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The structure features and properties of nanocomposites based on polyethylene glycol
(PEG) and nanodiamonds were investigated using the methods of X-ray diffraction, differ-
ential scanning calorimetry and optical microscopy. Systems based on crystalline PEG and
detonation synthesized nanodiamonds were prepared by ultrasonic dispersion in melt. It
has been shown that the structure and properties of PEG-based nanocomposites are signifi-
cantly dependent on the content of the nanofillers. It was found that in the concentration
range of 1-1.5 % nanofiller in the system, structural and thermophysical characteristics,
such as crystallinity, effective crystallite size and melting temperature, exhibit extreme
behavior. At these concentrations, the particles of nanodiamonds have the largest surface
of polymer-filler interaction. The concentration dependence of the thermal conductivity
coefficient exhibits percolation-like behavior. This effect is observed when the content of
nanodiamonds is 1 % and is confirmed by optical microscopy data. The phenomenon of a
step-like increase in thermal conductivity is explained by the formation of a structural
network of filler particles in the PEG matrix.

Keywords: nanodiamonds, nanocomposites, polyethylene glycol, X-ray diffraction, dif-
ferential scanning calorimetry, thermal conductivity.

Bnane HaHOaaMa3iB Ha CTPYKTYpPY Ta Temao(i3udHi BIACTHBOCTI CHCTEM Ha OCHOBI
nogaiernnenriikoaio. EAJucenrxos, 1.11.Jlucenkosa

HocaimxeHo CTPYKTYPY Ta BJIACTUBOCTI HAHOKOMIIOBUTIB HA OCHOBI IOJieTUJEHTIIKOIIO
(IIET") ta namoanmasie. CrucTeMu Ha OCHOBI HaHOAJNIMas3iB JAETOHATOIIHHOTO CUHTE3Y T4 KPUC-
Taniunoro IIEI' omepsxano MeTooM yJILTPasBYKOBOTO AUCIEPTYyBaHHA y posniasi. Ilokasano,
110 CTPYKTYPa Ta BJIACTHUBOCTI HaHOKOMIIO3UTiB Ha ocHOBi IIEI' icroTHO 3aymemars Bifg BMicTy
HAHOHATIOBHIOBaUa. BeTaHmoOBIeHO, IO y AiamasoHi KoHmenrpariini 1-1,5 % HamOHamOBHIOBA-
Yya y CHCTeMi CTPYKTYpPHI Ta TemysodismuHi XapaKTepUCTUKHU, TaKi AK CTYIiHbL KpuUcTaid-
HOCTi, eeKTUBHUNE PO3MIp KPUCTAJNITIB Ta TeMIleparypa TJaBAEHHS, MPOSABIAIOTL €KCTpe-
MaJbHy moBeAiHKy. Ilpm 1iti KoHIeHTpallili YacTHHKM HaHOAJIMas3iB MaTh HaHbimbIly moO-
BEPXHIO B3aeMofgil mnoaimep-mamoBHioBau. KoHmeHTpamifina samesxuicTs Koedimienra
TEILIOTIPOBITHOCTI TPOABIIAe TMepKoAAlifiHo moAibuy moeegiuky. Lleit eeKT cmocrepiraeTnesa
npu BMmicTi maHoasmasie pismomy 1 % i migTBepAIKyeTbCS AAHUMU ONTUYHOI MiKpOCKOMii.
SBuie cXOAMHKOMOAIGHOTO 3POCTAHHA TEIJIOMPOBIAHOCTI MOACHIOETHLCA YTBOPEHHAM CTPYK-
TypHOI ciTKU i3 yacTuHOK HamoBHIoBaua y matpuni IIET.

HccmenoBanbl CTPYKTYPBI M CBOMCTBA HAHOKOMIIOSUTOB HA OCHOBE IIOJUITUIEHTIUKOJA
(IT9T') m manoanmaszos. CucTeMBl HA OCHOBE HAHOAJMASZ0B JAETOHATOIIMOHHOIO CHHTE3a M KPUCTAJ-
aungeckoro IIOT' mosyueHsl MeTOAOM YJIBTPA3BYKOBOI'O IHCIEPrupoBaHusd B pacmiaase. Ilokasano,
YTO CTPYKTYypa U CBOMCTBA HAHOKOMIOZUTOB Ha ocHOBe IIOI' cyliecTBEHHO 3aBHCAT OT COIEpKAa-
HUS HAIIOJIHATENA. ¥ CTAaHOBJIEHO, UTO B JUAIIasoHe KoHIeHTpauuii 1-1,5 % HaHOHAONHUTENA B
cucTeMe CTPYKTYPHBIE M TeILIOPUINUEeCKHe XAPAKTEPUCTUKH, TAKMe KAK CTeIeHb KPHCTAJJINY-
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HOoCTH, 2(deKTUBHBIN pasMep KPUCTAJJINTOB M TEMIEpArypa IUIABAeHUSA, MPOABIAIT JKCTPeE-
MaJbHOe ToBefeHMe. IIpm 9ToH KOHIEHTPAIUMY YACTUIEI HAHOAJIMA30B WMEIOT HAWOOJBIITYIO
TIOBEPXHOCTL B3ANMMOAENCTBUA MOIUMED-HATIONHUTETh. KOHIeHTpAIMOHHAA 3aBUCHUMOCTE K03(-
GUITIEeHTa TETUIOTTPOBOAHOCTY TIPOABJAET TEPKOJAIMOHHONONL00HOE ToBefeHMe. OTOT 3(DGheKT
HabI0IaeTCHd TIPU COAEP/KAHNY HAHOANMAa30B, paBHOM 1 % , ¥ HMOATBEpIKIaeTCA JAHHBIMU OITU-
YecKOl MUKPOCKONIUHU. SIBJeHME CTYyIeHeoOpasHOTo POCTa TEILUIOTIPOBOAHOCTY OOBACHAETCA 00pa-
30BAHMEM CTPYKTYPHOH CeTKM M3 UACTUI HATONHUTEN s B Matpuile IIOT.

1. Introduction

In the last decade, polymer nanocompo-
sites, as a new class of functional materials,
have been the subject of intense research [1, 2].
The rapid research of these materials is ex-
plained by the fact that they have improved
functional properties (mechanical stability,
durability and thermostability) compared to
unfilled polymers. The improvement of the
polymer characteristics occurs already with
the introduction of a small amount of filler
(~ 1-3 %) [3]. In addition to their applied
nature, polymer nanocomposite systems are
of fundamental interest. Nano-scale fillers
have a very large specific surface area, but
the mechanism of their influence on the
polymer matrix is not fully understood. Re-
cent studies in this area have focused on the
improvement of synthesis methods and
characterization of the physical properties
of polymer nanocomposites [4].

Today, one of the most promising fillers
for creating polymer nanocomposite materi-
als is carbon nanofillers, such as carbon
nanotubes, graphene, fullerenes, and nano-
diamonds [5—7]. Among carbon fillers,
nano-diamonds (ND) are of particular inter-
est, which are characterized by extremely
high mechanical strength and high thermal
conductivity [6]. The advantages of ND are
their non-toxicity and biocompatibility [8],
which allows them to be used to create ad-
vanced biomedical materials [9].

Polymer nanocomposites containing nano-
diamonds have improved functional charac-
teristics and are used in various fields of
production. For example, with the introduc-
tion of 1 % ND, Young’s modulus of the
nanocomposites based on polyvinyl alcohol in-
creased 2.5 times compared to the unfilled
matrix [10].

With an increase in the filler content,
the thermal conductivity coefficient of such
nanocomposites sharply increases, signifi-
cantly exceeding the calculated values, espe-
cially at a low ND content. Song et al. [11]
reports on the creation of polymer nanocom-
posite materials based on cellulose and ND
with a maximum thermal conductivity of
5.37 W/m-K. However, there are works that
state that when 5 % ND was introduced
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into the polyvinyl alcohol matrix, the ther-
mal conductivity of the system was
0.18 W/m-K, even when the content of
nano-filler reached 5 % [10]. Also, the in-
fluence of ND on the structure and thermo-
physical properties of polymer nanocompo-
sites has not been fully established. Various
authors report that the introduction of ND
leads to an increase in the crystallinity of
the thermoplastic polymer matrix [12, 13];
however, for the majority of polymer nano-
composites, the crystallinity decreases with
the introduction of nano-fillers such as
carbon nano-tubes and montmorillonite [14].
Consequently, the effect of ND on the struc-
ture and thermophysical properties of poly-
mer nanocomposites requires a deeper study.
To solve this fundamental problem, we stud-
ied a polyethylene glycol-nanodiamond sys-
tem, which is, for example, potential material
for biomedical applications and nanocompo-
sites with increased photo-oxidation resis-
tance and long service life [13].

2. Experimental

Polyethylene glycol (PEG-1000)
HO[-CH,-CH,-0-],H (n = 22) with a molecu-
lar mass of M, = 1000 (Aldrich) was used as
a polymer matrix. Its density at T = 293 K
was p, = 1093 kg/m3. PEG-1000 is a solid.
Before using, PEG-1000 was dehydrated by
heating in vacuum (2 mm) at residual pres-
sure p = 270 Pa and temperature T = 363 K
during 5 h.

Ultradispersed nano-diamonds (UDND)
("ALIT” Ltd., Ukraine) with a spherical shape
were used as a filler. UDNDs are formed when
unbalanced oxygen explosives detonate in the
absence of additional carbon sources. The aver-
age particle size of UDND is near 20 nm and
the specific surface area is 200 m?2/g.

The composites were obtained by adding
the appropriate weights of filler to PEG-
1000 at T = 363 K (viscosity is 30 mPa-s)
with subsequent 5 min sonication of the
mixture using a UZDN-2T ultrasonic dis-
perser at frequency of 22 kHz and the
output power of 150 W. A series of sam-
ples with the content of UDND in the
range of 0.5-5 wt.% (hereinafter, %)
were investigated.
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Fig. 1. Micrographs of the nanocomposites based on PEG. UDNDs content: a) 0.5 %; b) 1 %; ¢) 2 %.

The structure of composite at a small
spatial scale was investigated using a wide
angle X-ray diffraction (XRD) instrument
DRON-2 (Bourevestnik, Inc., St. Peters-
burg, Russia) with Cu K, source of emission
at a wavelength A = 0.154 nm.

The effective crystallite size L in the
PEG-1000 based nanocomposites was esti-
mated from the Scherrer equation, which
can be used if the crystal is smaller than
100 nm [15]

L = oA/ Bcosh,,,, (6))

where o is the coefficient accounting for the
form of the correlation zone (it is close to
unity, o = 0.9), P is the full width of a peak
at half-maximum (FWHM) expressed in ra-
dians of 20 (width measured in 26 degrees
and then multiplied by n/180), 0,, is a half
of the diffraction angle corresponding to
the position of the scattering peak. For cal-
culation of L, the most intensive maximum
in the XRD pattern was used.

XRD patterns were used also for deriva-
tion of the relative fractional crystallinity

of PEG-1000 based nanocomposites, Xxprp,
defined as the ratio [16]:

XxrD = Qc/ Q- (2)

Here, @, is the part of area under the
diffraction peak that correspond to the
crystalline structure and @, is the total area
under of the diffraction peak.

We obtained endothermic curves of melt-
ing by means of a Perkin Elmer DSC-2 dif-
ferential scanning calorimeter (Germany;
modified and equipped with an IFA GMBH,
Ulm, software). The samples (20—-30 mg)
were packed in aluminium pans. Each sam-
ple was examined in the temperature range
from 270 to 370 K at 2 K/min. The frac-
tional crystallinity of PEG-1000 based nano-

composites, X pgc, Was calculated as

Xpsc = AH,,/AHY, (3)
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where AH,, is the heat of melting of the
nanocomposite under investigation and
AH‘,)n is the heat of melting of 100 % crys-

talline polymer (= 165.5 J/g [17]).

The thermal conductivity of the speci-
mens was measured by an IT-A-400 heat
conduction meter. To raise the accuracy, the
measurements were repeated three times
with each specimen with subsequent averag-
ing of the results. The error of measure-
ments was less than 5 %.

An optical microscope (Ningbo Sunny In-
struments Co., Ltd, China) with a digital de-
vice mounted into its eyepiece and connected
with a computer was used for obtaining
micro-images. The specimens were placed in a
glass cell 100 um thick and their images were
recorded with a magnification of x40.

3. Results and discussion

3.1. Structural features of the PEG-
UDNDs system

For most polymer nanocomposites, with
an increase in filler content, interactions
between individual nanoparticles become
stronger than polymer-filler interactions.
As a result, in such systems, a structural
percolation transition is observed at some
threshold concentration of nanoparticles. In
this case, the nanoparticles or their aggre-
gates form a network that permeates the
entire volume of the material.

Microscopic images of PEG-based nano-
composites with different concentrations of
UDND in the range from 0.5 % to 2 % at
T =343 K are shown in Fig. 1. It can be
seen that when the UDND content is lower
than the percolation threshold (<1 %),
nano-diamonds form single clusters that do
not connect. At concentrations near the per-
colation threshold (=1 %), UDNDs begin to
form large agglomerates. Upon reaching the
percolation concentration, a continuous per-
colation cluster is formed. At concentra-
tions greater than 1 %, the UDND clusters
begin to grow, forming a percolation net-
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work. Such a low percolation threshold is
typical for most of the studied polymer —
nanodiamond systems [10, 18, 19].

Fig. 2 shows the XRD patterns of the
system based on PEG and UDNDs. Presence
of sharp (crystalline) and broad (amorphous)
peaks for all the samples confirms the two-
phase morphology [20]. As can be seen, the
patterns of PEG-UDNDs nanocomposites con-
sist of two major crystalline peaks at 20 = 19°
(d=4.63A) and 20=23.1° (d=3.80 A).
Since the PEG-UDNDs nanocomposites have
a crystalline structure, it is possible to cal-
culate their effective crystallite size using
the Scherrer Eq. (1). Table 1 shows the
FWHM values, peak positions and calcu-
lated using Eq. (1) crystallite size for the
PEG-based systems. To calculate the effec-
tive crystallite size for each nanocomposite,
the half-width of the most intense maxi-
mum (20 = 23.1°) was used.

Table 1 shows that the angular position
of the crystalline peaks of PEG-1000 is
practically unchanged. When filled with
UDND, their half-widths are almost un-
changed, however, their weak extreme de-
pendence on the content of the nanofiller is
observed. For this reason, the effective
crystallite size (Table 1) also exhibits a
weak extreme dependence. This indicates
that the introduction of UDNDs slightly af-
fects the formation of crystallites by PEG
macromolecules during crystallization.

For a more detailed analysis of the effect
of the content of nanoscale fillers on the
structure of nanocomposites based on PEG-
1000, the relative crystallinity yxxrp of
these systems was evaluated. To estimate the
relative crystallinity of the samples, Eq. (2)
was used. The calculated values of the rela-
tive degree of crystallinity for the systems
based on PEG-1000 are given in Table 1. It is
seen that the introduction of the filler, al-
though it has little effect on the effective
size of the crystallites, but has a significant
effect on the degree of crystallinity of PEG.
This fact can be explained by the large spe-

0 5 15 20 25 30 35 40 45

26, deg
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Fig. 2. Wide-angle X-ray diffraction patterns
for unfilled PEG-1000 (1) and systemsfilled
with UDND: 0.5 % (2); 1.5 % (3); 3 % (4);
5 % (5). For clarity, the curves are shifted
along the x-axis.

cific surface of the UDNDs and the peculi-
arities of the packing of their particles.

3.2. Thermophysical properties of the
PEG-UDNDs system

In the next stage of studying the influ-
ence of UDND content on the structure and
properties of nanocomposites based on PEG-
1000, their thermophysical properties were
investigated. Fig. 8 shows the melting endo-
derms of the PEG-based nanocomposites ob-
tained by the DSC method, and Table 2
shows the basic thermophysical charac-
teristics.

Fig. 3 and Table 2 show that the intro-
duction of nanodiamond particles has a sig-
nificant effect on the polymer matrix of
PEG-1000. It can be seen that the melting
point of the studied systems exhibits ex-
treme behavior. With an increase of the
UDND content, the melting point first de-
creases, reaching a minimum value at the
filler content of 1 %, and then increases
again. Similar effects were observed in the
literature for example, for PEG-1000 and
laponite based nanocomposite systems. The

Table 1. Structural characteristics of nanocomposites based on PEG-1000

Sample 6°,, £0.1° p°. £0.05° L, nm+0.05 nm Xxrp» %%0.1 %
PEG-1000 23.1 0.70 12.70 58.6
PEG-0.5 % UDNDs 23.1 0.75 12.50 49.8
PEG-1 % UDNDs 23.1 0.80 12.35 44.7
PEG-3 % UDNDs 23.1 0.75 12.50 46.2
PEG-5 % UDNDs 23.2 0.70 12.70 49.0

Functional materials, 27, 4, 2020
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Fig. 3. DSC curves for unfilled PEG-1000 (1)

and systems filled with UDNDs: 0.5 % (2);
1.5(3); 3 % (4); 5% (9).

authors explain these effects by forming
nanoparticles in a structural network [21].

From the thermophysical data, the crys-
tallinity of the PEG-based nanocomposites
was calculated using Eq. (3). Table 2 pre-
sents the values of crystallinity calculated
by Eq. (3). It can be seen that ypgc also
exhibits extreme behavior and reaches a
minimum value at the UDND content of
1 % in the system. It should be noted that
the degree of crystallinity determined by
different methods differs in absolute wval-
ues, although it shows a similar dependence
on the content of the filler. This is because
the DSC method allows one to determine the
true crystallinity, while X-Ray diffraction
and Eq. (2) [16] give relative crystallinity.

To explain the influence of UDND on the
structural and thermophysical features of
the polymer matrix, all the results obtained
are summarized in Fig. 4. Fig. 4 shows that
the studied parameters exhibit extreme be-
havior with a minimum in the concentration
range of the filler from 1 % to 1.5 %.

At a low content of UDND (<1 %), the
developed surface of the filler impedes the
processes of thermal motion of molecules of
the polymer matrix and, thus, affects its
thermophysical properties. At a UDND con-

Zap”® L, nm T . K Zpso?
6012,75 r 80
12.70 +310,5

58412,70 L
1265 F310,0 78
56 124,69 1
L3095 [ 70
54 112,60 65
12,55 ] I309,0
524 60
] 3085 [
501250 .
] 3080
14811245
12.40 4 307,5 -50
464 -
12,35 F307,0 45
44
12,30 306,5 L40
UDNDs content, %

Fig. 4. The effective crystalline size, melting
temperature and crystallinity vs. UDNDs con-
tent for PEG-based systems.

centration of 1 %, the crystallinity and
melting point decrease, and a network is
formed, similar to the percolation network
of carbon nanotubes [22]. These data not
only correlate with the literature data, but
are also confirmed by the results of optical
microscopy (Fig. 1). When the content of
the filler is greater than 1 %, the nanopar-
ticles begin to form aggregates (possibly not
wetted by the matrix); this leads to a de-
crease in the surface of the filler, which is
able to interact with the matrix. As the con-
centration of the filler increases above the
percolation threshold, the structural and
thermophysical characteristics of the compos-
ites practically change to the values corre-
sponding to the unfilled PEG-1000 matrix.

3.3. Thermal of PEG-
UDNDs systems

conductivity

One of the main thermophysical charac-
teristics of nanocomposite materials is ther-
mal conductivity, which depends on many
factors. In particular, the value of the ther-
mal conductivity of polymer-nanodiamond
systems is highly dependent on the quality of
contacts between the filler particles, which
can either conduct heat or dissipate it. Fig. 5
shows the experimental results of the depend-
ence of the thermal conductivity coefficient
on the content of filler for PEG-UDND nano-
composites. It is seen that the concentration

Table 2. Thermophysical characteristics of nanocomposites based on PEG-1000

Sample T,, Kt0.1 K AH,, J/g+0.1 J/g Xpscs £0,1 %
PEG 310.3 124.8 75.4
PEG + 0.5 % UDNDs 307.7 111.2 67.1
PEG + 1 % UDNDs 307.0 74.1 44.7
PEG + 3 % UDNDs 308.0 102.8 62.1
PEG + 5 % UDNDs 310.3 114.7 69.3
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Fig. 5. Thermal conductivity vs. UDNDs con-
tent for PEG-based systems.

0,2

dependence of the thermal conductivity co-
efficient is nonlinear. The increase in ther-
mal conductivity is related to the contribu-
tion of UDND to the thermal conductivity
of nanocomposites, which are characterized
by a much higher coefficient of thermal
conductivity (A = 50-500 W/m-K) [23] com-
pared to the polymer matrix of PEG (A =
0.4 W/m-K) [24].

Achievement of the thermal conductivity
values of the nanocomposite commensurate
with the thermal conductivity of nano-
diamond is hindered by the presence of a
developed polymer-nanofiller interface, and
the energy loss due to the low thermal con-
ductivity of the contacts is of decisive im-
portance [25]. The sharp increase in the co-
efficient of thermal conductivity in the con-
centration range of 1-1.5 % UDND is due
to the percolation process, in which nano-
diamonds form a heat-conducting network
in the polymer matrix. These data correlate
well with the results of optical microscopy,
structural and thermophysical charac-
teristics, which confirm the structural
change in the UDND concentration range
from 1 % to 1.5 % . It should be noted that
with the UDND content of 5 %, the thermal
conductivity of the system increases to
1.1 W/m-K, which makes this material
promising for practical application in the
field of thermal power equipment.

4. Conclusions

The effect of nanodiamond filler on the
structure and properties of polymer nano-
composites based on polyethylene glycol was
studied. It was found that the introduction
of UDNDs leads to a change in the struec-
ture of the polymer matrix. These changes
affect the microstructure: filler particles

Functional materials, 27, 4, 2020

form a continuous cluster of their aggre-
gates at a UDND concentration of 1 % . The
effect of nanoparticles on the formation of
PEG crystallites has been also revealed.
From the DSC data, it can be seen that the
introduction of UDNDs leads to an extreme
change in the crystallinity of the system,
which first decreases and then increases.
This extreme behavior is observed for both
the melting temperature and the effective
crystallite size. The crystallinity and other
characteristics are minimal in the UDND
concentration range of 1-1.5 %. Based on
thermal conductivity studies, it has been
shown that an increase in the content of filler
leads to a nonlinear change in the coefficient
of thermal conductivity of polymer nanocom-
posites based on PEG. Concentration depend-
ence of thermal conductivity has a percola-
tion-like behavior. The most rapid change in
thermal conductivity is observed in the con-
centration range of 1-1.5 %3 this correlates
well with the change of other studied charac-
teristics and is explained by the formation of
a thermal conductive network of filler parti-
cles and their aggregates.
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