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Abstract
Inorganic water-glass-based thermal pastes exhibit a higher thermal conductivity coefficient than silicon-based

pastes. They can also be used at elevated temperatures. The dependence of thermal conductivity on filler content,
curing agent, urea and hybrid fillers is studied. Special attention is paid to the curing chemistry of the thermal pastes
during manufacturing. As a result, a number of composite materials with a significant improvement in thermal
conductivity has been produced.
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I. Introduction
Heat dissipation in LED installations limits any increase

of the lighting power of installations with a constant num-
ber of diodes 1 – 3. However, despite rather high thermal
conductivity values of some silicon-based pastes (more
than 4.0 W/m⋅K), the use of silver filler does not make them
cost-effective for industrial application.

Commonly used silicon-based pastes have a thermal
conductivity coefficient of no more than 1.0 W/m⋅K.
Accordingly, a new composite material to intensify heat
transfer between the LEDs and cooler is desirable. Sev-
eral works deal with epoxy-matrix composites with en-
hanced thermal conductivity 4 – 9, however, such materials
have a number of disadvantages, such as a narrow work-
ing temperature range, radiation decomposition, expen-
sive fillers and low-thermal-conductive matrix. The only
way to solve the problem of efficient heat dissipation is
to study inorganic-matrix composite materials. Paper 10

pays special attention to the application of water-glass-
based thermally conductive composite material as thermal
grease. Magnesium-oxide-water glass compounds have
a thermal conductivity coefficient (1.73 W/m⋅K) that is
higher than that of silicon-based compounds. However,
their enormous porosity (40 – 46 %) affects the thermal
and mechanical properties, which could cause the com-
posite material to suffer thermal stress during use.

Moreover, the above paper has emphasized the possibil-
ity of high-temperature application in thermal emission
nuclear installations as grease between C-C refrigerator
radiator plates and stainless steel heat pipes.

Further development is, in our opinion, mainly connect-
ed, with decreases in and modifications to the porosity of
the composite materials with highly thermally conductive
aids.
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II. Experimental

The following reagents were used to obtain the samples:
magnesium oxide (pure for analysis), water glass (“Stekol-
noe proizvodstvo” Ltd., molar ratio SiO2/Na2O 3:1, den-
sity 1.42 g/sm3), sodium silicofluoride (pure for analysis),
urea (pure for analysis) and graphite powder (Gl1 mark).

The components were weighed in Vibra HT-220 CE ana-
lytical scales (± 0.0001 g), placed in a mortar and ground
for 5 – 7 min. In a small crucible, the binder was weighed,
the ground filler, curing agent and stabilizer were added,
and then mixed to obtain a homogeneous mass with high
viscosity. The mixture was tableted by filling it into cylin-
drical cells (diameter 10.0 mm, depth 3.5 mm) in a flat
square fluoroplastic mold.

The samples were left in the air environment and at room
temperature until the first step of drying and solidifica-
tion was accomplished. The two processes occur simulta-
neously, but the duration varies for the different materials
from a couple of hours to several days. The material can
solidify or be in a half-hard tempered condition that is suf-
ficient for further handling and processing.

The samples were removed from the mold and dried by
heating at 150 °C for 1 h until evaporation of the volatile
components was almost complete, and shrinkage and so-
lidification were sufficiently complete in order to allow
further heat treatment. The next technological step was to
calcine the samples at a temperature of 650 °C without any
prior aging.

The samples were mechanically processed to the dimen-
sions required for analysis. The final samples with a weight
of about 1 g in a tablet form were analyzed to determine the
following properties:
• Bulk density (g/cm3)

q = m/V (1)
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where m is the sample weight and V is the geometric vol-
ume;
• Water absorption in a vacuum (percent):

V = mw · 100/ms (2)

where mw is the weight of the absorbed water weight and
ms is the weight of the dried sample;
• Open porosity (percent):

P = mw · 100/V (3)

The tablets were weighed and the dimensions were mea-
sured with a thickness gauge (± 0.01 mm). The samples
were placed in distilled water and vacuum in a VDO3.5
“Templopribor” drying oven equipped with a 2NVR5DM
pump (the ultimate residual pressure 6.6⋅10-4 Pa). After
15 min holding for maximum water absorption, the sam-
ples were weighed. Eqs. (2) and (3) were used to calculate
water absorption and porosity.

The results obtained are shown in Table 1.
The composite material samples were analyzed with Set-

sys Evolution equipment to study the optimal technolog-
ical temperatures and physical-chemical processes during
material hardening of the water-glass-based composite.

The heating rate was 3 °C/min and argon flow rate was
20 ml/min.

After being calcined at 650 °C, several samples were
ground in a Retsch P100 planetary mill and the pow-
der obtained underwent x-ray diffraction analysis con-
ducted with a Shimadzu XRED-7000 x-ray diffractome-
ter.

Thermal conductivity was measured according to the
laser flash method with a NETZSCH LFA 457 Mi-
croFlash at room temperature. Three samples in each
parallel form for every set were measured seven times
to increase measurement accuracy. The MicroFlash Sys-
tem measures thermal diffusivity and specific heat capac-
ity and allows calculation of the thermal conductivity
coefficient. The thermal conductivity is defined as k =
(Q/A)/(DT/DL), where (Q/A) is the heat flux; Q is the
amount of heat passing through a cross-section A of a
sample; (DT/DL) is the resultant thermal gradient (where
DT temperature difference; DL length along the heat
flow).

The specific heat can be measured with the laser flash
method by comparing the temperature changes of the in-
vestigated and a reference sample tested under the same
conditions 11.

Table 1: Thermal conductivity and porosity evaluation of thermal grease samples (g – volume filling; P – open porosity;
V – water absorption; q – bulk density; Ph – porosity change after calcination; Vh – water absorption change; qh – density
change)

No g
Thermal

conductivity
W/(m K)

Material proper-
ties after drying at 150 °C Material properties after calcination at 650 °C

P V q P Ph V Vh q qh

1 0.2 1.44±0.04 9.01 5.63 1.61 13.69 52 9.2 63 1.49 -7

2 0.25 1.48±0.04 19.21 10.93 1.76 20.92 9 12.97 19 1.61 -8

3 0.27 1.77±0.05 20.98 11.83 1.77 25.34 21 15.64 32 1.63 -8

4 0.28 1.68±0.05 22.61 12.04 1.87 26.42 17 15.42 28 1.71 -9

5 0.25 1.94±0.06 11.16 6.68 1.67 20.2 81 13.48 102 1.5 -1

6 0.25 2.03±0.06 6.87 4.05 1.71 18.18 165 11.74 190 1.55 -9

7 0.25 1.87±0.06 13.69 8.25 1.66 16.31 19 10.68 30 1.53 -8

8 0.25 1.87±0.06 14.24 8.81 1.75 18.27 21 10.32 15 1.61 -8

9 0.25 1.84±0.05 11.42 6.69 1.71 24.5 115 15.72 135 1.56 -9

10 0.25 1.71±0.05 19.12 12 1.59 25.96 36 17.96 49 1.44 -9

11 0.25 1.67±0.05 19.48 13.36 1.58 23.4 20 16.45 33 1.43 -10

12 0.25 2.27±0.07 12.21 7.41 1.65 15.53 27 10 35 1.55 -6

13 0.25 2.22±0.07 3.86 2.56 1.51 11.67 202 8.24 222 1.42 -6

14 0.25 2.00±0.06 4.43 3.03 1.54 17.5 278 12.16 301 1.45 -6

15 0.25 1.53±0.05 3.6 2.63 1.35 18.79 422 14.55 453 1.29 -5

16 0.25 1.59±0.05 17.28 13.26 1.3 23.4 35 19.12 44 1.22 -6

17 0.47 3.70±0.10 3.09 2.19 1.41 20.26 556 15.02 585 1.35 -4

18 0.35 3.09±0.09 7.45 4.69 1.57 15.6 110 10.4 122 1.5 -5
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The thermal diffusivity a of a medium is the thermophys-
ical property that determines the speed of heat propaga-
tion by conduction during changes of temperature over
time. The higher the thermal diffusivity, the faster the heat
propagation. Thermal diffusivity is related to thermal con-
ductivity k, specific heat Cp and density q as follows:

a = k/q⋅Cp (4)

The standard configuration was used with a 200 – 300 ls
pulse width.

III. Results and Discussion
Obviously, the application of a curing agent considerably

affects the physicochemical curing processes in the com-
posite material; it is therefore advisable to analyze the dif-
ference between water glass and magnesium oxide mix-
tures and the same mixtures with a curing agent.

At 137 °C a strongly pronounced endothermic effect
(327.7 J/g) is observed, which is the result of water evap-
oration from the binder (Fig. 1). The total moisture loss
is 26.98 %. At the further exothermal peak, the compos-
ite material is absolutely anhydrous. The exothermal ef-
fect (47.12 J/g) at 787 °C is conceivably due to crystalliza-
tion of the amorphous silica contained in the water glass,
which confirms the data in 12. As the composite materials
were prepared as described above, the thermal conductiv-
ity of samples containing amorphous silica was measured.
No step-wise changes of thermal conductivity of compos-
ite materials with crystalline and amorphous silica were
observed.

Na2Mg5Si12O30 and Na2MgSiO4 were calcination
products.

The following studied sample was a mixture of water
glass, magnesium oxide, and sodium fluorosilicate as a cur-
ing agent. Fig. 2 shows a thermogram of the sample.

The absorbed water evaporates at 133 °C with an en-
dothermic effect 239.91 J/g. The total moisture loss is
25.68 %, that is evidently slightly different from the pre-
vious one. The sample was completely dehydrated by
700 °C. It should be mentioned that three major exother-
mal peaks in the thermogram are observed at 640 °C
(21.62 J/g), 721 °C (17.16 J/g) and 890 °C (14.17 J/g). Two
tiny minor peaks could be observed at 606 °C (0.65 J/g)
and 820 °C (0.51 J/g).

Fig. 1 : Thermal analysis of magnesium oxide and water glass mix-
ture.

Fig. 2 : Thermal analysis of magnesium oxide, water glass and sodi-
um fluorosilicate mixture.

These effects could be conceivably interpreted in the fol-
lowing way:

The sodium fluorosilicate reacts with the hydroxide at
606 °C:

Na2SiF6 + 4OH- = NaF + Si(OH)4 + 4F- (5)

In turn, fluoride ions react with the alkali that is part of
the water glass at 640 °C with a significant thermal effect,
which is confirmed with thermodynamics calculations.

NaOH + F- = NaF + OH- (6)

Amorphous silica crystallizes at lower temperatures
(721 °C) owing to the chemical hardening.

Peaks at 820 and 890 °C can be accounted for by silica
polymerization with the formation of complex silicates
(Na2Mg3Si6O16, Na2Mg5Si12O30 and Na2MgSiO4)

The chemical reaction in the water glass system can be
presented in the following way:

MgO + N2SiO3
⋅6H2O → Na2Mg5Si12O30 → Na2MgSiO4

A significant endothermic effect is observed at 963 °C
(27.79 J/g), which could be explained by the melting of the
sodium fluoride (melting point 993 °C);

In the first set of the samples (1 – 4), the dependence of
thermal conductivity on the magnesium oxide volume fill-
ing (20 – 28 vol%) with the addition of sodium fluorosil-
icate (15 wt% of binder weight) was studied. Obvious-
ly, a decrease in open porosity is observed in comparison
with composite materials without a curing agent. Thus,
the average porosity was about 20 %. It should be point-
ed out that the first sample has shown less porosity owing
to lower viscosity during filling of the mold, which sig-
nificantly affects porosity during formation. The highest
thermal conductivity of the set (1.77 ± 0.05 W/(m⋅K)) was
observed with 27 vol% magnesium oxide filling, which
shows the effect of considerable structure porosity on the
thermal conductivity of the composite material. There-
by, inevitable minimal porosity prevents a further rise in
thermal conductivity on increase in the magnesium ox-
ide filling content. Moreover, the important porosity de-
crease (by 20 – 25 %) in comparison with composite mate-
rials without hardening compound does not lead to a step-
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wise increase in thermal conductivity. To clarify the men-
tioned above issue, the second set of the samples (5 – 8)
was prepared with a different hardening compound con-
tent (from 5 to 25 wt% of the binder weight) and the same
25 % magnesium oxide volume filling.

A drastic decrease in the thermal conductivity of com-
posite materials with 15 wt% hardening compound was
observed (Fig. 3). This could be explained as follows: at a
low sodium fluorosilicate content (5 – 10 wt%), it fully re-
acts with alkali in water glass with the formation of sili-
ca sol acid. The increase in the Na2SiF6 content leads to
the accumulation of sodium fluorosilicate at the surface of
magnesium oxide particles, which results in the decrease
in thermal conductivity. The further increase in the con-
tent of curing agent content causes a decrease in porosi-
ty (from 20 to 14 %) and obviously an increase in thermal
conductivity to 1.87 W/(m⋅K), which is explained based
on the overall rise in the filling content owing to unreacted
sodium fluorosilicate.

Fig. 3 : Thermal conductivity of the third samples set with different
Na2SiF6 content.

The residual sodium fluorosilicate content is confirmed
by means of x-ray diffraction analysis (Fig. 4).

Fig. 4 : X-ray diffraction analysis of water glass, magnesium oxide
and sodium fluorosilicate mixture.

The third set of the samples (9 – 11) was used to study the
influence of urea on the thermal conductivity and struc-

ture of composite materials. The compound for the third
set of samples was a mixture of magnesium oxide, water
glass, sodium fluorosilicate and urea (5 – 15 wt%). Physi-
co-chemical processes as shown in the thermogram (Fig. 5)
are similar to those of the previous set.

Fig. 5 : Mixture of MgO, water glass, Na2SiF6 and urea.

Thermal conductivity decreases with increasing urea
content, but it should be mentioned that measured data
are still 24 % higher than those of samples without urea.
On the basis of the experimental data, it is obvious that the
optimal urea content is 5 wt%.

A change in the porosity of the samples was not ob-
served, thus the considerable increase in thermal conduc-
tivity could only be explained based on phase content
and/or material structure. According to x-ray diffraction
analysis (Fig. 6), sodium fluoride and unreacted sodium
fluorosilicate were not observed, at the same time sodium
peroxide and sodium oxide were found. In light of the ab-
sence of a strong oxidizer, the emergence of sodium per-
oxide remains unclear.

Fig. 6 : X-ray diffraction analysis of composite material with urea
addition.

Neither sodium oxide nor sodium peroxide has sufficient
thermal conductivity; moreover paper 10 points out that
an increase in the content of sodium oxide content leads
to a decrease in thermal conductivity. It was suggested
that the lack of sodium fluorosilicate, which has extremely
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low thermal conductivity coefficient, at the magnesium
oxide particle surface, results in an increase of the heat flow
at the filler (magnesium oxide) and binder (water glass)
boundary.

One special interest is the influence of graphite powder
on the thermal characteristics of composite materials. It
is generally known 13 – 15 that graphite is an anisotropic
material and, as a result, its thermal conductivity varies
in a wide range depending on the direction of heat flow.
However, even the smallest graphite thermal conductivity
value is more than 90 W/(m⋅K), which is four times higher
than the thermal conductivity of magnesium oxide.

The fourth set of samples was prepared with an equal vol-
ume filling content and with a different C:MgO weight
ratio. The following dependence was observed, that is
that an increase in the C:MgO ratio effects a considerable
decrease in thermal conductivity from 2.27 W/(m⋅K) to
1.53 W/(m⋅K). As the composite materials have an equal
volume filling content and magnesium oxide and graphite
have different densities, the weight filling content decreas-
es, which clarifies such a dependence.

The lower the weight filling content and the lower the
viscosity of samples during filling, the lower the poros-
ity of a material was obtained after its formation. The
highest volume filling achieved with pure graphite filler
was 47 %, that is about two times more than the value
for magnesium oxide (although the weight filling is equal
this case). The sample has the highest thermal conductivity
3.71 W/(m⋅K). The cost of this composite material cost is
equal to that of the silicone-based SPT-1 commonly used
in different branches of industry. But the thermal conduc-
tivity of such a paste is less than 1.0 W/(m⋅K). According to
the achieved results, the industrial application of the new
pastes could be suggested.

The highest volume filling content with a mixed filler
(C:MgO weight ratio 1:1) was 35 %, the thermal conduc-
tivity of such material is 3.09 W/(m⋅K).

The thermogram is shown in Fig. 7.

Fig. 7 : Thermogram of composite material with pure graphite filler.

At 683 °C, intensive burnout of the graphite is observed
(70.55 J/g), and up to 1000 °C the additional composite
material weight loss is 12.65 %. The exothermal reaction
overrides other peaks, this resulted from xerogel forma-
tion as in previous samples. Only two peaks with a suffi-
cient thermal effect are clearly observed, namely: crystal-

lization with the formation of complex silicates and sodi-
um fluoride melting.

Based on the thermogram, graphite presents a prospec-
tive thermal conductive filler for composite material, how-
ever, the working temperatures of such material cannot be
more than 500 °C in an air environment. Therefore calci-
nation of samples for moisture evaporation was conducted
in a nitrogen atmosphere to exclude graphite burnout.

IV. Conclusions
• As a result of moisture evaporating from the binder.

27 % weight loss has a considerable effect on the poros-
ity of the samples. The average porosity of the compos-
ite materials is about 20 %;

• Owing to the addition of curing agent application, the
total porosity of the samples has been reduced, the
sodium fluorosilicate dependence on thermal conduc-
tivity has also been studied. Based on sophisticated
hardening compound content – thermal conductivity
relationship, the optimum quantity of sodium fluo-
rosilicate is 10 wt%.

• According to thermal analysis, the application of urea
as a stabilizer slightly affects the physicochemical pro-
cesses in the chemistry and temperatures of the com-
posite materials, however, phase composition differs
significantly from the other samples, and owing to the
absence of sodium fluorosilicate, a considerable in-
crease in thermal conductivity is observed;

• The highest thermal conductivity of the composite ma-
terial with urea addition is achieved at 5 wt% urea;

• Graphite powder as a filler has a considerable influ-
ence on thermal conductivity (3.71 W/(m⋅K)), mixed
magnesium oxide-graphite (MgO:C 1:1 weight ratio)
filler has a thermal conductivity coefficient of about
3.09 W/(m⋅K);

• Despite the high thermal conductivity of composite
materials with a graphite filler, such materials could be
applied at working temperatures below 500 °C in air
environment or at a higher working temperatures in
vacuum or inert atmospheres;

• Inorganic thermal conductive materials could be wide-
ly applied in LED and microelectronics.
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