermal properties

of composites containing just ‘‘fine graphite flakes’’ instead

of graphene. Electroless plating of copper on the graphite

flake and further SPS (spark plasma sintering) of composite

powders allowed the obtaining of composites with 44–71

vol% flakes, which exhibit excellent thermophysical

properties. TC of the composites increases from 445 to

565 W m-1 K-1, and the coefficient of thermal expansion

(CTE) decreases almost 40%. Composites exhibited

adaptive thermal properties which can be adjusted with the

volume ratio of the graphite flakes [30]. Vacuum hot-

pressed composites with increasing volume fraction of

graphite flakes from 40 to 70% showed the in-plane ther-

mal conductivity (perpendicular to the pressing direction)

increase from 474 to 676 W m-1 K-1 [31]. Although

composites with such a large amount of graphite may be

desirable due to functional properties, it is expected that the

mechanical properties will deteriorate [32]. One of the

most recent works indicates very good effects of the use of

the vacuum filtration process in obtaining the highly

aligned graphene nanoplatelet (GNP) network. Composites

with a GNP share of 35 vol% were characterized by TC at

525 W m-1 K-1 [33].

In order to summarize the previous consideration, it

should be stated that a well-bonded interface and good

alignment in the metal matrix composites is the key to

efficient TC improvement [34]. Other important factors are

graphene lateral size and thickness which can be consid-

ered as ‘‘relatively large.’’ The assessment of the impact of

the volume share and percolation effect [35] is still unclear

because an improvement was obtained for composites

containing 20 to 70 vol%, and in each case the dispersion

and alignment were the most important issue.
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The available study clearly formulates the rules required

to achieve elevated but highly directional thermal proper-

ties. Although in most of the previously presented research

the applied production methods are quite sophisticated,

authors of this article decided to use a simple SPS tech-

nique. SPS favors the self-alignment of graphene platelets

due to the use of axial pressing [36]. Particular attention

was paid to the morphology of the particles. In previous

works [37], it was found that in the SPS method the mor-

phology of the 2D particles is of great importance in

shaping the microstructure. Therefore, composites with the

addition of other 2D crystals, like hexagonal boron nitride

(hBN), representing a different morphology were made for

comparison. For thin hBN flakes, the in-plane thermal

conductivity could exceed, or be comparable to, that of its

bulk crystalline (* 390 W m-1 K-1) [38]. Although hBN

is not a competition for carbon flakes, similarly to MLG,

they have a strong anisotropy of thermal properties. Unlike

MLG, hBN is also an excellent electrical insulator which

can be used, where electrical insulation is required [39, 40]

together with high TC. For both types of composites con-

taining 2 to 15% by volume of MLG or hBN particles, the

microstructure was investigated and its influence on ther-

mal properties was determined.

Materials and methods

In order to produce two series of copper/graphene and

copper/hBN composites, with the contents of the second

phase of 0, 2, 5, 10 and 15% by volume, the following

powders were used: copper powder produced by Acros

Organics, a purity of 99.5%, an average particle size of

32 lm (Fig. 1a), MLG powder, trade name Gn (12) pro-

duced by Graphene Supermarket USA, with an average

flake thickness of 12 nm and average lateral size of 4.5 lm

(Fig. 1b) and hBN powder from MK Impex Corp, trade

name N70, flake average thickness 70 nm and average

lateral size 570 nm (Fig. 1c).

After weighing, the powder mixtures were homogenized

in a rotational horizontal mill in the presence of alumina

ceramic balls (with balls-to-powder ratio 6:1) and iso-

propyl alcohol for 8 h. The rotational speed has been

selected at 300 rpm enabling the smallest number of

defects to be introduced into layered crystals. Dried powder

was granulated on # 0.3-mm sieves.

Synthesis of composites was carried out in the spark

plasma sintering process using the SPS HP D10 device

(FCT Systeme GmbH, Rauenstein, Germany), in accor-

dance with the proposed parameters: sintering temperature

T = 850 �C, atmosphere—argon at reduced pressure, sin-

tering time t = 4 min and pressure p = 50 MPa. Temper-

ature and process time were optimized toward the highest

relative density without melting the metallic matrix. Pres-

sure selection was the result of limitations related to the

strength of graphite matrices with a diameter of 20 mm.

The obtained sinters in the form of a cylinder with a

diameter of 20 mm and a height of 15 mm were cleaned

and fragmented for specific tests. A minimum of three

samples cut from a representative area in three different

sinters were prepared for one test. A high-speed saw with a

diamond blade (under cooling conditions) was used to

avoid microstructural changes.

As a result of SPS, alignment of the flakes in the

structure of composites has been observed which will be

described at the stage of analysis of the microstructure.

This alignment is consistent with the axis of the sample

determined in the direction perpendicular to the pressing

direction; therefore, measurement of properties has been

made perpendicular or parallel to this direction as well as

procedure of sample cutting (Fig. 2).

The powders’ morphology and microstructure were

observed using scanning electron microscopes (Hitachi

S5500, Japan). Microcomputed tomography (Zeiss Xradia

MicroXCT-400) was performed on the composites struc-

ture, to illustrate the agglomerates geometry and aligning.

The obtained resolution was 10 lm. The scanning proce-

dure was carried out by performing a rotation of the

emitted X-ray by 180�, with a step size of 0.15� and an

exposure time of 15 s per projection. Density tests were

carried out using the helium pycnometer (Ultrapycnometer

1000, Quantachrome Instruments) for bulk sinters cleaned

from graphite foil. Calorimetric measurements (DSC) were

carried out to determine the specific heat (Cp). Two series

of randomly oriented cuboidal samples with dimensions

1 9 1 9 0.5 mm were measured using Netzsch, STA 449

F5 Jupiter. The thermal diffusivity (D) was measured at

room temperature by a laser flash method, using LFA 457,

Fig. 1 Morphology of a Cu powder, b MLG powder and c hBN

powder (SEM images)
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Netzsch. Measurements were made for two series of

cuboidal samples with dimensions of 8 9 8 9 3 mm in the

direction parallel and perpendicular to pressing direction.

Mathematical analysis of the phenomenon implemented in

the software takes into account the improved Cape–Leh-

man model. The standard deviation of measurements in the

case of Cp and D was within 3%, and error bars in most

cases are in size of measure points. The thermal expansion

coefficient was measured using Netzsch DIL 402 Expedis

Classic a vertical direct dilatometer. Cuboid samples were

used (3 9 3 9 12 mm) with different reinforcement

alignment: parallel and perpendicular to pressing direction.

The samples were heated up to the temperature of 500 �C
in a protective atmosphere (argon flow rate 50 ml�min-1)

at a rate of 5 �C min-1. The values of the thermal expan-

sion coefficient were determined based on the measure-

ments of the elongation of the samples as a function of the

temperature a = (Dl�l0-1)�DT. All measurements of thermal

properties were carried out at a temperature range

20–500 �C.

Results and discussion

It can be observed that graphene flakes are not ‘‘linked’’ to

dendrites of copper powder particles which, under the

influence of the mixing, have undergone a slight defor-

mation (flattening). Much smaller flakes of hexagonal

boron nitride seem to be ‘‘glued’’ to the copper particles

and also localized in copper dendrites open spaces

(Fig. 3b). In fact, they are stuck in soft copper at the stage

of ball collisions, contributing to a better dispersion of hBN

particles.

However, increasing the volume of the hBN in the

mixture can promote their agglomeration because the small

plates have the ability to fill the porous structure better, the

more they are in the volume. It can also be assumed that

with the same volume fraction of both powders, a much

larger contact surface will occur in the case of hBN

particles.

Density

The use of the SPS technique makes it possible to obtain

sinters with a high density exceeding 90% relative density

within an extremely short sintering time (t = 4 min.), even

at a high volume fraction of the additive.

Very good results in the intensification of the com-

paction process are given by its modification taking into

account additional plastic deformation [41]; however, in

the case of the designed properties it would be unjustified

because it may lead to destruction of alignment. Figure 4

presents the graph of relative density dependence on the

content of the second phase. The highest values of relative

density (99.8%), close to the theoretical density, were

obtained for copper sinters without additives. Composites

are characterized by an almost linear decrease in density

with an increase in the volume fraction of the second

phase. Relative density obtained for MLG composites is

lower than for hBN in the whole range of compositions and

for 15% of the additive falls slightly below 94%. Density

decrease is a typical situation for composites manufactured

by the powder metallurgy processes where nanometric

powders are responsible for strong agglomeration. The

porosity can be observed in the microstructure, which is

described further.

Microstructure

SEM observations were carried out using cross section

specimens. Samples for observation were oriented so that

the long edge of the drawing is perpendicular to the axis
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that determines the direction of the force in the SPS pro-

cess. It can be observed that the MLG agglomerates are

perpendicular to the direction of pressure applied during

the process (Fig. 5). The average thickness of the

agglomerate bands varies with the volume fraction of MLG

flakes from 1.5 lm for 2 vol% to 3.8 lm for 15 vol%. The

agglomerates seen in Fig. 5c indicate the primary source of

porosity. As can be seen, the obtained porosity is mainly

the result of insufficient space filling by layered crystals

which, through their morphology and the fact of the pres-

ence on the boundaries of irregular Cu powder particles,

generate a large amount of nanopores. It cannot be

unambiguously determined whether there is percolation of

phases in the composite.

Composites with the addition of hBN flakes present a

slightly different structure (Fig. 6). The smaller hBN flakes

already at the mixing process were located in the interstices

of the dendritic structure of the copper particles, resulting

in better dispersion. In 2 vol% composites, agglomerates

are equi-axial and have no specific orientation; the

exception are packets of flakes created during mixing

consisting of several to several dozen plates connected

along basal planes (Fig. 6c). Porosity is observed similarly

to MLG mainly within the agglomerates. The shape of

these agglomerates differs from those observed in the MLG

composites; moreover, their size and shape change with an

increase in the volume fraction of hBN flakes. Addition of

10 vol% hBN creates bands (in three-dimensional space

these are disks) with a length of a dozen or so micrometers.

Observation of randomly oriented images in relation to the

direction of the compaction process indicates that there is

no clear orientation of the hBN agglomerates (Fig. 6b).

Because the cross section observation at high magnifi-

cation does not provide sufficient information about the

hBN agglomerates, CT scans were performed and 3D

structure images describing spatial distribution were pre-

pared with resolution down to 10 lm (Fig. 7).

The resolution was applied due to isolation of the largest

agglomerates in a relatively large sample volume. In these

conditions, due to a number of smaller particles the use of

higher resolution would render the images illegible.

The analysis shows that in the volume of material,

especially in the case of composites with hBN (Fig. 7b),

apart from the previously indicated fine agglomerates, there

are also objects with dimensions exceeding 10 lm whose

orientation is similar to that represented by elongated

agglomerates of MLG. The mean value of the slope angle

of the longer axis of these objects relative to the pressure

force is 89.3�, while for agglomerates MLG is 90.4�, so one

can say that their orientation is very similar and almost

perpendicular to the pressing direction (Fig. 8).

We can therefore assume that we also deal with a

composite with an anisotropic structure. However, from the

point of view of essential thermal properties, the anisotropy

of large agglomerates should not translate into anisotropy

of properties because the flakes inside them can be set quite

by accident (Fig. 6c). In the case of MLG, the alignment

takes place at the level of individual flakes as well as in the

case of agglomerates.

Fig. 3 Morphology of mixed powders: a Cu ? 10 vol% MLG

powder and b Cu ? 10 vol% hBN powder (SEM images)
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Fig. 5 Microstructure of composites: a Cu ? 2 vol% MLG,
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Specific heat capacity

Specific heat capacity of composite materials is an essential

parameter, especially in the determination of thermal

conductivity. Because this property is independent of the

structure, it was measured for randomly cut samples

without selecting a specific direction [42].

Most specific heat capacity values of composites at

different filler contents are normally obtained by using the

rule of mixture when the heat capacities of the filler and the

matrix are known. However, utilization of differential

scanning calorimetry techniques in this case is more

accurate. Literature data indicate room-temperature speci-

fic heat for graphite is Cp & 0.850 J g-1 K-1 [43], for

hBN it is very similar Cp & 0.780 J g-1 K-1 [44] and for

copper it is Cp & 0.385 J g-1 K-1 [45]. While in the case

of hBN composites the measured values obtained agree

well with the calculations, in the case of MLG composites

they are about 0.1 J g-1 K-1 higher (Fig. 9a). The reason

for raising the specific heat of the composite may lie in the

graphene flakes themselves, for which the strain will affect

the actual value of this property [46]. At the same time, it is

known that the SPS process can generate a large number of

stress and strain in the material structure. For the full

analysis of the problem, one should carry out studies of

residual stresses in the composite taking into account:

parameters of the microstructure, type of layered crystals,

the porosity and the possibility of stress relaxation with

increasing temperature.

In the case of both types of composites, the obtained

specific heat capacity values are higher than for copper

sinters and slightly dependent on the volume fraction of the

additive. The Cp increases with the increase in the volume

share of the additive which is noticeable.

Thermal diffusivity

The first strong directional relationship is visible for the

examined composites in thermal diffusivity measurements.

Figure 10a, b shows diagrams of diffusivity versus tem-

perature for composites with different MLG content.

Measurements for the barrier direction (through-plane)

indicate that the addition of MLG greatly weakens the heat

flow rate. The value decreases when more MLG is added,

and in the case of 15% in volume the value causes a

fivefold decrease in diffusivity. Measurements for a sample

oriented toward good heat conduction indicate a slight

decrease in diffusivity with the increase in MLG content.

With the 15 vol% decrease is about 18% (Fig. 10a).

Despite the lack of a pronounced orientation of the

flakes (not agglomerates) in the hBN composites, changes

in the heat flow rate associated with the volume fraction of

the powder are similar to those represented by the MLG

composites (Fig. 11). While the values measured in the

perpendicular direction are very close to the MLG com-

posites (Fig. 11b), decrease in diffusivity in the direction

parallel to the pressure force is lower than for MLG

(Fig. 11a). There is no proportional drop in diffusivity

when increasing the volume of hBN. Up to 10% of flakes,

the decrease is about 27%, while for 15% of flakes the fall

is considerable, about 55%. This observation allows one to

suppose that some aligning in global scale has occurred and

becomes significant for the higher volume fraction of hBN

particles. The microstructure analysis shows that for those

composites, there are bands that can significantly block the

flow of heat in a direction parallel to the pressure, and thus

a larger number of flakes within the bands are aligned. The

second observation is related to the flow toward easy

conduction direction (in-plane). We can say that despite the

Fig. 6 Microstructure of composites: a Cu ? 2 vol% hBN,

b Cu ? 10 vol% hBN and c Cu ? 10 vol% hBN—area of the hBN

agglomerate (SEM images)

Fig. 7 Three-dimensional structure of a Cu/10 vol% MLG and b Cu/

10 vol% hBN composites
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use of particles with a different morphology and signifi-

cantly different thermal properties, there is no difference in

the heat flow rate, which may suggest a great contribution

of copper to the value of this parameter in the composites,

where addition is in the range of 2–15 vol%.

Thermal expansion coefficient

Copper is a metal with a relatively high coefficient of

thermal expansion, which often causes problems in the

design and use of composites on its matrix, especially when

the second phase is ceramic materials. An additional

problem may be wettability affecting the nature of the

interface as in diamond composites [47]. The conducted

dilatometer tests indicate (Fig. 12) that for the obtained

composites thermal expansion is also a property dependent

on the direction of measurement. The observed anisotropy

is small. Cu sinters have a CTE value of 17.8�10-6 K-1,

which is a slightly higher than given in the literature for

pure metallurgical copper 17�10-6 K-1 [48]. The
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measurements indicate that thermal expansion in MLG

composites measured in the in-plane direction (perpendic-

ular to the pressure force) is slightly lower 16.5�10-6 K-1

when sintered without additives. When measured in the

direction parallel to the pressure force (through-plane), it is

a bit higher 18.5�10-6 K-1. It is difficult to talk about a

clear upward or downward tendencies related to the vol-

ume fraction of the addition. In the case of hBN compos-

ites, the addition of flakes reduces the coefficient of

thermal expansion regardless of the direction of measure-

ment. The results obtained are in accordance with the

previously described in the literature [29], where thermal

expansion coefficient does not change dramatically until

the 20 vol% of graphite platelets has been exceeded.

Thermal conductivity

The experimental results of the thermal diffusivity and the

specific heat were used to estimate the thermal conductivity

k. It can be determined from the relation:

k ¼ q Cp D ½W m�1 K�1�; ð1Þ

where k is the thermal conductivity, q is the density, Cp is

the specific heat, and D is the diffusivity.

Figure 13 presents the results of thermal conductivity

calculations. Analysis of the graph indicates a much

stronger anisotropy of properties for the composite with the

addition of MLG. Looking at the conductivity values (in-

plane and through-plane measurements direction), one can

clearly see that the differences increase with an increasing
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volume fraction of the second phase. This tendency is not

retained for composites with hBN particles, and larger

differences in the thermal conductivity are visible only at

the high volume fraction of the additive at the level of 15%.

In the case of the composite with 2 vol% MLG, a clear

improvement in thermal conductivity of 505 W m-1 K-1

(in-plane direction) was obtained, which means an increase

of 32% in relation to pure copper sinters 381 W m-1 K-1.

Further increases in the volume share of MLG flakes leads

to a decrease in thermal conductivity, although its value in

the whole range of compositions is higher than for a sinter

that does not contain graphene. An important problem may

be quite high porosity of composites with a higher content

of MLG (about 6% for the composite with the addition of

15 vol% MLG). This porosity will affect both the limita-

tion of heat flow and the deterioration in mechanical

properties of the obtained composites.

In the case of composite with the addition of hBN,

thermal conductivity was not expected to increase. The

obtained k values in the entire range of compositions

indicate a decrease in conductivity in relation to Cu sinters

regardless of the direction of measurement, which is the

result of low thermal conductivity of the hBN itself, but

also the absence of a clear orientation of the flakes in the

microstructure. However, the conducted research showed

that the macroscopic bands created during the SPS syn-

thesis cause some anisotropy of thermal properties.

Conclusions

MLG-reinforced composites have potential as directional

heat dissipation materials. The SPS process provides good

orientation of MLG flakes perpendicular to the direction of

force, which is related to their morphology. The tests

carried out proved that a small amount of flakes (2%) has a

relatively strong effect, increasing thermal conductivity of

composite by 32% (in direction perpendicular to the

pressing force). The value of specific heat for graphene in

the presence of stress seems to be additional reason for the

increase in thermal conductivity. The present literature

studies do not take into account this effect analyzing

specific heat of composites. For a full analysis of the

problem, one should carry out studies of residual stresses in

the series of composite materials.

The methods used to achieve increased thermal prop-

erties are neither costly nor requiring many technological

treatments. Literature data indicate that with a large content

of flakes in the volume, the enhancement of thermal

properties may be higher; however, such material will be

characterized by significant decreases in mechanical

properties which may limit its application in structural

elements.

hBN flakes with unlike morphology are characterized by

a poor orientation inside agglomerates, and those

agglomerates assume different shapes which translates into

a smaller morphological anisotropy but also a decrease in

conductivity toward direction perpendicular to the applied

force. CT scans have proven that large agglomerates are

formed in the volume of composites and their orientation is

similar to that obtained in MLG composites.

In order to further improve the thermal properties, it is

required to optimize the manufacturing process both at the

sintering stage and at the homogenization stage of the

powders. While the effect of morphology of 2D crystal

particles is very clear, the morphology of the copper par-

ticles, which can also be optimized, remains an open

question. It can be suggested that there is an optimal par-

ticle morphology that allows the best orientation. The

selection of the morphology of the starting materials to

obtain an appropriate microstructure should therefore be

another criterion taken into account in the technological

process.
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