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Abstract. Thermally insulating polymer composites are in focus due to the growing industrial demand for sustainable
and energy efficient materials. Polymers are intrinsically poor thermal conductors and this property is further enhanced by
the addition of insulating fillers in the polymer matrix. Rigid hollow glass beads (HGB) containing polymeric composites
are expected to have low thermal conductivities and have additional properties, such as sound proofing, light weight and
improved mechanical properties. Four different types of HGB with varying crush strengths, particle size/distributions and
densities were evaluated in poly(phenylene ether/polyamide (PPE/PA66) blend to further reduce the blend’s intrinsic
thermal conductivity. The results showed that the reduction in thermal conductivity was dependent on density and extent
of breakage of HGB during processing. Amongst all the evaluated HGB, S38XHS grade of HGB could significantly
reduce the thermal conductivity of PPE/PA66 blend.
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Introduction

New regulations on having sustainable and energy efficient
[1,2] building constructions are leading to a renewed focus
on the development of polymer composites with improved
thermal insulation properties. The use of thermally insulating composites as building construction material, will
retard the flow of heat into and out of the building, thereby
retain the room temperature. This will effectively lead to the
overall reduced energy consumption for air conditioning of
the interiors of the building, depending upon the external
environment. These composites, which will form the
structural walls of the building, is expected to be not only
insulating, but also durable, light-weight and corrosionresistant. Studies have shown that polymer composites of
natural fibres [3–6] are known to result in materials with a
combination of properties, such as good thermal insulation,
lightness and good mechanicals, and these properties make
them ideal for thermal insulation applications. Natural fibre
fillers have several attributes, such as low density, good
mechanicals, biodegradable, abundant and most importantly, low-cost. These properties, along with life-cycle
assessment [7] studies of these composites, make it an ideal
choice for making the insulating building material composites. However, the natural fibre is susceptible to absorb
moisture [8], hence, the natural fibre-reinforced composites
may not be the ideal candidates for high-strength durable

components, such as structural walls in the buildings. They
may be used in the manufacture of other composite articles,
such as flask, food containers, internal parts of automotive
and aircraft, where the material have the requirement of
light-weight as well as thermally insulating. Several
research groups have reported polymer composites with
alternate fillers, which are naturally sourced, industrial
wastes [9–12], such as fly-ash cynospheres or commercially
sourced e.g., hollow glass beads (HGB) and glass fibres
[7,13–15]. The trapped gases in most of these fillers are
useful in further reduction of the thermal conductivity of the
resulting composites. It is well documented that polymeric
foams with trapped air/gas bubbles, have reduced thermal
conductivities as compared to the neat polymer itself. The
addition of mineral fillers further decreases the overall
thermal conductivity of the polymer composite. The synergistic effects of gas and mineral fillers in reducing the
thermal conductivity of polymer composites are best realized by the incorporation of HGB into the polymer composites. In our studies, unfilled and glass fibre-filled PPE/
PA66 resin blends were used as insulation materials that are
incorporated into door and window frames to decrease the
thermal conductivity [16]. Further reduction in the thermal
conductivity of the blend of polyphenylene ether and
polyamide was attempted using HGB containing air. PPE/
PA66 is a specialty polymer blend having a wide varieties
of beneficial properties, such as heat resistance, chemical
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resistance, impact strength, hydrolytic and dimensional
stability. The objective of current work is to decrease the
thermal conductivity of PPE/PA66 blend by using different
HGB with varied crush strength, particle size and density.

2.
2.1

2.3 Experimental thermal conductivity of PPE/PA66/HGB
composites

Experimental
Materials

For preparing the composites, PPE/PA66 resin from SABIC
and the 3MTM HGB which are essentially composed of
soda–lime–borosilicate glass was used. The other physical
properties of these K and S series HGB are outlined in the
3M datasheet and the relevant details are summarized in
table 1. Here, the HGB with higher densities have higher
thermal conductivities and vice-versa. Hence, it is desirable
to use the HGB with lower densities, provided they retain
their entities or integrity during the compounding and
moulding.

2.2 Sample preparation by compounding and compression
moulding
PPE/PA66 blended resin from SABIC and HGB from 3M
were taken for the study. PPE/PA66 resin and HGB were
compounded in a twin-screw extruder (L/D * 40) under
optimized conditions to minimize the breakage of HGB
during processing. The optimized processing conditions
were the following: temperature: 300°C, screw speed: 150
rpm, throughput: 8–10 kg h-1 and torque: 55–60. The HGB
fillers were added downstream and screw design used judiciously for just distributive mixing to minimize the breakage. The pellets were dried at 120°C for 5 h in a forced aircirculating oven and injection-moulded into test plaques. All
testing was done using pellets or standard ISO test specimens. All test samples were conditioned for 48 h at 23°C
before testing. The as-prepared composites had 10 and 20%
loading of each grade of the HGB. Owing to the light and
fluffy texture of the HGB, it was difficult to load 20% HGB
in one instance i.e., K25 grade of HGB. Hence, for each
composite, the actual loading was estimated by wt% of glass
beads extracted after charring the compounded pellets. For
all the formulations, the thermal conductivity was measured
on the injection-moulded plaques and breakage of HGB was
Table 1.

The experimental and predicted theoretical thermal conductivities were measured for the as-prepared composites.
The experimental thermal conductivity values, expressed in
units of watts per Kelvin per metre (W m-1 K-1), were
measured according to the guarded heat-flow method as
described in ASTM E1530-06 using a TCA 446/3 instrument obtained from NETZSCH, USA. A disc measuring
40 mm in diameter and 3.4 mm in thickness was used as a
sample for the thermal conductivity measurement. At
thermal equilibrium, the Fourier heat flow equation applied
to the composite sample becomes
Rs ¼ ½½Tu  Tm =Q  Rint

ð1Þ

Rs = thermal resistance of the test sample; Tu - Tm = the
temperature difference between upper and lower plates, in
K; Q = heat flux through the test sample; Rint = total
interface resistance between sample and surface plates.
In this case, the thermal conductivity (k) of the material,
defined by the Fourier’s equation for one-dimensional heat
conduction as
k ¼ d=Rs

ð2Þ

d = sample thickness in metres and k = thermal conductivity
in W m-1 K-1.
The instrument has a heat flow transducer which measures the temperature gradient between the upper surface
and lower surface of the composite disc sample. Thus, the
thermal resistance, R of sample can be calculated between
the upper and lower surfaces. The thermal conductivity of
the samples can be calculated using the input value of
thickness and taking the known cross-sectional area.

2.4 Theoretical thermal conductivity of PPE/PA66 /HGB
composites
The predicted or theoretical thermal conductivity was calculated using Lewis and Nielsen semi-theoretical model

Details of the commercial HGB used in the present studies.

Grade of HGB
S60HS
K46
S38XHS
K25

estimated by charring the plaques and weighing the residue.
The extent of breakage was also visualized by imaging the
residue by scanning electron microscopy (SEM).

Mean size (lm)

Wall thickness (lm)

Density (g ml-1)

Crush strength (psi)

Thermal conductivity
(W m-1 K-1)

30
40
40
55

1.31
1.31
1.07
0.95

0.6
0.46
0.38
0.25

18000
6000
5500
750

0.2
0.15
0.127
0.085
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given by equation (3), a modified form of the Halpin–Tsai
equation for a two-phase system which assumes an isotropic
particulate reinforcement [17,18]. The equation also takes
into consideration the shape of the particle as well as its
orientation. For spherical fillers, the equation for thermal
conductivity of the composite is as follows:



kc ¼ km 1 þ ABVgb = 1  BwVgb ;
ð3Þ
B ¼ ½ðkgb =km Þ  1=½ðkgb =km Þ þ A;

ð4Þ

2

w ¼ 1 þ ½ð1  /Þ=/ Vgb ;

ð5Þ

where kc = thermal conductivity of the composite; km =
thermal conductivity of the matrix; kgb = thermal conductivity of the glass beads; Vgb = volume fraction of the glass
beads; A = 1.5 for spherical particles; / = packing factor for
glass beads i.e., 0.63.
This model is applicable to predict the thermal conductivity of studied heterophase polymer compositions
(PPE/PA66 blend and HGB), since there is huge difference in the thermal conductivities of the individual
components.

2.5

Density measurements of PPE/PA66 /HGB composites

The efficacy of the as-prepared composite, being thermally
insulating material, is largely dependent on retaining the
integrity of the HGB during compounding and moulding
processes. To get an estimate on the breakage of the HGB
in the composite, during the processing stages, density
measurements were made. Density (in units of grams/
millilitre) was measured on compounded pellet as well as
moulded parts by gas pycnometer. Density difference,
which is the difference in experimental density measured
by gas pycnometer and theoretical density, is a proportional to the breakage of HGB. In the theoretical density
measurement, it was presumed that the HGB remain intact
during the compounding and moulding processes.

Table 2.
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Theoretical density was calculated by the mixture rule
according to the equation
qcomposite ¼ VHGB  qHGB þ Vmatrix  qmatrix ;

ð6Þ

where qcomposite is the density of the composite, VHGB is the
volume fraction of the HGB, qHGB is the density of the
HGB, Vmatrix is volume fraction of the polymeric matrix and
qmatrix is the density of the polymeric matrix.

2.6

SEM of PPE/PA66 /HGB composites

To get a qualitative understanding of the breakage of the
HGB during the compounding and moulding processes, the
pellets and moulded plaques were studied by SEM. The
pellets and moulded parts were charred at 550°C for 12 h.
The residual ash samples were taken and dispersed on a
SEM stub to study the HGB morphology. The distributed
residual samples with the SEM stub were coated with gold
to make them electron-conductive. The coated samples
were inserted in SEM (FEI Quanta 400) and imaged at
different magnifications in back-scattered mode.

3.

Results and discussion

The compounded pellets and injection-moulded plaques
were tested for density differences. It is understandable that
if the HGB did not break during these processes, the measured densities would be close to the calculated values.
However, HGB were susceptible to breakage during high
shear processing and the extent of the breakage was quantitatively estimated by calculating the density changes in the
pellet and plaques. Table 2 shows the summarized details of
the density calculation, theoretical qT and experimental qE
for both pellets and plaques. The suffix ‘1’ is used for pellet
samples and ‘2’ for the moulded plaques. The theoretical
densities were calculated using equation (6) and the
experimental values were obtained using a pycnometer.

Estimation of density differences in the pellets and moulded plaques due to HGB breakage.
Pellet

Sample
S60HS-10
S60HS-20
K46-10
K46-20
S38XHS-10
S38XHS-20
K25-10

Plaque

HGB loading
(wt%)

% char
(actual wt% of HGB)

qE1

qT1

qpellet (diff)
(qE1 - qT1)

qE2

qT2

qplaque (diff)
(qE2 - qT2)

10
20
10
20
10
20
20

9.6
18.7
9.6
18.2
7.7
16.2
9.4

1.026
0.976
1.005
0.937
1.002
0.896
1.047

1.026
0.977
0.982
0.885
0.93
0.813
0.916

0
0.001
0.023
0.052
0.072
0.096
0.131

1.053
1.006
1.033
1.056
1.017
0.928
1.079

1.026
0.977
0.982
0.885
0.93
0.813
0.916

0.027
0.029
0.051
0.171
0.087
0.115
0.163
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These values for the pellets and plaques gave the density
difference due to breakage. The qpellet (diff) and the
qplaque (diff) values are density differences (theoreticalexperimental values) seen in the compounded pellets and
moulded plaques, respectively (figure 1).
The light and fluffy nature of the HGB makes it challenging to feed in the intended wt%. Hence, in all the

K25-10

K46-20

S38XHS-20

Plaque

S38XHS-10

Pellet

K46-10

S60HS-20

0.3
0.25
0.2
0.15
0.1
0.05
0

S60HS-10

Density difference (Expt.-Theo.)

Sample name

Figure 1. Plot of density differences (expt.-calc.) for the pellets
and plaques.

theoretical calculations, the actual loading (% char) was
considered and not the intended values of 10 or 20%. This is
indicated in table 2.
The density calculations showed that the HGB underwent
more breakage during the injection moulding process than
during the compounding process and in all instances; the
breakages were more for higher loadings of the filler. This
was due to the higher applied shear stress during injection
moulding. Additionally, the higher loading leads to higher
volume fractions and the channels of the screw are fully
filled which again leads to higher applied stress. However,
based on the crush strengths of each grade, the extent of
breakage varied. K25 showed the maximum breakage and
S60HS showed the least breakage. This was in conformity
with the crush strength values mentioned in table 1. The
breakage of the HGB was qualitatively validated by SEM
studies. The composites were charred and the residues,
which are the HGB, were studied in SEM. The SEM images
(figure 2a–d) are from the charred composites containing 10
wt% of the HGB, for each formulation. The images clearly
depict that the S60HS grade (figure 2a) of HGB showed
the least breakage and the K25 grade (figure 2d),

Figure 2. SEM images showing the HGB breakage for composite with (a) 10 wt% S60HS, (b) 10 wt%
K46, (c) 10 wt% S38XHS and (d) 10 wt% K25.
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Experimental and calculated values of the thermal conductivities of the HGB-based composites plaques.
Thermal conductivity
(expt. - kE) (W m-1 K-1)

Thermal conductivity
(calculated - kc) (W m-1 K-1)

10
20
10
20
10
20
10

9.6
18.7
9.6
18.2
7.7
16.2
9.4

0.235
0.221
0.222
0.194
0.221
0.214
0.194
0.227

0.228
0.223
0.215
0.2
0.208
0.18
0.173

S 3 8 X H S - b a s e d c o m p o s i t e s w i t h P P E / P A6 6
T h e r m a l C o n d u c t i vi t y
Density Difference
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

U-S38XHS20

T-S38XHS20

U-S38XHS10

0.24
0.23
0.22
0.21
0.2
0.19
0.18
0.17
0.16
0.15

Thermal conductivity @50⁰⁰C (W/mK)

% char (actual % loading of
HGB)

Density difference (Exp.-Calc.)

PPE/PA66
S60HS-10
S60HS-20
K46-10
K46-20
S38XHS-10
S38XHS-20
K25-10

% loading of
HGB

T-S38XHS10

Moulded
plaques

PPE/PA66

Table 3.
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Figure 4. Plot of the density difference vs. thermal conductivity
plot for S38XHS-based PPE/PA66 composites.
Figure 3. Graphical depiction of the experimental and calculated
thermal conductivities of different samples.

after moulding, had very few intact HGB. The other two
grades had intermediate values.
The theoretical density calculation based on Nielsen’s
model was used to predict the thermal conductivity of the
PPE/PA66 resin formulations containing HGB. It was
observed that the model predicts value with good accuracy.
The difference in predicted and experimentally measured
values of thermal conductivity was attributed to the breakage of HGB. Table 3 shows the thermal conductivity values, both theoretical and experimental of the moulded
plaques with 10 and 20 wt% of the HGB and figure 3 shows
the plot of these thermal conductivity values of the moulded
plaques.
From table 3, it is clear that the addition of higher
strength HGB e.g., S60HS, irrespective of extent of loading,
showed no reduction in the thermal conductivity of the PPE/
PA composite. This is because initial thermal conductivity
of S60HS is comparable to PPE/PA (refer table 1) due to
higher glass content (higher shell thickness). Hence, though
it did not break much during moulding, but it had minimal
effect on the thermal conductivity of PPE/PA composite.
On the other hand, inclusion of lower strength HGB e.g.,

K25 should have resulted in significant drop in thermal
conductivity of PPE/PA composite as the thermal conductivity of K25 is much lower (refer table 1), but it was
observed that effect was insignificant. This was due to the
severe breakage of K25 into a glassy debris, rather than
retaining its original hollow structure. Hence, effectively,
there was no change in thermal conductivity at 10 wt%
loading. Both for this reason and the fact that it was
extremely fluffy material, higher loadings of K25 were not
attempted. Addition of K46 and S38XHS led to significant
reduction in thermal conductivity of PPE/PA which is due
to the fact that thermal conductivity of these two HGB are
low (refer table 1) and for these grades, there was less HGB
breakage during moulding. Balance between the breakage
and lower thermal conductivity/lower density of these HGB
led to composites with reduced thermal conductivity as
compared to the neat PPE/PA66 blend. The incorporation of
the S38XHS grade of HGB showed the least difference in
the extent of breakages at 10 and 20 wt% loadings and also
fairly reduced thermal conductivities at higher loading.
Hence, this grade of the HGB was chosen for further studies
(figure 4).
A good interface between the HGB and the polymer
matrix is important to achieve the lowest thermal
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Thermal conductivity and density difference calculations for S38XHS-based compositions.

Moulded
plaques
PPE/PA66
T-S38XHS-10
U-S38XHS-10
T-S38XHS-20
U-S38XHS-20

% loading of
HGB

% char (actual loading of
HGB)

Thermal conductivity (expt. - kE)
(W m-1 K-1)

qplaque (diff)
(qT2 - qE2)

10
10
20
20

9
7.7
13.2
16.2

0.235
0.206
0.214
0.208
0.194

0.087
0.087
0.141
0.115

Figure 5. Representative SEM images of interfaces from PPE/PA66 composites using (a) surface-treated S38XHS
and (b) untreated S38XHS grade of HGB.

conductivity [16] and balance of mechanicals, considering
that the target application of these blends is in the area of
building and construction. Few composite batches with
surface treated (T) and untreated (U) HGB S38XHS grade
were prepared and these compositions are mentioned as
U-S38HS and T-S38HS, respectively. Table 4 shows the
thermal conductivities of moulded plaques and density
differences. The char values indicated the actual loading of
HGB in the composite. These results endorsed the earlier
observations. Overall, there was 20% reduction in thermal
conductivity upon the addition of *16 wt% of S38XHS in
the PPE/PA66 resin formulation as compared to the neat
PPE/PA66 resin. The treated HGB gave better wetting of
the HGB with the polymer resin as compared to the
untreated HGB. This is clearly visible in the SEM image of
figure 5. The interface of the sample with surface-treated
HGB grade is seamless, whereas the untreated HGB results
in interfacial gaps, between the matrix and HGB. This
resulted in improved mechanicals. For instance, in the 20
wt% compositions, i.e., U-S38HS-20 and T-S38HS-20,
significant improvement was noticed with the treated HGBbased composites (T-S38HS-20) as compared to the batch
with untreated S38HS. The tensile strength at break

improved from 52 to 72 MPa; % strain at break increased
from 2.7 to 5.2 and the heat deflection temperature (HDT) at
1.8 MPa strain showed a jump from 166 to 173°C. The
details of these measurements are outlined elsewhere [15].

4.

Conclusions

PPE/PA6 /HGB composites were prepared and thermal conductivity measurements were carried out on the injectionmoulded plaques. These composites were expected to have
lower thermal conductivities as compared to the neat PPE/
PA66 resin, provided that the integrity of HGB remained
intact during the compounding and moulding processes.
However, the HGB fillers in these composites underwent
breakage, both at compounding and moulding processes
despite using optimized processing conditions. The breakage
was estimated by density measurements on the pellets and
moulded composite plaques. The extent of breakage was
correlated with the density differences between the pellets and
plaques, for each grade of HGB. SEM imaging of the HGB,
extracted from the plaques by charring, validated the interdependencies of extent of breakage and thermal conductivity.
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The thermal conductivities of the as-prepared composites were
measured according to the guarded heat-flow method described in ASTM E1530-06. The corresponding theoretical conductivities of the composites were calculated using the Lewis
and Nielsen’s semi-theoretical model. These studies revealed
that the thermal conductivity of the as-prepared composite
plaques were a function of the factors, such as crush strength,
density, wall thickness, etc. of HGB and polymer resin, the
loadings of HGB, the breakage of HGB during processing,
screw design and processing conditions. Of the tested HGB,
S38XHS gave the optimum balance of thermal conductivity
and crush strength, leading to *20% reduction in thermal
conductivity as compared to neat PPE/PA66 resin.
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