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Abstract This paper concerns the modification of ther-

mal properties of aluminum nitride polycrystalline ceramic

material with high thermal conductivity coefficient. The

way to change these properties was to distribute graphene

particles in the high-conductive matrix. The composite

material was hot-pressed at 1900 �C under 25 MPa pres-

sure. The applied pressure allowed to orient the graphene

particles and obtain an anisotropy of thermal conductivity.

The microstructural observations were made by SEM

method. The phases of the matrix were analyzed by XRD

measurements, and the existence of graphene was con-

firmed by Raman spectroscopy. The quantity of graphene

in the material after hot-pressing process was determined

by thermogravimetric examinations in air flow. The ther-

mal phase stability was checked by differential scanning

calorimetry with mass change record. The thermal expan-

sion coefficient was measured by dilatometric method. The

thermal diffusivity and thermal conductivity were mea-

sured in various directions of the material. The results

showed that the anisotropy of thermal conductivity exceeds

100 % for material with 10 mass% of graphene (GPLs).

The introduced 2D particles caused a decrease of this

parameter in the parallel direction to the load applied

during the hot-pressing process.

Keywords Aluminum nitride � Graphene �
Microstructure � Thermal stability � Thermal conductivity

Introduction

Aluminum nitride as monocristallic form shows thermal

conductivity around 320 W m-1 K-1 [1]. This value for

the aluminum nitride polycrystalline material strongly

depends of density [2], grain size [3, 4] and point defects

[5, 6]. In order to obtain high thermal conductivity, the

sintering additive such as Y2O3, CaO, Yb2O3, and Sm2O3,

is required [7–9]. In the air, aluminum nitride powder

undergoes an oxidation which leads to forming aluminum

oxide covering AlN grains. During the sintering process,

yttria reacts with alumina creating liquid phases: YAP

(YAlO3), YAG (Y3Al5O12), and YAM (Y4Al2O9), which

leads to the removal of oxygen from the structure of alu-

minum nitride [10]. Also a type of densification technique

of polycrystalline AlN obtaining is very important. The

higher the pressure and the higher the heating rate (SPS

method), the lower the grain size is, which results in lower

thermal conductivity [11, 12]. The use of pressureless

sintering with low heating rate and an activator addition

allows to obtain large grains with low oxygen contamina-

tion in the material [4]. This way, sintered material shows

thermal conductivity even equal to 270 �C [13].

Besides its high thermal conductivity coefficient, alu-

minum nitride is a broadband semiconductor with 6.2 eV

band gap [14]. These properties are a main reason of AlN

application in electronics, as elements of radars, in pro-

ductions of light-emitting diodes [15–18].

There is a possibility of modifying thermal conductivity

by use of graphene powder and unidirectional pressing

process (during hot-pressing process). The use of graphene

requires pressure techniques, which allows to change a

direction of heat flow in the dense materials. The use of

hot-pressing process with uniaxial load results in orienta-

tion of graphene in the material in perpendicular direction
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to pressing axis. This behavior was earlier observed by the

author of this work in case of Si3N4 and Al2O3 matrix

composites [19–21]. The addition of graphene to the oxide

or nitride matrix will cause a decrease in electrical resis-

tivity, which was earlier recorded by the author of this

publication in the preliminary electrical measurements of

alumina and silicon nitride matrix composites.

The goal of this research was to obtain the aluminum

nitride dense material with directed heat flow. To do that,

the graphene powder was added to the matrix and the

mixture was hot-pressed. The use of HP process with

applied uniaxial pressure was supposed to orient graphene

particles in the matrix [16, 19]. The microstructural

observations and ultrasonic measurements were made to

check the anisotropy of such composite material. The

influence of the material anisotropy was compared with

thermal diffusivity and thermal conductivity measurement

made in different material directions. For future possible

applications, the thermal stability in air of such composites

was checked by DSC/TG method.

Preparation

The commercial aluminum nitride powder of H.C. Starck

(grade C) as the matrix, yttria as sintering activator of H.C.

Starck (grade C), and graphene Gn(8) of Graphene Labora-

tories, Inc, USA were used. The size of AlN and Y2O3 par-

ticles was 3.5 and 1.3 lm, respectively. The graphene

(GPLs-graphene platelets) characterization is as follows:

color black, purity 99.9 %, average flake thickness 8 nm

(20–30 monolayers), average particle (lateral) size*0.5 lm

(0.15–3.0), and specific surface area 100 m2g-1. Each

experimental mixture consisted of 5 mass% of yttrium oxide

to improve the sintering process. The amount of graphene in

samples was 0, 2, 4, 6, 8, and 10 mass%, respectively.

The powders were mixed in 2-propanol using laboratory

rotational dissolver model TD 100 (Pendraulik-Teja) till

graphene agglomerates were broken down. As a next step,

the mixture was dried out in a vacuum dryer, at a tem-

perature of 90 �C till constant mass. Dried and granulated

powders were hot-pressed (Thermal Technology LLC) at

1900 �C for 2 h under 25 MPa in nitrogen flow. The

heating rate was 10 �C per min. Sintered bodies with a

diameter of 25 mm were obtained. The scheme of mixture

in the mold of hot-press is presented in Fig. 1.

Examination route

Apparent density of the sintered samples was calculated

using the Archimedes method. The phase composition of

the sinters was checked by XRD diffraction (production of

Philips with X-Pert HighScore software) and the Rietveld

refinement determining the phase content quantitatively.

Raman spectroscopy (Horriba Yvon Jobin LabRAM HR)

was used for graphene phase identification. The morphol-

ogy of samples was observed using the SEM technique—

FEI Nova Nano SEM.

The anisotropy of elastic wave velocity was measured

by ultrasonic method using UZP-1 (INCO—VERITAS)

apparatus.

The thermal stability was measured in the air flow by

means of thermogravimetric TG measurements using STA

449 F3 Jupiter�. The measurement was made up to tem-

perature of 1000 �C.

Heat measurements were performed on Netzsch LFA 427

apparatus. To determine the specific heat by comparative

method, Pyroceram 9606 reference material, with the known

coefficient of thermal expansion and specific heat, was used.

Thermal diffusivity was determined using the laser pulse

method (LFA) for the reference and test material at tem-

peratures ranging from 25 to 300 �C in the argon flow. The

sintered bodies were measured in pressing direction (the

direction of applied pressure during manufacturing process)

using the ‘‘Cape-Lehmann ? pulse correction’’ computa-

tional model and in perpendicular direction to the applied

pressure using ‘‘Radiation ? pulse correction’’ model. At

each temperature, three measurements were performed for

statistical purposes. Examination of tested materials density

changes as a function of temperature in the range up to

300 �C was performed by determining the coefficient of

thermal expansion using a Netzsch DIL 402C dilatometer.

Based on these measurements, specific heat was determined

using the following formula:

graphite
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die

in
plane
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Fig. 1 Scheme of manufacturing hot-pressing process

94 P. Rutkowski et al.

123



csample
p ¼ T ref

1

T
sample
1

� Q
sample

Qref
� V

sample

V ref
� qref

qsample
� Dref

Dsample

� d
2;sample
1
d

2;ref
orificer

� cref
p ð1Þ

where cp, specific heat versus temperature of the sample/

reference/J g-1 K-1m; T, temperature of the sample/ref-

erence/K; Q, energy absorbed by the sample/reference/J; V,

amplitude of signal gain for the sample/reference; q,

apparent density of the sample/reference/g cm-3; D,

thickness of the test material/mm; d, diameter of the

measuring aperture of the sample/reference/mm.

Thermal conductivity was calculated using equation:

k Tð Þ ¼ a Tð Þ � cp Tð Þ � q Tð Þ ð2Þ

where a(T), thermal diffusivity/mm2 s-1; cp(T), specific

heat/J g-1 K-1; q(T), density of the material/g cm-3.

The anisotropy of thermal properties was measured

using following equation:

A ¼ kpar � kper

kpar

� 100% ð3Þ

where kpar, thermal conductivity in parallel direction to

pressing axis, through plane direction/W m-1 K-1; kper,

thermal conductivity in perpendicular direction to pressing

axis, in plane direction/W m-1 K-1.

Results and discussion

The apparent density of the AlN–graphene composites,

measured by hydrostatic method, is shown in Fig. 2. The

density is falling down with an increase in graphene con-

tent. The relative density of the hot-pressed materials is

above 99 % Table 1.

The XRD qualitative phase measurements supported by

quantitative Rietveld analysis showed the existence of YAG

phase and YAP in the composites (Table 1). The YAP phase

exists only in the case of composite with 4 mass% graphene

additive. For the rest of the composite, the YAG phases

increase with graphene addition. The phase analysis indi-

cates on graphite phase rising with graphene initial content.

The Raman spectroscopy, presented in Fig. 3, confirm,

the existence of graphene phase in the composites. The

spectrum of the measured materials covers with

wavenumber of the pure graphene powder: 3243, 2727,

1578, and 1349 cm-1. The magnification of the band at
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Fig. 2 Density changes of hot-pressed aluminum nitride–graphene

composites

Table 1 Phase analysis of hot-pressed aluminum nitride–graphene composites

Measured material Relative density/% Phase composition/mass%

AlN YAG YAP Graphite

0 mass% Gn(8) 98.7 96.1 3.9 0 0

2 mass% Gn(8) 99.0 94.5 5.1 0 0.4

4 mass% Gn(8) 99.9 96.7 0 2.2 1.0

6 mass% Gn(8) 99.5 90.4 7.9 0 1.6

8 mass% Gn(8) 99.5 90.2 7.6 0 2.2

10 mass% Gn(8) 99.4 88.4 8.6 0 3.0
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Fig. 3 Raman spectra of hot-pressed aluminum nitride–graphene

composites
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around 1600 cm-1 wavenumber indicates that the ratio of

G (1582)/D’(1620) is decreasing, which confirms graphene

defects [22, 23]. An increase in D2 (2720), in comparison

with G (1582) band, shows a rising number of graphene

layers.

The microstructural observations were made on the

polished surfaces. The examples of the results for different

graphene content are illustrated in Figs. 4–7.

The examples of microstructural observations, made on

aluminum nitride–graphene composites show that the

addition of GPLs to the material leads to a decrease in

grain size of the matrix. The flakes of the introduced gra-

phene flakes are oriented in the perpendicular direction to

the load applied during the hot-pressing process. The

similar situation was observed by the author of this work in

case of composites with silicon nitride and alumina matrix

[20, 21]. There are visible large graphene inclusions in AlN

matrix, which are the ‘‘agglomerates’’ of graphene flakes.

The white phase is YAG or YAP coming from the yttria

and alumina (covering AlN grains) reaction.

The graphene orientation, observed in the composites

microstructure, was investigated by ultrasonic measure-

ment of longitudinal wave velocity. The recorded wave

velocity versus graphene content in different directions is

presented in Fig. 8. Figure 9 illustrates the anisotropy

calculated from ultrasonic measurements’ data. The

results of the ultrasonic examination show that the ani-

sotropy can reach even 30 % in case of 8 % graphene

addition. The measurements and the microstructural

Fig. 4 SEM observations of AlN ? 5 mass% Y2O3

Fig. 5 SEM observations of AlN ? 5 mass% Y2O3 ? 2 mass% Gn(8) Fig. 7 SEM observations of AlN ? 5 mass% Y2O3 ? 10 mass%

Gn(8)

Fig. 6 SEM observations of AlN ? 5 mass% Y2O3 ? 6 mass% Gn(8)
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observations confirmed the graphene orientation in the

material (Figs. 5–7).

Because of the standard working conditions of alu-

minum nitride parts, which are in the air atmosphere, the

AlN–Gn(8) materials were tested by differential scanning

calorimetry (DSC) with mass control (TG). The stability of

obtained composites versus graphene content is illustrated

by DSC signal in Fig. 8 and TG signal in Fig. 9. The

recorded data show that pure aluminum nitride is thermally

stable up to 1000 �C. The composites can work safely up to

650 �C. The oxidation onset is in the range of 710–730 �C
and endset is about 860 �C (Table 2). The maximum of the

exothermic signal if the oxidation process is around

800 �C. Additionally, the mass change measurements

(Table 2), made in the air, allow to calculate the graphene

content in the composites and furthermore the relative

density, which was not possible with the use of XRD/Ri-

etveld data (Fig. 10). The relative density is collected in

Table 1. The oxidation reaction heat increases with the

content of graphene starting from 70 J g-1 and reaching

810 J g-1 for 10 mass% of introduced GPLs (Table 2).

Thermal conductivity depends on anisotropy of the

microstructure in the material because of used manufac-

turing technology and flakes of graphene (Figs. 11, 12).

The calculated thermal conductivity versus temperature,

made on the base of diffusivity measurements, is illustrated

in Figs. 13 and 14. The comparison of the thermal con-

ductivity, made in different material directions at room

temperature, is presented in Fig. 12. The thermal diffu-

sivity at room temperature in different directions and the

calculated anisotropy are presented in Table 4.

The thermal expansion coefficient (TEC) measurements

results, which are required for calculation of thermal con-

ductivity, are listed in Table 3 (for different material
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Fig. 9 Anisotropy of longitudinal wave velocity of hot-pressed

aluminum nitride–graphene Gn(8) composites

Table 2 Analysis of DSC signal after oxidation process of AlN–GPLs composites

Graphene addition/mass% Area/J g-1 Peak/�C Onset/�C Endset/�C Height/W g-1 Width/�C Mass loss/�%

2 69.2 791.0 732.5 850.7 0.14 96.5 0.8

4 340.4 798.3 718.5 863.9 0.58 109.8 3.3

6 443.1 814.7 728.3 865.1 0.83 99.8 5.7

8 655.7 788.3 712.4 848.0 1.22 100.1 7.7

10 810.7 796.9 715.8 852.6 1.48 101.7 9.3
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Fig. 10 Thermal stability, DSC signal of hot-pressed aluminum

nitride–graphene Gn(8) composites
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directions). The results of TEC show that the graphene

particles and used densification technology do not have

significant influence on this parameter, neither versus

graphene content nor measurement direction. The TEC is

in the range of 4.6–4.8 � 10–6 �C-1.

Data collected on the base of laser flash analysis method

(Table 4) show that the graphene content and a decrease in

grain size of the matrix (probably caused by graphene

addition) lower the value of thermal diffusivity in both of

material directions. The decrease in this parameter is

stronger in parallel direction (through plane—Fig. 1) to

applied pressure (during PH process) than for perpendic-

ular one (in plane, in direction of graphene flakes). This

anisotropy reaches almost 110 % for 10 mass% of GPLs

content (Table 4). It is a result of graphene orientation

formed during the hot-pressing process.

The results of thermal conductivity presented in Fig. 12

show that the parameter decreases with graphene addition

and with the grain size in both directions, which is in

accordance with thermal diffusivity (direct measured

result). The calculated parameter is higher in graphene

flakes direction (oriented, microstructure in Fig. 7) than in
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Fig. 11 Thermal stability, TG signal of hot-pressed aluminum

nitride–graphene Gn(8) composites
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Fig. 12 Thermal conductivity and its anisotropy at room temperature

of hot-pressed aluminum nitride–graphene Gn(8) composites versus
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Table 3 Thermal expansion coefficient versus graphene addition

HP

Sample CTE�10-6/�C-1

0 mass% Gn(8) 4.4

2 mass% Gn(8) parallel 4.8

4 mass% Gn(8) parallel 4.6

6 mass% Gn(8) parallel 5.1

6 mass% Gn(8)

perpendicular

5.4

8 mass% Gn(8) parallel 5.2

8 mass% Gn(8)

perpendicular

4.9

10 mass% Gn(8) parallel 5.4

10 mass% Gn(8)

perpendicular

5.2
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the pressing axis. The anisotropy of conductivity exceeds

100 %. For 4 mass% of GPLs, the anisotropy decreases,

which can be partly connected with small quantity of YAP

phase formation instead of YAG one. The thermal con-

ductivity results in higher temperature (about 300 �C) show

that in the pressing axis (through plane) this property

decreases strongly with GPLs content. For 10 mass% of

GPLs, this value reaches around 40 W m-1 K-1, which is

50 % of the pure polycrystalline aluminum nitride (refer-

ence one). In the perpendicular direction, the decrease in

thermal conductivity is much lower and the value is above

60 W m-1 K-1 at 300 �C. In accordance with Eq. 2, the

falling down apparent density will cause a decrease in

thermal conductivity of the materials. Looking at the rel-

ative density (Table 1) the small content of porosity,

mostly in the GPLs agglomerates, can be a partial reason

for the thermal diffusivity/conductivity decrease.

Conclusions

The dense AlN–graphene (GPLs) materials were obtained

by hot-pressing method. The applied uniaxial pressure

(during HP process) resulted in graphene orientation in the

composites. Also the increasing GPLs content caused

decreasing in grain size of the matrix. Such microstructure

had an influence on thermal properties of the composites.

The lowering grain size of AlN in combination with gra-

phene particles oriented in perpendicular direction to

applied pressure resulted in high anisotropy of thermal

diffusivity and thermal conductivity. Probably the

decreasing grain size of the matrix was the reason for

lowering thermal properties in both directions of the

material. The orientation of graphene flakes allowed to

obtain higher thermal conductivity in perpendicular direc-

tion to applied pressure (so in plane/in flake direction). The

higher the graphene content, the higher the anisotropy of

heat flow in the composites.
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