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A B S T R A C T

Structural induced heat transfer capability of waterborne polyurethane (WPU) membrane was investigated.
Hereby, WPU emulsions were synthesized with series of combinations of 2,4-Diisocyanatotoluene (TDI), poly
(propylene glycol) (PPG), Poly(ethylene glycol) (PEG), dimethylolpropionic acid (DMPA) and ethylene glycol
(EG) for studied membranes preparation. In this study, optimal prepolymer components, hard segment content,
hydrophilic fragments and thermal annealing treatment on membrane-forming process were performed to study
the structural features of WPU and corresponding heat conduction. Regarding to the results of AFM, XRD and
DSC analysis, we found heat conduction was tightly related to the status of phase behaviors in studied WPU
membranes. That's because phonon propagation as one primary heat carrier in polymer matrix was closely
depended on the morphology of polymer chains. Good phase separation behavior could conduce to form long-
range, short-range and microcrystalline ordering in WPU through intermolecular force (e.g. hydrogen bond),
further pave as a conductive path for heat transmitting.

1. Introduction

Heat insulation or dissipation is an important topic in engineering
fields, especially in applications such as batteries [1–4], constructions
[5,6], miniaturized electrical components, but also in polymeric

materials in general since more and more polymer materials are used in
thermal engineering because of theirs excellent comprehensive perfor-
mances [7,8]. However, most polymers are generally bad thermal
conductors, so the demanding of good heat conduction capability for
polymeric materials is increasingly more important in specially the
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applications of thermal engineering, such as many devices for long
lasting applications. e.g. in narrow spaces of coil loops in electrical
components, are fairly common electronics, in which dissipation of heat
is crucial for prolonging the span life [9–11]. In general, thermal con-
ductivity coefficient (TCC) [12] is commonly used to quantify heat
transfer capabilities of materials. Normally, it reveals that the high TCC
exhibits a strong heat dissipating capability, while the low TCC shows
thermal insulation performance accordingly.

Waterborne polyurethane (WPU) materials are applying in many
area where thermal properties is evolved owing to theirs excellent
physico-chemical stability. However, the TCC of WPU is limited in
engineering application, because of the poor conductor of heat in
comparison to metal materials [13]. To address this issue, many
methods focused on fabrication of polymer-based composites with
adding high TCC of fillers were reported: introducing 3 wt% multi-
walled carbon nanotubes (MWCNTs) into semicrystalline polyurethane
(PU) dispersions increased TCC up to 0.47W/mK 2wt% graphene
oxide (GO) in WPU led to 0.33W/mK with only 38 % increases, etc.
[14–16]. However, the experimental TCC only partly reflects the the-
oretical values, because the poor compatibility and ununiform dis-
tribution of unmodified fillers in polymer matrixes would led to inter-
face thermal resistance. Moreover, although the modified fillers showed
good compatibility and uniform distribution in polymer resin, but due
to the surface modifications (e.g. chemical oxidation) could destroy the
crystal structure and appear more defects, dislocations or grain
boundaries accordingly, as a consequence, its intrinsic conductivities
decreased significantly. So, to compensate for these defects, a high filler
loading is always adopted to improve TCC, which sacrificing the me-
chanical properties of composites finally [17–19]. On one hand, to
further overcome this disadvantage, the efficient modification methods
without introducing any structural defects on fillers' lattice is still a big
challenge. On the other hand, the complicated modifications procedure
and expensive price of fillers make it impossible to scale-up in

Scheme 1. Synthetic route of WPU emulsion.

Table 1
Three levels and three factors of orthogonal experiments.

Number R (—NCO/—OH) PPG (Mn) DMPA (%) k (W/mK)

1 1.2 PPG-1000 4 0.193
2 1.2 PPG-2000 6 0.145
3 1.2 PPG-1500 8 0.095
4 1.3 PPG-1000 6 0.107
5 1.3 PPG-2000 8 0.142
6 1.3 PPG-1500 4 0.077
7 1.4 PPG-1000 8 0.105
8 1.4 PPG-2000 4 0.323
9 1.4 PPG-1500 6 0.056
K1 0.144 0.135 0.160
K2 0.109 0.203 0.103
K3 0.161 0.076 0.114
r 0.052 0.127 0.057
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engineering. As an alternative, the research of structure-property rela-
tion of WPU on heat conduction looks more promising in industry.

In this study, series of WPU emulsions were synthesized to select
optimal prepolymer components by referring to optimization ortho-
gonal arrays, then based on the fixed prepolymer components a further
analysis of varying hard segment content and hydrophilic fragments on
structural features were carried out afterwards [13,16,20–22]. Finally,
thermal annealing treatment on WPU membranes was conducted as
well. Here, aforementioned WPU emulsions were used for studied
membranes preparation and analysis, and more characterizations of
AFM, XRD and DSC were further involved to study the aspect of
structure-property relation on structural features and heat conduction
performances.

2. Experiment

2.1. Materials

Polypropylene glycol (PPG, Mn= 2000, Nanjing, China) and

polyethylene glycol (PEG,Mn= 1000, Chengdu, China) was pre-treated
firstly to remove the residual water before use. Dimethylol propionic
acid (DMPA, Perstop Chemical Co. Ltd., China) was placed in vacuum
oven at 50 °C for 48 h before use. Toluene diisocyanate (TDI, BASF) was
used as received. Acetone, ethylene glycol (EG), 1,4-butanediol (BDO)
and diethylene glycol (DG) were purchased from Chengdu Kelong Co.
Ltd. Trimethylamine (TEA) was purchased from Sigma with 4 Å mole-
cular sieves inside before use in synthesis of WPU emulsions.

2.2. Synthesis of WPU emulsions

Here, monomers such as TDI and PPG were obtained from industry
for our research. The whole process (scheme 1 ) was divided to five
steps continuously: a) selection of chain extenders, b) optimization of
prepolymer, c) optimization of hard segment content, d) construction of
hydrophilic chains and e) thermal annealing on membrane-forming.
Briefly, step a): mixture of 5.7 g TDI (32.75mmol), 17.1 g PPG
(8.55mmol) and 0.92 g DMPA (6.81mmol) was placed in three-neck
flask to stir homogeneously and then heated at 85 °C for 3 h with

Fig. 1. a) and b) is the schematic graph of phonons collisions. c) two processes of N process and U process during phonon collisions. Here, two black vector arrows
trend towards forming red arrow as final pathway in N process, while two red vector arrows in U process form blue vector arrow as final pathway which prolong heat
transfer time (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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connection of water condenser and nitrogen bag, afterwards pre-
polymer was obtained and divided to three portions for further reaction
with three chain extenders (150 μL EG, 240 μL BDO and 255 μL DG) at
73 °C for another 2 h. Then, the mixture in flask was cooled down to
room temperature and neutralization step using TEA was conducted for
10min, afterwards DI water was added in flask with 30min vigorous
stirring and finally WPU emulsions with 30 % solid content were ob-
tained.

Next, step b): optimization orthogonal arrays (Table 1) were
adopted to study the impact order of monomers on heat conduction and
further get the optimized prepolymer formula. Here, the specific weight
of reactants in this series was not given because of too much data to list.
Stoichiometric amount of TDI, PPG and DMPA was heated in flask at
85 °C for 3 h, with connection of water condenser and nitrogen bag.
Then, reaction temperature was decreased to 73 °C and stoichiometric
amount of EG was added in mixtures to keep another 2 h. Afterwards,
neutralization step and phase-inversion emulsification were carried out
as step a) did.

Further, step c): this part is further analyzing the impact of hard
segment content on heat conduction. Here, the specific weight of re-
actants can be seen in supporting file (Table S2). Obviously, the pro-
cedure to synthesize corresponding WPU emulsion with different hard
segment content can also be referred to step b).

Next, step d): this part is studying the impact of hydrophilic frag-
ments (DMPA/PEG) on heat conduction, since hydrophilic fragment is
important for synthesis of WPU emulsion. The specific weight of re-
actants can also be seen in supporting file (Table S3) as well. Here, it is
noticed that PEG is not acted as soft segment, while it works as hy-
drophilic chain extender to partly replace DMPA. The protocol to syn-
thesize this series experiment was given below. Stoichiometric amount
of TDI, PPG and DMPA was heated in flask at 85 °C for 3 h, with con-
nection of water condenser and nitrogen bag. Then, stoichiometric
amount of PEG was added for another 2 h reaction, followed with re-
duce the reaction temperature to 73 °C and stoichiometric amount of EG
was added in mixtures to keep another 2 h. Afterwards, neutralization
step and phase-inversion emulsification were carried out as step a) did.

Finally, step e): thermal annealing treatment on membrane-forming
process. WPU emulsion was casted in petri-dish at room temperature
for 4 days, then placed in oven with different annealing temperature of
150 °C, 120 °C, 100 °C, 80 °C and 60 °C to keep 5 h, after that the tem-
perature gradually decreased to room temperature and membranes
were collected for analysis.

2.3. Methodology to prepare membrane

Aforementioned WPU emulsions were poured in PTFE petri-dish
and dried at room temperature for 4 days. Next, WPU membranes were
placed in vacuum oven overnight at 80 °C to fully remove residue
water, and then collected for analytic characterizations.

2.4. Characterization

Differential scanning calorimetry (DSC) was carried out with a DSC
200PC (NETZSCH, Germany) at a heating rate of 5 °C/min from -100 °C
to 100 °C under nitrogen, and heat history was erased firstly.
Morphologies of the WPU membranes were observed using tapping-
mode atomic force microscope (AFM SPM-9600, SHIMADZU, Japan).
TCC of the WPU membranes was measured at least five times by using
thermal conductivity coefficient instrument (DRP-II), and the average
was reported. X-ray diffraction (XRD) was carried out in X'Pert Pro MPD
DY129 X-ray diffractometer (Netherlands) equipped with CuKα radia-
tion (λ= 1.54178 Å) as the X-ray source, among membranes were
tested with a scanning rate of 4°/min from 5° to 50°.

2.5. Heat conduction mechanism

As reported, phonon, electron and photon are three types of heat
carriers in solid materials [23]. However, only phonon that plays an
important role on heat conduction in polymer materials. As molecules
in a high temperature region move to a low temperature region, the
average kinetic energy is transferred to other molecules through colli-
sions, and this kind of energy transmission is macroscopically called
heat conduction k [24]. Accordingly, the k can be given in Eq. (1) [25]:

=k C v1
3 v (1)

Where Cv is heat capacity in per unit volume, γ is mean free pathway, v
is average rate of heat flowing.

Due to the existence of phonons collisions, it keeps a heat energy
equilibrium from a high to a low temperature region. As a result, heat
energy is transferred through the pathway that formed after collisions
in different defects and crystal boundaries [12,26], which is shown in
Fig. 1a. In addition to this, the Normal Process (N process) and Umk-
lapp Process (U process, Flip Process) are the two main processes during
phonon collisions [27]. Generally, the N process contributes to the
phonon momentum distribution and gradually leads to a heat equili-
brium, while U process acts as barrier to prolong heat transfer time, to
some extent, and can even be as thermal resistance during phonon
propagation.

3. Results and discussion

3.1. Optimization orthogonal arrays

It is known that chain extender is important to increase the mole-
cular weight of WPU materials, and further shows significant effects on
physico-chemical properties as well [28]. Here, three alcohol chain
extenders (EG, BDO, EG) were used for WPU emulsions preparation via
the reaction with same prepolymer resin. As a result, EG was specified
as chain extender for latter experiments, because of the higher TCC
value than other two WPU membranes (Table S1). Next, a study of
prepolymer formula on structure features and heat conduction perfor-
mance was investigated. EG was chain extender to synthesize final WPU
emulsion for membrane preparation. Here, a useful method, orthogonal
experiments, used to optimize the synthetic crafts was shown in
Table 1.

Orthogonal experimental design is an efficient way to qualitatively
analyze the correlations between the relevant variables with different
levels through statistic analysis, which make it fast to get the optimized

Fig. 2. Changes of TCC of WPU membranes with varying molecular weight of
PPG and DMPA dosage.
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parameters with high confidence interval through statistic principle.
Here, K1(R)=(k1+k2+k3)/3, K1(PPG)=(k1+k4+k7)/3, K1(DMPA)=
(k1+k5+k9)/3, K2(R)=(k4+k5+k6)/3, K2(PPG)=(k2+k5+k8)/3,
K2(DMPA)=(k2+k4+k9)/3, K3(R)=(k7+k8+k9)/3, K3(PPG)=
(k3+k6+k9)/3 and K3(DMPA)=(k3+k5+k7)/3. Range value r is differ-
ence between the maximal and minimal value of Kn (n=1,2,3).
Clearly, the order of influences on TCC is PPG>DMPA>R by refer-
ring to r value in Table 1, and number 8 (Table 1) with the combination
of ‘R=1.4, PPG-2000 and 4% DMPA’ showed higher TCC than other
combinations. So, further analysis based on the fixed R value with
varying molecular weight of PPG and DMPA dosage was conducted (see
Fig. 2). The results showed that the TCC decreases a lot as the molecular
weight of PPG decrease from 2000 g/mol to 1000 g/mol, in comparison
to the DMPA dosage increases from 4% to 8%. It means that the mo-
lecular weight of PPG played an important role on heat conduction

while in comparison to DMPA dosage, which was consistent with the
result of Table 1. Summarily, short PPG chains with low molecular
weight were less inclined to give phase separation than long chains, and
as a result, phase separation could contribute to forming ordered se-
quences (long-range, short-range and microcrystalline ordering) and
correspondingly accelerates the phonon propagation in polymer matrix
[13]. Besides, the amount of DMPA also had impact on microphase
separation behavior. The higher amount of DMPA the less possibility of
ordered sequences forming in hard segment domains, which is owing to
the interferences from methyl group of DMPA on hydrogen bonding
behavior in hard segment domains.

3.2. Hard segment content and TCC of WPU

Aforementioned study found that the existence of ordered sequences

Fig. 3. AFM observation, DSC, XRD and TCC measurement of WPU membranes. a) 3D morphology of WPU membranes with ratio of soft segment to hard segment of
3:2, 7:3, 3:1 and 4:1 respectively, among the membrane with 40 % of hard segment content showed a significant distribution of hard segment and soft segment. And
phase separation degree decreased with the decreasing of hard segment content; b) XRD analysis showed two diffraction peaks at 2θ of 20° and 45° respectively in
XRD spectra, and the amplification of 2θ of 45° and corresponding calculation of crystal size of lattice showed a higher value in WPU membrane (0.146 Å) with 40 %
of hard segment content, while the crystalline sizes of 30 %, 25 % and 20 % of hard segment content are 0.074 Å, 0.065 Å and 0.064 Å respectively; c) DSC analysis
showed a higher enthalpy in WPU membrane with 40 % of hard segment content during the whole heating process, and enthalpy was decreased with decreasing of
hard segment content; d) TCC measurement of WPU membranes 21. Copyright 2019. Adapted with permission from Elsevier Science Ltd.
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(short-range, long-range and microcrystalline ordering) is critical to
enhance the TCC of WPU materials, and that is directly depending on
the interaction forces between hard segment and soft segment. It is well
known that phase separation appears in WPU due to the thermo-
dynamic incompatibilities of hard segment and soft segment [29,30].
Meaningfully, AFM observation can be intuitively shown the situations
of two phases, because hard segment has strong cohesion which ap-
pears as a bright area in the AFM image, while soft segment appears as a
gray area in AFM image. Therefore, it is interesting to study how the
ratio of hard segment to soft segment affect on polymer micro-
morphology and TCC. Based on the fixed parameters of R= 1.4, PPG-
2000 and 4% DMPA, the experiments with different hard segment
contents (40 %, 30 %, 25 % and 20 %) were carried out. These WPU
membranes (see recipe in Table S2) were characterized to investigate
the structural features and TCC performances.

Fig. 3a showed that the WPU membrane with 40 % of hard segment
content presented a significant distribution of hard segment and soft
segment in 3D morphology respectively, along with hard segment
content decreases the mixing degree of two phases was increased con-
versely. Simultaneously, the TCC (Fig. 3d) of WPU membranes were
measured as well, which showed a similar trend as phase separation
behavior. That is, heat conductive capacity was decreased as hard
segment content decreased. This is because phase separation could
contribute to forming ordered sequences in two phases, due to the self-
aggregation of hard segment chains and soft segment chains through

hydrogen bonding behavior. In order to confirm this, more details of
DSC and XRD measurements were performed. The DSC spectra showed,
as expected, a higher crystal melting enthalpy and a lower glass tran-
sition temperature (Tg) for the WPU membrane with a hard segment
content of 40 %, while the enthalpy decreases and Tg increases as hard
segment content decreases. Also, the measurement of XRD on WPU
membrane with 40 % of hard segment content showed a higher dif-
fraction peak at 2θ of 45° than the other WPU membranes. Moreover,
the crystal size of lattice (0.146 Å) calculated by Scherrer equation
(supporting file) is also higher than other samples, indicating a relative
high density of ordered sequences in WPU membrane with 40 % of hard
segment content. In summary, the high content of hard segment frag-
ments in WPU could contribute to increasing the hydrogen bonding
degree in hard segment domains, because of the existence of more polar
urea and urethane groups. Further, this behavior hinders two phases
mixing and provides more driving forces to form orderly stacked
structures [31], as a result, reducing the phonon scattering and im-
proving the TCC accordingly [13]. However, the more higher hard
segment content (e.g. 50 %) in WPU emulsion we prepared didn't show
us a nice comprehensive properties, as the membrane is very fragile and
can't be able to use in practical application.

3.3. Hydrophilic fragments: PEG and DMPA

DMPA is commonly used to prepare WPU in industry, and the

Fig. 4. Height diagram, XRD and TCC measurement of WPU membranes. (a) Phase separation situation was observed by using AFM. Clearly, the phase separation
degree was increased with the increasing of PEG content, especially the WPU membrane with a combination of 13 % PEG and 2 % DMPA presented a significant
distribution of bright area and gray area in height diagram; (b) XRD analysis was used to compare the crystallinity of WPU membranes. The WPU membrane with a
combination of 13 % PEG and 2 % DMPA showed a higher crystallinity than other combinations of membranes. (c) TCC measurement of WPU membranes by using
steady-state method. Obviously, the TCC was increased with the increasing of PEG proportion in studied WPU membranes20. Copyright 2018. Adapted with per-
mission from Elsevier Science Ltd.
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Fig. 5. Phase diagram, XRD analysis and TCC
measurements of WPU membranes with dif-
ferent thermal annealing temperature treatment.
a) AFM-phase diagram showed the situation of
two phases in studied WPU membrane. As an-
nealing temperature above 100 °C the hard seg-
ment fragments were aggregated as gray area in
phase diagram, and phase separation behavior
was present due to the rearrangement of
polymer chains; b) XRD analysis was used to
characterize the crystallization behavior of
membranes. Clearly, as annealing temperature
above 100 °C the WPU membrane showed
higher diffraction intensity than other mem-
branes; c) TCC was measured by using steady-
state method. As expected, TCC was increased as
annealing temperature above 100 °C.

Fig. 6. Heat flowing in amorphous and crystalline polymer.
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higher amount of DMPA the more stable of WPU emulsion will be.
However, a high amount of DMPA in WPU would decrease the heat
conductive capacity as the interferences of methyl group on forming
ordered sequences in hard segment domain. Therefore, to control the
minimal amount of DMPA dosage in synthesized WPU, one ordered
hydrophilic fragment, PEG, was investigated as an alternative strategy
to reduce DMPA amount in synthesis. So, the experiments with a fixed
hard segment content of 40 % and the varying mass ratios of DMPA to
PEG of 4:0, 3.5:3, 3:6 and 2:13 were prepared. Here, the emulsion
wasn't stable by only using PEG as hydrophilic chain extender without
DMPA. Next, aforementioned WPU emulsions were casted to WPU
membranes for characterizations.

Fig. 4a depicts the AFM-height diagram of WPU membranes with
varying combinations of DMPA and PEG. It is shown that the dis-
tribution of hard segment and soft segment depends on the PEG con-
tent. The density and size of bright domains increased significantly with
the increasing of PEG content, indicating an increased phase separation
degree as the PEG content increased. Certainly, it is also related to the
decreases of DMPA dosage and further reduces the interferences on
forming ordered sequences in hard segment domains. All in all, it is a
comprehensive result with combine DMPA and PEG to increase phase
separation and further form more ordered structures in WPU. In addi-
tion to this, XRD analysis was performed as well. The diffraction peak
intensity of WPU membrane with 13 % PEG and 2 % DMPA at 2θ of 20°
and 45° was all higher than the other combinations, indicating a higher
crystallization degree than others as due to the existence of more or-
dered structures in membrane. Naturally, as expected, the TCC of cor-
responding WPU membrane with combined 13 % PEG and 2 % DMPA is
increased a lot as compared to the WPU membrane with only DMPA. As
a summary, the comprehensive performances of combined DMPA and
PEG in WPU present an alternative strategy to enhance TCC by in-
creasing phase separation and further forming more ordered structures.
As expected, more orderly stacked structures are formed in hard seg-
ment and soft segment domains respectively, which accelerates the
phonon propagation in WPU and further enhances heat transfer per-
formances correspondingly.

3.4. Thermal annealing on membrane-forming process

Thermal annealing treatment has a significant effect on phase se-
paration, as heat-induced movements of polymer chains will be oc-
curred and further alter polymer morphologies accordingly [32–34].
Therefore, It is interesting to study the effect of thermal annealing on
structural features and TCC of studied WPU membrane. Also, only
through physical adjustments to control polymer morphology and fur-
ther achieve expected aim makes it more simple. The membrane-
forming at room temperature (RT) without thermal treatment was used
as a control, and thermal annealing temperature of 60 °C, 80 °C, 100 °C,
120 °C and 150 °C was conducted for 5 h respectively. Next, samples
were gradually cooled down to RT and then collected for analysis.

It was noticed that thermal annealing indeed has produced impacts
on WPU membrane's morphologies, as heat driving force on occurring
rearrangement of polymer chains was conducted. Especially, as an-
nealing temperature above 100 °C the movements of polymer chains
were accelerated to rearrange and present an equilibrium status with
lowest free energy, that is, hard segment fragments and soft segment
fragments were self-aggregated with minimal interactions, and as a
result, phase separation and ordered sequences were present naturally
[35–37]. Thus, phonon propagation was facilitated in solid membrane
and TCC was improved accordingly (Fig. 5c). Also, to further prove this
behavior AFM observation (Fig. 5a) on phase separation and XRD
analysis (Fig. 5b) on crystallization were all pointed to this as well.
However, a relative high annealing temperature (e.g. 150 °C) showed
the decreases of crystalline degree and TCC in WPU membrane as
compared to annealing temperature of 100 °C and 120 °C, and it might
be caused by the too fast movements of polymer chains made it hard to

form crystal nucleation, and the growth is limited as a consequence.
Certainly, the low annealing temperature generated annealing energy
was probably too low to cause a rearrangement of polymer chains, and
thus TCC only showed slight changes.

As a summary, heat conductive capacity is directly enhanced by
increasing phase separation behavior in WPU, as due to long-range
short-range and microcrystalline ordering were formed and further
acted as free pathway to accelerate phonon propagation in polymer.
Hence, the possible schematic graph is shown in Fig. 6.

4. Conclusion

Series of experiments were performed to study the structural fea-
tures and corresponding heat conduction performance of waterborne
polyurethane (WPU). In this study, the results showed that the inter-
actions between hard segment and soft segment were played an im-
portant role on heat conduction. That is to say, as phase separation took
place in two phases the ordered sequences (long-range, short-range and
microcrystalline ordering) were formed due to intermolecular force
(e.g. hydrogen bond) induced rearrangement of polymer chains, and
further acted as free pathway for phonon propagation. And as a result,
heat conduction was improved accordingly. On the contrary, more in-
teraction forces caused two phases mixing well and that could hinder
phonon propagation and decrease heat conductivity capacity as dis-
ordered sequences in two phase may produce thermal resistance. All in
all, it is an alternative strategy to enhance heat conduction performance
of WPU materials through structure-property aspects, and not needed to
fabricate complicated composites, which may also provide a possibility
for polymer to expand theirs application in thermal engineering.
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