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Abstract Polyurethane composites containing spherical
and flake-shaped silver fillers of micrometer and nanometer
sizes were prepared by reacting suspensions of the silver
filler in tetracthylene glycol with Desmodur® HL BA. Both
the thermal conductivity and the stability of the silver
composites are increased in comparison with a reference
polyurethane sample without filler. Unexpectedly, the
largest increases in thermal conductivity and stability are
observed for the spherical silver particles of micrometer
size but not for the silver nanoparticles, which is reasoned
with larger aggregates of silver particles and a higher
degree of crystallinity in the sample containing microme-
ter-sized silver particles.
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Introduction

Thermal conductivity of plastics is an important design
parameter for applications that require the dissipation of
heat generated by components, such as microprocessors,
power semiconductors, high power RF devices, laser
diodes, LEDs, and MEMS. Intense research efforts over the
last decade have led to the development of a range of high-
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performance thermal materials. These materials can be
categorized into monolithic materials, carbonaceous
materials, metal matrix composites, ceramic matrix com-
posites, carbon/carbon composites, and polymer matrix
composites (PMCs) [1-7]. The main advantages of PMCs
are their relatively low density and established processing
methods. PMCs containing metal or ceramic particles are
widely used in the electronics industry as underfills, en-
capsulants, and thermal interface materials such as ther-
mally conductive adhesives [1-7].

Thermal conductivity, in contrast to electrical conduc-
tivity, of PMCs containing metal/metal oxide particles has
been given little attention in the scientific literature despite
its important industrial applications. Reported experimental
and theoretical studies have shown that the thermal con-
ductivity of PMCs depends especially on the shapes and
distribution of aggregates formed by the conductive filler,
which is a function of the size and the morphology (e.g.,
spheres, flakes, short fibers, rods, and tubes) of the filler
material, the processing method, and the type of polymer
matrix [4, 8, 9]. Aggregation of the filler into dendritic
chains rather than clusters, for example, resulted in expo-
nential increases in thermal conductivity with increasing
filler concentration because continuous conductive path-
ways are created more efficiently [10]. Thermal interfacial
resistance has been determined as another important factor
that controls thermal conductivity in PMCs. Interfacial
resistance may be particularly high when nanometer-sized
metal fillers are applied because their surfaces more easily
oxidize in air or are protected by organic compounds [11].

However, experimental studies especially on the thermal
conductivity of PMCs containing metal/metal oxide fillers
are scarce. Polyurethanes (PUs) containing metal/metal
oxide fillers have received some attention but all of the
reported studies focus on the improvement of properties
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other than thermal conductivity, such as mechanical [12,
13], thermal [12, 14], biostability [15], and antimicrobial
properties [16]. Raja et al. [17] reported increases of
thermal and electrical conductivities of PU composites
containing increasing amounts (1-5 wt%) of carbon
nanotubes that were decorated with silver and copper
nanoparticles but the main focus of this study was on shape
memory effects.

Presented in this article is a comparative study of the
thermal conductivity of PU composites containing spheri-
cal silver particles of micro- and nanometer sizes as well as
silver flakes of micrometer size. The silver contents of all
the samples were kept constant at 15 wt% to probe the
effect of the size and shape of the silver fillers on the
thermal conductivity and other thermal properties of the
composite materials.

Experimental
Materials and synthesis

Ag microparticles, as spherical powders (0.5-1 pm) and as
flakes (1-3 um), were purchased from STREM Chemicals,
while Ag nanoparticles of three different sizes (20-30 nm,
50-60 nm, and 90-100 nm) were purchased from Sky-
Spring Nanomaterials. All Ag fillers were used as received.
Desmodur® HL BA was provided by Bayer Materials
Science, Canada and consists of a mixture of aliphatic and
aromatic diisocyanates in butyl acetate (60 wt% non-vol-
atile content), which were reacted with tetracthylene glycol
(TEG) (Sigma-Aldrich). All solvents were of either HPLC
grade or obtained from a Grubbs’ type solvent purification
system by Innovative Technology®.

PU silver (PU-Ag) composites were prepared by mixing
Desmodur® HL BA (NCO content = 10.5 & 0.5 wt%)
with TEG in a 1:1 molar ratio of NCO to OH content. The
as-received solution of Desmodur® HL BA was diluted by
mixing it with ethyl acetate in a 3:7 ratio by weight before
it was combined with TEG and filler. All amounts of Ag
fillers were calculated to provide an Ag content of 15 wt%
with respect to the combined amounts of Desmodur® HL
BA (non-volatile content) and TEG. Ag particles and flakes
were mixed with the required amount of TEG and soni-
cated before being mixed with the diluted solution of
Desmodur® HL BA.

After combining all components, the mixtures were
sonicated for another 2-3 min and then stirred to maintain
a good dispersion of the Ag particles. When the mixtures
became too viscous for stirring with a magnetic stir bar
(5-7 min after mixing), they were cast into PTFE molds
and allowed to set. The samples were first cured at 60 °C
for 1 h, then at 125 °C for 2 h, and finally dried under high
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vacuum (30 millitorr) for 3 h to ensure proper setting and
complete removal of solvents. Removal of the polymer
composites from the PTFE molds gave disks of 18-20 mm
diameter and 3-5 mm width (Scheme 1). The samples are
designated based on the type of polymer-filler. Addition of
Ag flakes or powders with diameters of 0.5-1 pum,
90-100 nm, 50-60 nm, and 20-30 nm yield samples of
PU-Ag (flakes): PU-Ag (0.8 pm), PU-Ag (95 nm), PU-
Ag (55 nm), and PU-Ag (25 nm), respectively. Reference
PU sample PU (ref) was prepared by the same procedure,
but no Ag filler was added.

Characterization

Thermal gravimetric analysis was conducted on a Mettler
Toledo TG SDTA 851e. Samples were stored at 25 °C for
30 min before they were heated to 550 °C at a rate of
2 °C min~"' under helium (99.99 %, flow rate 60 mL min_l).
Differential scanning calorimetry (DSC) was performed with
a Mettler DSC 822e that was cooled by an immersion cooler
and purged with N,. Structural and morphological analyses of
the composites and the fillers were carried out by Electron
Scanning Microscopy on a FEI Quanta 200 FEG-ESEM at
8-10 kV (low vacuum mode) and a working distance of
10 mm. Values for the average lengths (the longest dimen-
sion) of the aggregates in each sample are based on the mea-
surements of at least 200 aggregates.

Thermal conductivity of the composites was measured
using a C-Therm TCi' " Thermal Conductivity Analyzer by
C-Therm. The TCi " is based on a modified transient plane
source technique and uses a one-sided, interfacial, heat
reflectance sensor that applies a constant heat source to the
sample (circular area of 17 mm diameter) for short periods
of time. Five measurements were carried out on one sample
for each filler material and average values are reported
together with their percent relative standard deviations.

Results and discussion

Polyurethane [12, 15, 18-22] samples were prepared by
mixing Desmodur® HL BA as isocyanate component with
TEG as alcohol component in a 1:1 ratio of NCO and OH
groups (see experimental part and Scheme 1).

Thermal analysis

Thermal stability of the polymer composites was deter-
mined by thermal gravimetric (TG) analysis at a heating
rate of 2 °C min~' under He atmosphere. All samples
show a mass loss of 0.5-2.5 % between 50 and 100 °C,
which is attributed to remaining solvent (Fig. 1). Interest-
ingly, the largest loss of 2.5 % is observed for PU (ref)
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Scheme 1 Synthesis of PU-Ag

composites Desmodur® HL BA (10.5 wt% NCO) 1) Ag filler is mixed with TEG
CHz  2) TEG/Ag filler mixture is
Solution of mainly NCO-R—NCO combined with Desmodure
R= (CHz)e’/Cl (the NCO : OH ratio is 1:1)
+ 3) The reaction mixture is - Polyurethane disc
HO(CH,CH,0)4H (TEG) sonicated, stirred, and then Investigated samples:
poured into a PTFE mold PU(ref), no Ag filler
+ 4) The PU mixture is cured PU-Ag(flakes)
Ag particles (spherical) of diameters: at 60 °C (1hr) and at 125 °C PU-Ag(0.8um)
0.5-1 pm, 90-100 nm, 50-60 nm, 20-30 nm @hrs) PU-Ag(95nm)
Ag flakes of maximum length 1-3 um 5) The PU is dried in high PU-Ag(55nm)
(Ag content is 15 wt% in final PU) vacuum for 3 hrs PU-Ag(25nm)
100+ - _ -:l:’_g:?ﬂakes) Table 1 Transition temperatures and enthalpies measured by DSC
1 ~ N - - PU-Ag(0.8um) under N, at a heating rate of 10 °C min~' and a cooling rate of
90- > — - PU-Ag(95 nm) 5 °C min~'
Loss of solvent hi k\\ — - PU-Ag(55 nm)
804 k = = =PU-Ag(25 nm) Compound T,/°C Trneliing/°C (onset, AH/J g7l
] peak, end point)
704
2 ] PU (ref) —24 25,92, 170 15.24
g 604 . PU-Ag (flakes) -3 (20), 71, 135 31.34
§ \\\\ ! S . PU-Ag (0.8 pm) 33 (10), 75, 180 39.85
Rl s At A A H CNRET Y PU-Ag (95 nm -5 10), 77, 140 37.35
| T(°C)at50% mass loss S ~,\\~‘ . g ( ) (10), 77,
a0 PU(ref) 321 PU-Ag (55 nm) 21 (10), 69, 160 35.25
PU-Ag(flakes) a7 PU-Ag (25 nm) 12 (=5), 58, 105 28.76
PU-Ag(0.8 pm) 498
309 pu-Ag(95 nm) 430 T, was measured in the second heating run to avoid overlap between
1 PU-Ag(55nm) 392 glass and melting transitions. Values in brackets are approximated
204 PU-Ag(25nm) aal because glass and melting transitions overlap

T T T T T T T T T T T T T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500 550
Temp/°C

Fig. 1 TG analysis of PU samples heated to 550 °C under He at a
rate of 2 °C min™"

without Ag filler, while all composite mixtures lose only
0.5-1 %. This may be explained by the 15 wt% content of
Ag particles that have a low affinity for ethyl acetate in
comparison with PU and a competition between ethyl
acetate and Ag filler for the available interaction sites of
PU. Another reason could be the higher degree of crys-
tallinity of the Ag composites as described later.

The onset of the next weight loss event varies between
125 (composites with Ag nanoparticles) and 165 °C (PU-
Ag (flakes)) and initiates a set of at least three distinct
weight loss events. Degradation of PU is known to take
place in multiple steps and usually starts with the dissoci-
ation of urethane groups to the alcohol and isocyanate
precursors and is followed by the decompositions of the
formed precursor molecules [18, 23, 24].

The temperature at which 50 % mass loss has occurred
is often provided for the comparison of thermal stabilities
of polymers [12], and clearly indicates a higher thermal
stability of the composite materials in comparison with PU
(ref) (Fig. 1). Similar increase in stability have been
observed for other PU composites that contain Ag and Au
nanoparticles [12, 20], but our results also indicate that Ag
fillers of micrometer size increase the thermal stability

more than the nano-sized Ag particles. In fact, the smallest
increase in Ts50q 10ss 1S Observed for PU-Ag (55 nm)
(71 °C in comparison to PU (ref)) and the largest increase
of 177 °C is observed for PU-Ag (0.8 pm). The higher
thermal stability of the composite materials is often
explained with restricted motions of the polymer chains
and the formation of more crystalline domains in the matrix
[12, 15]. DSC measurements were conducted to probe
differences in the degree of crystallinity between the dif-
ferent PU materials. All the samples show similar thermal
behavior and undergo broad glass and melting transitions
between —30 and 180 °C in the first heating run (Table 1).
Only glass transitions are observed in the second and
subsequent heating runs at a heating rate of 10 °C/min and
a cooling rate of 5 °C/min (Table 2).

Table 2 Average maximum dimensions of Ag aggregates in cured
PU composites measured by SEM (at least 200 aggregates were
counted for each sample)

Sample Average aggregate
dimensions/pm
PU-Ag (flakes) 1.8 £ 0.6
PU-Ag (0.8 pm) 39+20
PU-Ag (95 nm) 1.1 £0.6
PU-Ag (55 nm) 1.22 £ 0.7
PU-Ag (25 nm) 1.3 £09
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Fig. 2 Thermal conductivity of PU (ref) and PU-Ag composites.
Error bars represent the % relative standard deviation of five
measurements on the same sample

The glass transition temperatures of PU-Ag composites
move to higher temperatures by at least 20 °C in compar-
ison with PU (ref). This change is mainly a result of sig-
nificantly broader glass transitions in the composite
materials and may be reasoned with a larger number of
different environments for the polymer chains. In contrast,
the melting transitions of the composites decrease by at
least 15 °C while their melting enthalpies increase by
100-130 % in comparison to PU (ref). An increase in
melting enthalpies, which is equivalent to a higher degree
of crystallinity, is often observed in polymer composite
materials because more nucleation sites are available [12,
15]. The observed decrease in melting temperatures of the
PU-Ag composites in comparison to PU (ref) can be
reasoned with the formation of significantly smaller crys-
tallites but was not investigated in more detail.

A comparison of the PU composite materials containing
spherical Ag particles reveals a decrease of their degree of

Fig. 3 SEM micrographs of PU
composites. All images are the
top surface morphologies while
PU-Ag (0.8 pm) shows both
cross section and top surface of
the disk. No differences in filler
distribution at the cross-section or
at the top surface were observed.
Aggregate measurements are
exemplarily shown for PU-Ag
(95 nm). Images are generated
from signals of backscattered
electrons (PU-Ag (flakes), PU-
Ag (95 nm), PU-Ag (25 nm)) or
combined signals of
backscattered and secondary
electrons
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crystallinity with decreasing size of the particles. This is
contrary to our expectation because at an equal content of
Ag by mass the smaller particles should be present at larger
numbers and provide more nucleation sites. A higher
degree of aggregation may reduce the number of nucleation
sites, but the largest aggregates are formed by the largest
spherical Ag particles in PU-Ag (0.8 pm), and this sample
also displays the highest degree of crystallinity. Clearly,
other parameters such as the shapes of particles and
aggregates and the structure of their surfaces must also
affect the crystallization of the PU matrix. However, the
DSC data agree with the thermal stability measured by TG
analysis as the most crystalline material PU-Ag (0.8 pm)
is also the thermally most stable.

Thermal conductivity and microstructural analysis

Thermal conductivity of the PU disks was measured by a
modified transient plane source technique [25, 26]. The
values range between 0.2 and 1.0 W/m-K and agree well
with previously reported values for PU composites [17].
Expectedly, the thermal conductivity of PU (ref) is the
lowest with 0.237 W/m-K. The addition of 15 wt% Ag filler
increased the thermal conductivity of PU composites by
factors between 2 and 4 (Fig. 2). The smallest increase in
thermal conductivity is observed in PU-Ag (flakes) whereas
composite PU-Ag (0.8 pm) shows the largest increase by a
factor of 4.2. All the PU composites filled with Ag nano-
particles showed thermal conductivities in-between those of
PU-Ag (flakes) and PU-Ag (0.8 pm). Interestingly, among
nano-sized Ag fillers, the thermal conductivity increases
with decreasing size of the Ag nanoparticles (PU-Ag
(25 nm) > PU-Ag (55 nm) > PU-Ag (95 nm)).

To better understand the observed differences in thermal
conductivity, both aggregation of the particles and their
distribution in the PU matrix were studied by SEM (Fig. 3).

PU-Ag(0.8 pum)

. empty areas
e e

PU-Ag(SS nm)
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The average aggregate size was determined by measuring
the longest dimension of each aggregate and averaging
over at least 200 aggregates observed in the SEM images.
The results given in Fig. 3 clearly show a decrease in
aggregate size for spherical Ag filler in the order PU-Ag
(0.8 pm) > PU-Ag (25 nm) > PU-Ag (55 nm) > PU-
Ag (95 nm), which qualitatively agrees with the observed
decrease in thermal conductivity. It is likely that the higher
thermal conductivity of samples with larger aggregates of
more fractal or elongated shapes results from a better
overall connectivity between the conductive filler in the PU
matrix, which agrees with what has been proposed by
Evans et al. [10].

However, just based on aggregate size (1.8 pm actually
is the length of individual flakes) sample PU-Ag (flakes)
should show the second highest thermal conductivity and
not the lowest as observed. This discrepancy may be
explained with the stacking of the flake-shaped particles,
which is a type of aggregation that does not significantly
increase the size of aggregates. The presence of empty
areas in PU-Ag (flakes) also reveals an uneven distribution
of the flakes and their aggregates that generates a less
connected structure of the filler in the PU matrix. In con-
trast, distributions of spherical Ag particles appear to be
uniform and independent of their different sizes.

Differences in thermal interfacial resistance, often
referred to as Kapitza resistance, may also affect the
thermal conductivity of the composites but are assumed to
be comparatively small because the interfaces between Ag/
Ag,0 surfaces and the PU should be rather similar in all
composites and the thermal conductivity of silver and sil-
ver oxide is similar with 400430 W/mK [4].

Conclusions

PU-Ag composites were prepared from Desmodur® and a
suspension of Ag filler in TEG. All tested Ag fillers
increase the thermal stability and conductivity of the PU
composites in comparison to a reference sample that does
not contain Ag filler (PU (ref)), but the highest increases
are obtained for spherical Ag particles of 0.5-1.0 pum size.
Among spherical particles, increases in thermal conduc-
tivity correlate with increases in average aggregate size,
but the thermal conductivity of PU-Ag (flakes) is the
lowest although its aggregates are the second largest. This
discrepancy is explained with the flake-shape of the Ag
filler that generates aggregates of stacked flakes and a less
uniform distribution in the PU matrix, which result in
insignificant increases in aggregate size in comparison with
the individual flakes and in an inhomogeneous filler net-
work, respectively.
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