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ABSTRACT: The thermal conductivity and the cellular structure as well as the matrix
polymer morphology of a collection of chemically crosslinked low-density closed cell
polyolefin foams, manufactured by a high-pressure nitrogen gas solution process, have
been studied. With the aid of a useful theoretical model, the relative contribution of
each heat-transfer mechanism (conduction through the gas and solid phases and
thermal radiation) has been evaluated. The thermal radiation can be calculated by
using a theoretical model, which takes into account the dependence of this heat-transfer
mechanism with cell size, foam thickness, chemical composition, and matrix polymer
morphology. A simple equation, which can be used to predict the thermal conductivity
of a given material, is presented. © 2000 John Wiley & Sons, Inc. J Polym Sci B: Polym Phys

38: 993-1004, 2000
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INTRODUCTION

It is well known that cellular materials, and in
particular plastic foams, are widely used in ther-
mal insulation in the low-ambient temperature
range. Therefore, the knowledge of how the mi-
croscopic characteristics influence the thermal
conductivity of these materials is an important
subject that has been approached by different
authors.'~ Moreover, it is important to be able to
predict the thermal conductivity of plastic foams
by using theoretical models without adjustable
parameters. These models would allow one to
state conditions for minimizing the thermal con-
ductivity and therefore, to reduce insulation costs
and/or energy requirements.
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The heat transfer through a foam is a conse-
quence of four mechanisms: convection in the gas
phase, conduction along the struts and cell walls
of the solid polymer, conduction through the gas
within the cells, and thermal radiation. Nowa-
days, the reduction of the thermal conductivity is
mainly connected with minimizing the thermal
radiation through the foam. Although, there are
some equations,'®'* which can be used to esti-
mate the heat transfer by radiation, it is difficult
to check the validity of these models either be-
cause they included parameters that are very dif-
ficult to determine, or because of the complicated
cellular structure of commercial plastic foams
(which in many cases is nonhomogeneous and
presents a high degree of anisotropy or/and resi-
dues of foaming agent in the cell walls, etc.).
Therefore, these models cannot be strictly ap-
plied.

Polyolefin foams, manufactured by means of a
high-pressure nitrogen gas solution process, are
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Table I. Main Characteristics of the Foams Under Study

pf kexp A 6carbon

Foams (kg/m?) L(cm) (cm™1) W/(m K) (%)
LD15W 16.7 1.12 17.8 0.0374
LD18W 22.5 0.96 5.8 0.0433
LD24W 24.6 1.02 9.6 0.0372 0
LD29W 30.7 1.11 13.9 0.0441
LD33W 32.0 1.10 15.0 0.0407
LD33(1)W 32.5 1.08 18.6 0.0398
LD50CNB 52.3 1.04 46.9 0.0413 12
LD60G 58.5 1.02 10.9 0.0475 0
LD70B 69.5 1.10 48.0 0.0456 4
HL34W 42.6 1.07 9.1 0.0486
HL47TW 44.2 1.04 8.3 0.0467 0
HL79B 71.3 1.06 29.1 0.0495 3
HL79W 74.0 0.78 7.8 0.0495
HL79(2)W 81.0 0.99 8.2 0.0565n
HL79(3)W 83.0 1.70 8.0 0.0592
HD30W 23.5 1.07 9.3 0.0467
MP24W 24.0 1.02 23.8 0.0359 0
MP45B1 42.0 1.04 15.9 0.0423
VA25W 24.0 1.04 6.6 0.0424
VA35W 34.2 1.07 14.3 0.0399
VA65W 61.6 1.06 15.7 0.0459
EV500 45.3 1.12 11.5 0.0394
EV50B 46.5 0.98 30.8 0.0370 3

W = White, O = Orange, B = Black, Bl = Blue, G = Green, p, is the foam density, L is the thickness, &

coefficient, A is the thermal conductivity, and 6

carbon

excellent materials for scientific studies because
of some interesting features, such as:'®

1. Lack of residues of solid foaming agent on

the final foam

Almost isotropic cellular structure

Same cell shape for the different densities

4. Very similar physical characteristics of the
solid polymer that comprises the cell walls
and of the solid sheet from which the foam
was made.

W

This morphology is appropriate to study the
relationships between the microscopic structure
and the physical properties and, in particular,
these foams are adequate to check the validity of
some of the theoretical models that have been
proposed to predict the thermal conductivity of
plastic foams.

Taking the previous notions in mind, an exper-
imental study on the thermal conductivity of a
collection of low-density polyolefin foams, made
from a high-pressure nitrogen gas solution pro-
cess, is presented in this work. The cellular struc-

exp 18 the extinction

is the additional black carbon content in the polymeric matrix.

ture and matrix polymer morphology of the foams
are also analyzed in order to find out the main
parameters of the different models.

MATERIALS

The product code, measured density (p,), apparent
color, thickness (L), extinction coefficient (&)
and thermal conductivity (A) of the industrial ma-
terials under study are summarized in Table I.
Six different types can be distinguished depend-
ing on the base polymer used to manufacture the
foams. Some of the properties of those polymers
are given in Table II. These properties were mea-
sured in the solid sheets that were used to man-
ufacture the foams. The black foams presented a
low content (between 2 and 3% in weight) of black
carbon in their composition and the LD50CNB is
an especial grade designed for applications where
higher electrical conductivity is necessary. This
material is a blend of LDPE and black carbon
with a 10-12% content, in weight, of this last
material.
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Table II. Main Characteristics of the Solid Polymers Used To Manufacture the Foams

ZFoams Po Xe A
Polymer Description Code (kg/m?®) (%) T, (K (W/m K)
Low-Density Polyethylene (LDPE 100%) LD 910 41.6 112.8 0.214
High-Density Polyethylene (HDPE 100%) HD 950 66.2 130.8 0.1765
50% LDPE + 50% HDPE HL 926 58.3 134.4 0.2246
Ethylene Vinyl Acetate Copolymer EV 928 23.3 82.2 0.2018
(EVA, 18% VA)
Ethylene Vinyl Acetate Copolymer VA 920 32.2 97.7 0.1224
(EVA, 9% VA)
Metallocene Polyethylene MP 910 41.0 113.2 0.214

po 1s the density, x. is the crystallinity, 7', is the melting point, and A is the thermal conductivity.

These foamed samples are crosslinked closed
cell polyolefin foams manufactured by a high-
pressure nitrogen gas solution process, and have
been kindly provided by Z-Foams Plec. (Croydon,
U.K)). In this process, a polyolefin is compounded
with a peroxide curing agent and extruded as a
thick sheet, which is passed through a hot oven to
effect crosslinking (gel content was approxi-
mately 40%). Slabs are cut from the extruded
sheet and placed in an autoclave where they are
subjected to high pressure (several hundred bars)
of nitrogen gas at temperatures above the poly-
mer softening point. Under these conditions, the
nitrogen dissolves in the polymer. At the end of
the solution stage, and after cooling, the pressure
is reduced to zero gauge. The slabs, now contain-
ing nitrogen gas for expansion, are then placed
under low pressure in a second autoclave and
again heated above the polymer melting point.
Release of the pressure then results in full expan-
sion. By altering the saturation gas pressure, the
amount of gas dissolved in the polymer and thus,
the final foam density, is varied. Cell size can also
be controlled by changing some industrial process
parameters as for example the rate at which the
pressure is reduced at the end of the solution
stage or the gel content (a higher gel content
results in materials with a lower cell size).

EXPERIMENTAL

Scanning Electron Microscopy (SEM)

Quantitative image analysis was used to assess
the type of cellular structure, the mean cell size,
the mean cell wall thickness, the anisotropy, as
well as the relative fraction of polymer in the
struts. For this purpose, cross sections of the

foams were microtomed at low temperature to
provide a smooth surface which, after vacuum
coating with gold, were examined by SEM using a
JEOL JSM 820 microscope.

Each micrograph was analyzed by obtaining
data from 10 horizontal reference lines. Apparent
mean cell size (P) was estimated by calculating
the number of cells that intersected each refer-
ence line and by dividing the appropriate refer-
ence length by the number of cells.'® About 400
cells were analyzed for each foam, this quantity
was enough to obtain a representative population
of the cellular structure.

To take into account the relationship between
the average measured length of the randomly trun-
cated cells and the real diameter of the cell, the
previous result was multiplied by 1.62.17 A total
of three micrographs were taken randomly over
each specimen and subjected to cell size analysis.
The standard deviation of these measurements
was approximately =4% of the average value.

The thickness of thirty cell walls, which were
randomly chosen along the foam, was measured
directly in the screen of the microscope. The av-
erage value of the thirty previous thicknesses was
considered as the mean cell wall thickness () of
the foam. The standard deviation of these mea-
surements was approximately *6% of the aver-
age value.

Finally, the fraction of mass in the struts (f,)
was obtained by means of the method proposed by
Kuhn,” measuring through four micrographs
taken randomly over each specimen. The stan-
dard deviation was *6% of the average value.

Differential Scanning Calorimetry (DSC)

Characteristic thermal properties were studied
by means of a Mettler DSC30 differential scan-



996  ALMANZA, RODRIGUEZ-PEREZ, AND DE SAJA

ning calorimeter, previously calibrated with in-
dium. The weights of the samples were approxi-
mately 2.5 mg. The experiments were performed
between —40 °C and 200 °C at 10 °C/min. Crys-
tallinity (x,.) was calculated from the DSC curve
by dividing the measured heat of fusion by the
heat of fusion of a 100% crystalline material (288
J/g for low-density polyethylene).'®

Extinction Coefficient

The extinction coefficient was determined by ap-
plying Beer’s law to measurements of transmis-
sivity at different values of sample thickness.
Transmissivity measurements were carried out
over the infrared region (between 400 cm ! and
4000 cm 1), which is a range in which substantial
radiant energy is emitted. Five thin slices of dif-
ferent thickness (between 0.5 and 3 mm) were cut
for each material. The transmissivity measure-
ments were performed in a Bomem FTIR spec-
trometer.

Density

Density measurements were carried out on the
basis of Archimedes’ principle, using the density
determination kit designed for the AT261 Mettler
balance.

Thermal Conductivity

A rapid K heat flow meter from Holometrix was
used for the thermal measurements. The main
characteristics of this equipment has been ex-
plained previously.®

Heat flow through the test sample (¢) results
from having a temperature gradient (67) across
the material. The thermal conductivity A is de-
fined according to Fourier’s equation:

6T
q = /\AT (1)

where A is the cross-sectional area of the sample
and L, the sample thickness.

The measurements were made under steady
heat flow conditions through the test sample in
accordance with ASTM C518 and ISODIS 8301
methods. Square samples of 30 ¢cm side and 11
mm thick approximately were used for all the
experiments (except when the effect of the foam
thickness was studied). A dispersion less than 1%

Figure 1. (a) Typical micrograph (LD50CNB) of the
cellular structure of the foams under study; (b) typical
micrograph (LD60G) of the cell walls and of one strut.

in two consecutive readings was taken as a crite-
rion to ensure that the measurements were made
under steady state conditions. The time lapse be-
tween readings was 20 min. The standard devia-
tion of the measurements was approximately 5%.

EXPERIMENTAL RESULTS

Scanning Electron Microscopy (SEM)

Two representative images of the cellular struc-
ture of the samples under study are shown in
Figure 1. A general view of the section of a cellu-
lar structure is presented in Figure 1(a). We first
remark that the closed cell structure of these
foams is isotropic and that no residues of foaming
agent can be perceived. Moreover, in Figure 1(b)
it is possible to examine a micrograph of charac-
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Figure 2. (a) Mean cell size as a function of the foam
density for all the foams under study. B = Black foams.
(b) Mean cell wall thickness as a function of the foam
density for all the foams under study.

teristic cell walls (intersection of two cells) and of
one strut (intersection of three or more cells).

The numerical values of the mean cell size and
mean cell wall thickness as a function of the foam
density have been presented in Figure 2(a,b) and
in Table III. On the one hand, it can be stated that
there is not a clear trend as a function of the
density, which is due to the different process pa-
rameters utilized to manufacture different foams.
On the other hand, it is evident that both proper-
ties present a similar dependence on density,
which suggests there is a linear relationship be-
tween them. The data for the fraction of solid in
the struts (f,) are also given in Table III. This
fraction was not negligible for these materials,
which is characteristic of a cellular structure
made from cell walls with a nonuniform thick-
ness.

It is well known that for a given cell shape, it is
possible to determine the mean cell wall thick-
ness (¢) by using the following equation:®

o(1-7£)” = ce 2)
Po

where @ is the mean cell size, (p) is the foam
density, (py) is polymer base density and C is a
constant that depends on the cell shape, and that,
for instance, takes a value of 3.46 for pentagonal
dodecahedrons® and a value of 3.35 for tetrakaid-
ecahedral cells.?°

The experimental data for the LD, HD, MP,
EV, and VA foams fits well the previous equation
with a C value of 3.53 = 0.40 (Fig. 3), which
suggests that these foams have cells with compa-
rable shapes, which in average, are similar to
pentagonal dodecahedrons or tetracaidecahe-
drons. However, the previous fit gives a different
C value for the HL foams, which in average,
seems to have a different cell shape.

Differential Scanning Calorimetry (DSC)

The values of the crystallinity and melting point
for each material are summarized in Table III.

From these data it can be deduced that the
solid polymer that comprises the cell walls of
foams of the same type has similar characteristics
(same melting point and crystallinity). Moreover,
the crystallinity of the solid from which the foam
was manufactured is almost equal to that of the
foams (Table II).

The results for the crystallinity and melting
point of the six different types of foams under
study are those expected for the correspondent
solid polymers. The materials based on HDPE or
on blends of HDPE and LDPE are more crystal-
line and have a higher thermal resistance than
the foams based on LDPE or on the metallocene
LDPE. Moreover, the foams based on EVA copoly-
mers, because of the presence of the vinyl acetate
monomer that reduces the regularity of the LDPE
chains, have a lower degree of crystallinity and a
lower melting point.

Finally, some of the foams under study (black
foams) present a black carbon content in their
initial formulation (between 3 and 12% in weight)
(Table I). To obtain the crystallinity of these ma-
terials it is necessary to introduce a linear correc-
tion factor because of the different weight of poly-
mer in these foams. This correction has not been
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Table ITI. Microscopic and Thermal Characteristics of the Foams Under Study

Foams d(um) & pm) fs X. (%) T, (°C)
LD15W 313.5 14 0.22 40.6 105.9
LD18W 879.7 5.8 0.21 41.8 108.4
LD24W 311.9 1.9 0.16 43.8 108.6
LD29W 528.1 4.2 0.24 42.9 108.4
LD33W 4244 3.6 0.28 43.9 105.8
LD33(1)W 396.9 2.5 0.36 41.6 108.6
LD50CNB 9104 10.8 0.22 37.0 108.3
LD60 G 773.4 10.3 0.24 42.1 109.0
LD70B 528.1 6.0 0.35 40.8 106.6
HL34W 673.8 8.8 0.24 57.5 127.5
HL4TW 764.6 9.8 0.39 57.2 127.8
HL79B 770.6 16.3 0.26 54.0 129.3
HL79W 892.9 17.7 0.42 58.5 128.1
HL79(2)W 1006.0 20.9 0.46 56.4 127.9
HL79(3)W 1075.7 27.9 0.46 55.0 128.5
HD30W 469.8 4.5 0.23 66.2 130.8
MP24W 162.7 0.9 0.23 42.3 108.1
MP45B1 460.1 2.6 0.37 43.3 108.6
VA25W 785.7 6.1 0.10 32.2 92.9
VA35W 469.8 6.1 0.14 32.5 92.6
VA65W 615.9 9.4 0.23 32.5 94.5
EV500 406.0 4.3 0.42 24.2 78.5
EV50B 255.8 3.0 0.15 25.7 78.4

W = White, O = Orange, B = Black, Bl = Blue, G = Green. ® is the cell size, ¢ is the cell wall thickness, f, is the fraction
of solid in the struts, yx, is the crystallinity, and 7', is the melting point.

made in the data presented in Table III, which
explain the slightly lower value of the crystallin-
ity of the black foams.

As we pointed out in the introduction an inter-
esting conclusion can be inferred from the previ-
ous microscopic characterization. Zotefoams are
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Figure 3. Experimental results and fit to the equa-
tion ®(1—1,)p/p, = Cé& for the LD, HD, MP, VA, and EV
foams.

excellent commercial materials for scientific stud-
ies because of some interesting features as the
following: lack of residues of solid foaming agent
on the final foam, almost isotropic cellular struc-
ture, same cell shape for the different densities,
and very similar physical characteristics of the
solid polymer that comprises the cell walls and of
the solid sheet from which the foam was made. All
these features are, of course, a consequence of the
industrial high-pressure nitrogen gas solution
process.

The previous microscopic structure is very dif-
ferent to that of polyolefin foams produced in a
semi-continuous process based on a solid foaming
agent.?!?2 These foams exhibit residues of foam-
ing agent in the cell walls, are anisotropic mate-
rials, and they present different cell shapes de-
pending of the density. Therefore, these foams are
more difficult to analyze from a scientific point
of view.

Thermal Conductivity

The experimental thermal conductivity for all the
foams under study, at room temperature (24 °C),
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as a function of the foam density is presented in
Figure 4. The thermal conductivity does not show
a clear trend with density. However, the shape of
the curves, for each type of material, is similar to
that of the cell size [Fig. 2(a)]l. Therefore, it is
clear that the cell size is an important parameter
in the thermal conductivity of the foams. The
smaller the cell size, the better insulation capa-
bilities.

On the other hand, although the LD50CNB
foam has the largest cells and thickest cell walls
within the group of the LD foams (Table III), its
thermal conductivity is not the largest (Table I).
In order to clarify this behavior it is necessary to
bear in mind another effect that is the reduction
of the conductivity due to the presence of black
carbon in the initial formulation of this foam. We
will go over this point below.

DISCUSSION

The evaluation of the thermal conductivity of
foams from the conductivity data of the two com-
ponent phases (continuous solid phase and dis-
continuous gas phase) and the structure of the
material is an important subject that has been
approached by different authors.’'® The thermal
conductivity of these materials (A) is due to four
different mechanisms: conduction through the
gas phase (),), conduction along the cell walls and
struts of the solid polymer (A,), convection within
the cells (A,), and thermal radiation (A,.). The total
heat transfer can be predicted as the sum of the
heat transfer by the four mechanisms considered

separately. It is widely accepted that convection
plays a minor role in heat transfer in closed cell
materials provided the cells are less than 4 mm in
diameter.?® Therefore, in this work, the convec-
tive heat transfer is assumed to be negligible be-
cause of the reduced volume of the cells, which is
lower than the limit set above.

In the next section, we have applied some of
these models to estimate the contribution of each
heat-transfer mechanism to the whole thermal
conductivity.

Conduction Through the Solid and Gas Phases

The term connected to the conduction through the
solid and gas phases can be computed by using
the following equation:®

2 f
Ag+ A= AgaVias + | 5 — ApotyVipoly  (3)

3 3
where A, is the thermal conductivity of the gas,
which fills the cells, A, is the thermal conduc-
tivity of the matrix polymer, V,, is the volume
fraction of gas and V), is the volume fraction of
polymer. The first term in the preceding equation
is the contribution of the gas, and depends on its
own nature. In our case, the gas is air at atmo-
spheric pressure, for which the conductivity at
room temperature is Ay, = 0.0263 W/m K. The
gas in the cells is air, because gases can diffuse in
and out of LDPE foams on a time scale of
weeks.242% The second term in eq 3 is associated
with the contribution of the solid phase. From the
DSC results, we concluded that the solid polymer
in the cell walls of the foams had similar charac-
teristics compared to a solid sheet produced from
the same polymer. Therefore, it is reasonable to
use the measured value of the thermal conductiv-
ity of those solid sheets to estimate (A ,,) in the
previous equation (Table II).

Moreover, black foams should present an addi-
tional contribution to the heat transfer through
the solid phase. Nevertheless, as a first approxi-
mation we have calculated the conduction
through the solid phase using the same value of
the solid polymer conductivity as that used for the
other foams based of the same polymer. This ap-
proximation, as the results have shown, is valid
due to the low weight of the conduction through
the solid phase for this kind of foam (see below).

poly

Radiation

This term can be estimated by subtracting the
conduction through the solid and gas from the
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Figure 5. Radiative thermal conductivity as a func- where o is the Stefan—Boltzman constant, T is the
tion of the foam density for all the foams under study. temperature, L is the foam thickness, ® is the
B = Black foams. mean cell size and T’y is the net fraction of radiant

energy sent forward by a solid membrane of thick-
ness L, (this quantity can be represented in our

experimental thermal conductivity (Fig. 5). The work by the mean cell wall thickness). It is given

appearance of the radiation curves versus density by:
are similar to that of the cell size versus density
[Fig. 2(a)]l; therefore, in the range of densities 1-r) (L—=r¢t Q-1
under study, the cell size plays an important role Ty= 1 - rt) {(1 + rt) + 2 } (5)
in the thermal radiation contribution of the
foams. Consequently, it can be concluded that the
dependence of the thermal conductivity with the where r is the fraction of incident energy reflected
cell size is mainly due to the dependence of the by each gas—solid interface. This quantity is re-
radiation term on this geometric parameter. lated to the refractive index of the plastic w by:
Smaller isotropic cells result in a higher number
of reflecting and absorbing surfaces, which re- w—112
duces the radiation through the foam. r= {w n 1} (6)
Table IV. Main Characteristics of the Foams Used To Check the Effect of the Thickness on the
Thermal Conductivity
Pr A

Foams (kg/m®) L(mm) X. (%) T, (°C) ® (um) (W/m K)
LD15(0)W 16.7 11.2 40.6 105.9 313.5 0.0374
LD15(2)W 184 19.8 44.3 105.8 313.5 0.0382
LD15(3)W 18.0 30.0 44.8 105.8 313.5 0.0389
LD24(0)W 24.6 10.3 43.8 108.6 311.9 0.0372
LD24(1)W 24.3 16.3 45.9 108.8 328.5 0.0377
LD24(2)W 22.9 20.1 41.1 108.9 328.5 0.0375
LD24(3)W 23.5 30.1 43.1 108.9 328.5 0.0367
LD33(0)W 32.0 11.0 43.9 105.8 4244 0.0407
LD33(1)W 314 15.1 42.2 108.9 376.8 0.0401
LD33(2)W 31.8 20.2 42.9 108.8 376.8 0.0415
LD33(3)W 31.5 29.8 42.4 108.8 376.8 0.0413
LD45(1)W 42.6 14.9 414 108.8 387.3 0.0427
LD45(2)W 41.9 20.8 44.2 108.8 387.3 0.0438
LD45(3)W 42.0 29.2 45.3 109.0 387.3 0.0422

py is the foam density, L is the thickness, x, is the crystallinity, T',, is the melting point, ® is the cell size, and A is the thermal
conductivity.
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Figure 6. T, values as a function of the density for
the LD foams obtained by two different methods.

and the coefficient ¢ is the fraction of energy
transmitted through the solid membrane (thick-
ness L,), which is given by the Bouguer’s law:

t = exp(— aL,) (7)

where a is the absorption coefficient of the plastic.

Two important parameters, cell size (®) and
foam thickness (L), are taken directly into ac-
count for the model. The predicted dependence on
cell size is the same as that shown in our exper-
imental results. Moreover, for the foams under
study (cell sizes between 160 and 1000 pm), the
model predicts an increase of the thermal radia-
tion term for sample thicknesses lower than 10
mm, being the thermal radiation almost constant
for foams of higher thicknesses. In order to check
the previous prediction, the thermal conductivity
of foams with the same characteristics (density,
chemical composition, color, and cell size) and
different thickness (between 10 and 30 mm) was
measured. The results (Table IV) showed that the
differences between the thermal conductivities
are lower than 5% value, which is within the limit
of uncertainty of the experimental results.

On the other hand, the dependence of the ther-
mal radiation on other microscopic characteristics
as, for example, the chemical composition, the
matrix polymer morphology, and the cell wall
thickness are taken into account by the model
through the values of w, @ and L..

In order to check the validity of the Williams
and Aldao model to describe our experimental
results, we calculated Ty following two different
ways. First, for each foam, we obtained 7'\ using
eq 4 and the experimental results for the conduc-
tivity due to the thermal radiation (Fig. 5). Sec-

ond, using typical values for the refractive index,
w, and the absorption coefficient of the plastic, a,
and the values of the cell wall thickness (Table
ITI), we computed T by using eq 5.

The values of T as a function of the foam
density for the LD foams, calculated from the two
previous methods, are shown in Figure 6. The
coincidence between the two curves is a confirma-
tion of the validity of the model for describing the
thermal radiation of the foams under study. The
value for o (1.51) is typical for LDPE®® and a
mean value for a (661 cm ™ ') was used. This value
is similar to that proposed by Glicksman.®

Each foam has its own T, which is a conse-
quence of the dependency of this quantity on the
cell wall thickness, chemical composition, and
matrix polymer morphology. The numerical val-
ues of T for each material are summarized in
Table V. However, and from a practical point of
view, it is possible to predict accurately, the ther-
mal radiation by using a mean value of T for
each type of foam (see below). These mean values
are also given in Table V.

On the other hand, an important result ap-
pears when the thermal conductivity of the white

Table V. Numerical Values of T, for Each Foam
Under Study and Mean Values for the
Different Types

TxN Mean Values
Foams (by eq 4) e

LD15W 0.852

LD18W 0.790

LD24W 0.834

LD29W 0.855

LD33W 0.840 0.831
LD33(1)W 0.840

LD60G 0.810

LD70B 0.830

LD50CNB 0.670 0.67
HL34W 0.860

HL47TW 0.827

HL79W 0.820 0.841
HL79(2)W 0.860

HL79(3)W 0.840

HL79B 0.816 0.816
HD30W 0.904 0.904
MP24W 0.890

MP45W 0.844 0.867
VA25W 0.805

VA35W 0.840 0.835
VA65W 0.860

EV500 0.817 0.814
EV50B 0.810
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Figure 7. Experimental thermal conductivity for the
white and black LD foams.

and black foams is compared (Fig. 7). The black
foams have a lower thermal conductivity. These
materials also have a higher extinction coefficient
(in average 27 cm '), which results in a lower
thermal radiation. This result can be also under-
stood by using the Williams and Aldao model.
Because of the black carbon content, the cell walls
of the polymer have different refractive index and
absorption coefficient, which results in different
Ty values. While the LD white foams have, in
average, a T value of 0.831 = 0.008, the black
foams have an average value of 0.790 = 0.007.

From the previous discussion, there is one re-
sult we want to underline. By using the following
equation:

2 f
A= /\gangas + g - g /\polproly

40T3L
' 1 Ly 1 1
o)l

in which all the quantities can be experimentally
determined and/or estimated, the thermal con-
ductivity of polyolefin foams produced from a
high-pressure nitrogen gas solution process can
be computed with a good precision. The error of
the predicted value is approximately +2.6%.

A first application of the previous equation is
the calculation of the relative weights of each of
the heat flow mechanisms in the final conductiv-
ity (Fig. 8). It can be observed that the main
contributions for these low-density foams based
on polyolefins are the conduction through the gas
and the thermal radiation. An improving of the
thermal conductivity of these products could be
reached by modifying the parameters that control
these two heat-transfer mechanisms.

Moreover, by using eq 8, it is possible to sepa-
rate the dependence of the thermal conductivity
with different parameters, which it is usually
very difficult in experimental studies. An example
is presented in Figure 9. The thermal conductiv-
ity at T = 24 °C of a low-density polyethylene
foam (density 58.5 kg/m®) has been computed by
using eq 8 as a function of the cell size and for
different values of f,. The parameters used to

8

g Solid

E Radiation t

mGas
100% -
= 60% | E
lg |
2 t
= 0w ;
20% |- I
0% - J L
m ——
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.J.J—‘_:E)’B'{Qﬁfﬁf_ﬁ
TFIEITI~N~T s S
272
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$<£@wi899993853%3
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Figure 8. Weights of the analyzed heat flow mechanism in the whole thermal con-

ductivity.
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Figure 9. Theoretical thermal conductivity (LD60G
foam) as a function of the cell size and for different
values of the mass fraction in the struts (using eq 8).

calculate the thermal conductivity were A,
= 0.214 W/m K, A, = 0.0263 Wm K, V. = (1
— prlpo) = 0.936, V1, = (ps/py) = 0.064, L = 10.2
mm. The value of T, was calculated by means of
equations 5, 6, and 7. A refractive index w = 1.51
and an absorption coefficient @ = 661 cm ™! were
used. The mean cell wall thickness ¢ (L, in eq 7)
was calculated, for each cell size and mass frac-
tion in the struts, using eq 2 with a C value of
3.53.

The predicted thermal conductivity is very
close to experimental value (difference 7%). More-
over, the quantitative dependence of the thermal
conductivity on cell size and mass fraction in the
struts can be deduced from that plot (the effect of
other important parameters is eliminated). As
can be observed, a reduction in the mass fraction
of the strut, for a given cell size and shape, results
in a lower thermal conductivity. This can be ex-
plained by taking into account that a lower mass
fraction in the struts is related to a higher mean
cell wall thickness, which reduces the thermal
radiation.

CONCLUSIONS

The thermal conductivity of a collection of closed
cell polyolefin foams has been studied, in terms of
the microscopic characteristics of the materials.
An equation without adjustable parameters has
been presented to compute the thermal conduc-
tivity of these materials. The experimental re-
sults showed that this equation predicts thermal
conductivity values with a good precision (differ-
ences between the experimental and the calcu-

lated values lower than 7%). The effect of the
density, gas and solid conductivity, fraction of
mass in the struts, cell size, thickness, chemical
composition, and matrix polymer morphology are
taken into account in the previous equation. Fi-
nally, three interesting results have been pointed
out:

1. Black foams with a low carbon content
have lower thermal conductivities due to
the reduction of the thermal radiation
term;

2. The main contribution to the whole ther-
mal conductivity for these low-density
foams based on polyolefins is the conduc-
tion through the gas;

3. The thermal radiation and the dependence
of the thermal conductivity on cell size has
been quantified.

Financial assistance (Ovidio A. Almanza) from
COLCIENCIAS (Colombia) is gratefully acknowl-
edged. The authors thank Zotefoams Plc. for supply-
ing the foams.

NOMENCLATURE

Py Foam density

Po Polymer base density
L Foam thickness

Rexp Extinction coefficient
A Thermal conductivity
Ocarbon Black carbon content
Xe Crystallinity

T, Melting point

) Mean cell diameter
3 Mean cell wall thickness
fs Mass fraction in the struts

Ag Thermal conductivity due to the conduc-
tion through the solid phase

Ag Thermal conductivity due to the conduc-
tion through the gas phase

A, Thermal conductivity due to the radia-
tion

Ae Thermal conductivity due to the convec-
tion

Apory ~ Thermal conductivity of the polymer

Agas Thermal conductivity of the gas

Vooly ~ Volume fraction of solid

gas Volume fraction of gas
o Stefan—Boltzman constant
T Temperature
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TN Net fraction of radiant energy sent for-
ward by a solid membrane

r Fraction of the incident energy reflected
by each solid—gas interface

t Fraction of energy transmitted through a
solid membrane

o) Refractive index of the plastic

a Absorption coefficient of the plastic

L, Thickness of a solid membrane

LDPE Low-density polyethylene

HDPE High-density polyethylene

EVA  Ethylene vinyl acetate copolymer
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