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H I G H L I G H T S

• Passive thermal management system of Lithium-ion cells.

• Expanded graphite/paraffin wax phase change composite fabrication.

• Selective laser sintering 3D printing technique without post-processing.

• Experimental and Finite Element Analysis validation of the fabricated composite.

• Customizable material composition based on the application.
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A B S T R A C T

This paper investigates the thermal management performance of a newly developed phase change composite for
Lithium-ion battery packaging applications. Phase change materials have been investigated for passive thermal
management of lithium-ion batteries on maintaining a uniform temperature, reducing the operational risk
possibility, and elongating the life cycle. Despite these advances, the manufacturing of such material for battery
thermal management is still not simple. Challenges including material waste, limited design freedom, and long
production time remain and significantly limit the broader application of phase change materials in thermal
management. To address those challenges, the phase change composite in this paper was produced using a 3D
printing technique called selective self-binding laser sintering. The effectiveness of the 3D printed composites on
thermal management of lithium-ion battery cells is investigated and compared with other phase change com-
posites manufactured by conventional techniques. The composite studied in this paper consists of expanded
graphite and paraffin wax. Equivalent heat generations of a cylindrical 18,650 Lithium-ion cell are resembled
using a thin polyimide heater, and performances of the composites in thermal management are characterized.
Experimental results and finite element analysis show that the 3D printed phase change composite can achieve
thermal management functions comparable with the composites manufactured by the conventional press and
soak technique.

1. Introduction

Due to the significant interest in powertrain electrification as an
effort for United States energy independence, the energy density of
Lithium-ion (Li-ion) batteries have been doubled in the last decades,
allowing for more compact and efficient battery-powered goods, such
as drones, portable electronics, and renewable energy storage [1,2].
During regular charging and discharging cycles, Li-ion batteries ex-
perience temperature elevation, which is found to be the primary cause
of the performance degradation or capacity fade. For example,

Waldmann et al. [3] showed that high temperatures accelerate the
cathode electrode degradation and consequently lead to capacity fade
in Li-ion batteries. Ramadass et al. [4] studied the effect of capacity
fade under various ambient temperatures (25–55 °C), and they found
that the capacity decreases down to 70% after 500 cycles at higher
temperatures. Rao et al. [5] demonstrated that the life cycle of Li-ion
battery could reach up to 3000 cycles at 45 °C, but at 60 °C the life cycle
is only about 1000 cycles. In addition to the temperature rise, tem-
perature non-uniformity within a cell and among cells in the battery
pack can also cause adverse effects on the overall performance of the

https://doi.org/10.1016/j.applthermaleng.2020.115126
Received 9 April 2019; Received in revised form 20 February 2020; Accepted 24 February 2020

⁎ Corresponding author.
E-mail addresses: mnofal2@uic.edu (M. Nofal), salhallaj@allcelltech.com (S. Al-Hallaj), yayuepan@uic.edu (Y. Pan).

Applied Thermal Engineering 171 (2020) 115126

Available online 25 February 2020
1359-4311/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2020.115126
https://doi.org/10.1016/j.applthermaleng.2020.115126
mailto:mnofal2@uic.edu
mailto:salhallaj@allcelltech.com
mailto:yayuepan@uic.edu
https://doi.org/10.1016/j.applthermaleng.2020.115126
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2020.115126&domain=pdf


battery pack. Failures in the control of Li-ion battery cell temperatures
can cause many problems, including performance degradation, capacity
fade, fast charging risks, and severe thermal events such as explosions.
Hence, the maximum temperature difference inside the battery pack
usually has to be controlled within 5 °C, and high-temperature gra-
dients among cells in a battery pack should be avoided [6].To achieve
these temperature control objectives and ensure the optimal Li-ion
battery operation performance, a thermal management system has to be
used to dissipate the undesired heat quickly and uniformly, and to
maintain battery cell temperatures within an allowable range. For
feasible implementation and maintenance, the battery thermal man-
agement system should be lightweight, compact, and cost-effective.
Also, it must present a low parasitic load and exhibit the ability to
maintain the temperature uniformity of all cells in the battery pack [7].

Thermal management systems can be classified into two main ca-
tegories. Active cooling, such as air and liquid cooling, that in-
corporates a mechanism of heat removal via forced air or circulating
coolant in the Li-ion battery pack. Air cooling, for instance, is one of the
simplest methods of heat dissipation due to its availability. On the other
hand, liquid cooling can be achieved by either circulation of water-
based coolant through cooling passages within the electronic device or
flooding the device with a dielectric oil, which is then pumped out to a
heat exchanger system. However, studies have shown that air as a heat
transfer medium is not as effective as the liquid medium due to its lower

thermal conductivity and limited heat capacity [8,9]. Although there
are many advantages in the application of active cooling, these methods
inherently make the overall system massive, complicated, and ex-
pensive to maintain. Also, there is a potential safety risk associated with
liquid cooling systems as they must be sealed in order to prevent any
form of leakage during operation [10,11].

The other category is passive cooling, such as heat pipes and phase
change materials (PCM’s) that rely, merely, on the thermo-dynamics of
conduction to perform the heat transfer process. Recently, phase change
materials and phase change composites (PCC’s) have attained wide
attention as perfect candidates for being integrated into the passive
cooling systems of the battery pack [12–14]. When the battery pack is
active (during the charging or discharging period), a portion of the
dissipated heat is stored during the phase transition of the PCM (solid to
liquid), and this heat is then released to the surrounding, during a
period when the battery pack is resting. The stored heat during the
process of phase change of PCM is called latent heat. The latent heat
storage has many advantages, such as: (1) it is possible to store large
amounts of heat with only small changes in temperature and, therefore,
to have high storage density; (2) since the phase change occurs at a
relatively constant temperature and it takes some time to complete, it
becomes possible to smooth the temperature variations among battery
cells. PCMs can store up to 14 times more heat per unit volume than
sensible heat storage materials such as copper and aluminum [15]; (3)

Fig. 1. Press-soak manufacturing process (a) a sample of the EG flakes. (b) an SEM image of the flakes that show the vermicular form [26]. (c) a predrilled expanded
graphite block soaked in the paraffin wax bath at 75 °C. (d) a sample with dimensions of 27 × 20 × 1.7 mm ± 0.25 mm used in the experiments.
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Another advantage of PCM is its low cost and availability [16]. How-
ever, most PCMs have poor thermal conductivities comparing to me-
tallic materials. Therefore, highly conductive additives are filled into
PCMs to form phase change material composites with enhanced thermal
conductivities [17,18]. Among the many PCM composites for battery
thermal management, paraffin wax/expanded graphite (PW/EG) com-
posites have shown promising overall properties at a scaled-up level,
especially, in Li-ion batteries applications [13,19]. In the PW/EG
composite, paraffin wax (PW) – as the PCM material, is used for storing
and releasing heat through its solid-liquid phase changes (latent heat)
due to of its capability of solidifying and melting repeatedly without
any phase segregation or latent heat degradation, relatively high latent

heat capacity, a wide range of melting temperatures, low cost, and
commercial availability. On the other hand, expanded graphite (EG) is
used as the form-stable matrix because of its superior properties such as
lightweight, high thermal conductivity, and its commercial availability.

Many manufacturing techniques for producing PW/EG composites
have been reported in the literature. Sari et al. [20] studied the im-
pregnation of paraffin into EG with different weight fractions of EG
(2–10%). They found that 10% of EG, by weight, was suitable to con-
struct a form-stable PW/EG composite. Also, increasing the weight
fractions of EG from 2% to 10% has improved the thermal conductivity
of the composite. Wu et al. [21] investigated the PW/EG composite for
electronic thermal cooling applications. They stirred molten paraffin

Fig. 2. Selective self-binding laser sintering process (a) Expanded graphite and paraffin wax mixture as a feedstock for the SSLS process. (b) SEM image of the mixture
where the light particles are the paraffin wax powder and the dark particles are the expanded graphite powder. Microscopic images of (c) expanded graphite powder
(d) paraffin wax powder with a particle size in the range of 50–200 µm.

Fig. 3. Custom-made SLS machine with 5.5 W laser power, 0.25 mm scan spacing, and 50 mm⋅s−1 scan speed.
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wax with 20% EG at a temperature above the wax melting point, which
enabled them to enhance the thermal conductivity significantly
(7.65 W⋅m−1⋅K−1 compared to 0⋅27 W⋅m−1⋅K−1 of the pure PW). Mills
et al. [19] studied a manufacturing process in which EG was pressed
into a matrix with different porosity levels and then soaked into a hot
bath of PW to make the PW/EG composite. Using this manufacturing
technique, they were able to fabricate a PCM composite with a thermal
conductivity as high as 16.6 W⋅m−1⋅K−1. The PW/EG composite fab-
ricated in Mills et al. work [15] was implemented in a passive thermal
management system for Li-ion battery pack, and the results showed a
significant improvement in the battery cycle life. Despite those ad-
vantages in manufacturing and applications of PW/EG composites,
many limitations and challenges still remain, including: (1) the amount
of time that takes to prepare the composite such as soaking time,
mixture saturation, etc. is noticeably high; (2) machining processes
such as drilling, milling, etc. are required to obtain the desired geo-
metries, resulting in a lot of material waste; (3) custom cutting tools
such as drill bits, endmills, and burrs are also required in order to match

the cylindrical cell diameter ideally. Otherwise, air gaps will be present,
and it will negatively affect the heat transfer mechanism between the
cells and the composite [22].

To address these limitations, this paper investigates the thermal
management performance of the PW/EG composite in lithium-ion
battery packaging applications. The PCM composite was produced
using selective self-binding laser sintering (SSLS) – a 3D printing
technique, for the production of PW/EG composites. Additive manu-
facturing (AM), also known as 3D printing, offers multiple advantages
over traditional manufacturing techniques, including almost near-zero
material waste, rapid prototyping and reduced time to market, and
construction of structures that are not possible with traditional manu-
facturing processes [23,24]. However, to the best knowledge of authors,
there is no work about 3D printing of PW/EG composite reported in the
literature by any other group yet. In our previous work, we successfully
developed the SSLS 3D printing technique and fabricated PW/EG
composite with various geometries [24]. The thermal, electrical, and
mechanical properties of the PW/EG composite printed by our SSLS
technique were characterized systematically, which suggest that the
printed PW/EG composite is potentially promising for thermal man-
agement of Li-ion batteries.

Based on this previous work, the motivation of this paper is to in-
vestigate the effectiveness of 3D printed PW/EG composites for thermal
management of Li-ion battery cells. In this work, to make a comparison,
PW/EG samples were fabricated using both the SSLS 3D printing
technique and the traditional press-soak manufacturing method [13].
Both composites have the same PW/EG ratio and dimensions. To in-
vestigate their performance, the equivalent heat generation of a cy-
lindrical 18,650Li-ion cell is resembled using a polyimide heater. Dif-
ferent heat generation profiles were tested, and the corresponding
thermal management results of the 3D printed PW/EG and traditionally
fabricated PW/EG composites were recorded and compared. FEA si-
mulation was performed and compared to the experimental results. The
rest of this paper is organized as follows: The properties of phase
change composites fabrication methods are presented in Sections 2.1
and 2.2. Heat generation calculations, experimental, and experimental
setup are presented in Sections 2.3–2.5. Experimental and FEA results
are presented in Section 3. Discussion and conclusion are given in
Section 4.

2. Methodology

2.1. Phase change composite fabrication

A novel selective self-binding laser sintering (SSLS) technique has
been successfully developed for 3D printing the PW/EG composite in
our previous work [23,24]. To evaluate the effectiveness of the SSLS
printed PW/EG composite in a thermal management system for Li-ion
batteries, in this paper, we fabricated PW/EG composite samples using
both the SSLS technique and the traditional press-soak technique [13].
In both manufacturing processes, paraffin wax from IGI (Titusville, PA)
with a melting range (53.9–55.6 °C), and expanded graphite flakes from
Superior Graphite (Chicago, IL) were used as feedstock for the pro-
duction of PW/EG composite samples.

2.1.1. Press-soak (PS) manufacturing process
The press-soak process starts by producing the expanded graphite

matrix by compacting the expanded graphite flakes using an automated
press under a controlled pressure (50 psi, for 12 min). The graphite
flakes are loaded manually into a hydraulic press (mass ~1.6 kg) to
achieve a specific graphite block density (~180–250 kg⋅m−3). At that
graphite block density, a balance of the maximum amount of PW im-
pregnation, and a reasonable amount of soaking time can be achieved.
For instance, any lower graphite densities would result in a very porous
and fragile matrix with a risk of wax leakage. On the other hand, higher
graphite block density would result in less PW impregnation and

Fig. 4. Latent heat curves of SSLS-PCC in melting and solidification phases.

Fig. 5. Energy storage schematic of phase change composite.

Table 1
Summary of the average thermal properties for PS-PCC and SLS-PCC phase
change composites.

Property PS-PCC SSLS-PCC

Thermal conductivity
(W⋅m−1⋅K−1)

17.25 (In-plane)6.3 (Through-
plane)

0.85

Specific heat capacity (J⋅g−1⋅K−1) 1.91 2.0
Latent heat capacity (J⋅g−1) 153 155
Density ρ (kg⋅m−3) 825 860
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significant soaking time due to the low porosity. Fig. 1(a) shows a
sample of EG flakes, and (b) an SEM image of the flakes, which is in the
vermicular form. After pressing the EG flakes into a block with the
desired density, the EG block is then soaked into a hot bath of molten
paraffin wax. The hot bath temperature is maintained in the range of
70–75 °C. During the soaking process, the molten wax impregnates into
the graphite matrix through capillaries. Prior to this step, the graphite
block is uniformly predrilled at various locations using a 12.7 mm drill
bit to speed-up the impregnation process.

In this study, the soaking time was 48 h to maximize the PW ratio
with a target of 75–80% by weight. This PW/EG weight ratio ensures an
optimal balance of latent heat capacity, thermal conductivity, and form
stability of the composite [25]. Fig. 1(c) shows the predrilled expanded
graphite block soaked in the paraffin wax bath, and (d) shows the final
phase change composite sample with dimensions of
27 × 20 × 1.7 mm ± 0.25 mm for the thermal management study in
this paper.

2.1.2. Selective self-binding laser sintering (SSLS) process
In the selective self-binding laser sintering process, paraffin wax is

selectively melted, and the molten PW acts as a binder to bind the
expanded graphite particles together, and also is impregnated within

the graphite particles at a micro level under the capillary forces.
To prepare feedstock for fabricating PW/EG composite using SSLS,

EG flakes and PW were processed separately to make a fine powder of
50–200 µm particle size for the selective laser sintering process. A
mixture of 80% PW and 20% EG by weight was tumbled for 2 h.
Fig. 2(a) shows the final mixture composition, (b) shows an SEM image
of the mixture, (c) and (d) show microscopic images of EG and PW
powders respectively. The particle mixture is used as the feedstock in
SSLS for the production of PW/EG composite.

A custom-made SSLS machine was used to fabricate the PW/EG
composite, as shown in Fig. 3. It is equipped with a computer-controlled
laser module (5.5 Watt) that scans the surface of the powder mixture
selectively to form the composite using a back-and-forth scan pattern
with a 0.25 mm scan spacing. The scan speed can be adjusted in the
range of 1.5–50 mm⋅s−1 to tune the laser intensity for sintering PW
with different melting degrees and, hence, different impregnation
capabilities. With this setup and materials, it was determined that the
optimal scan speed was 50 mm⋅s−1.

During the laser scanning, PW is melting because of the laser power
in such a way that the capillary forces of the molten wax allow it to be
impregnated within the EG particles and binds EG together when it
solidifies.

2.2. Thermal properties of phase change composites

Phase change materials and composites are known for their thermal
energy storage, specifically, latent energy storage. Moreover, Li-ion
batteries operate in transient cycles with a low duty cycle, which means
heat is produced during short periods of demanding use followed by
more extended periods of idling or less active use. Therefore, phase

Fig. 6. Single Li-ion cell heat generation in Watts during discharging with different currents: (a) 1.5 amps. (b) 3 amps. (c) 4.5 amps.

Table 2
Equivalent heat generation for a single Li-ion cell at different discharge rates.

Current (A) Average heat generation (W) Equivalent voltage (V) Time (s)

1.5 0.1 1.3 7200
3 0.5 2.9 3600
4.5 1 4.1 1800
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Fig. 7. Single cell heat generation setup. (a) Polyimide flexible heater. (b) Samples contact through thermal pads. (c) Thermal insulation of the samples. (d) Final
assembly.

Fig. 8. Exploded CAD assembly of the setup.
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change composites are perfect candidates that can be integrated into
the packings of Li-ion batteries as a passive thermal management
system.

In the case of phase change material and composites, the thermal
energy storage has two forms, sensible energy storage (SES) and latent
energy storage (LES). Sensible energy is stored, naturally, by the me-
chanism of changing the object’s temperature. The latent energy sto-
rage, the energy is stored during the phase change of the material. The
amount of the stored latent heat is proportional to the change in en-
thalpy of fusion of the material and its mass. Fig. 4 shows the latent heat
curves for the SSLS-PCC for melting and solidification phases at 1
°C⋅min−1 ramp rate. Differential scanning calorimeter (DSC) apparatus
(model DSC823e/700, manufactured by Mettler-Toledo) was used to
measure the latent heat capacity. The mass of the specimen used in DSC
was 10.2 mg, placed and sealed in a 40-microliter aluminum crucible.

As shown in Fig. 4, at 1 °C⋅min−1 ramp rate, the average amount of
latent heat is 1570 mJ, the latent heat capacity 155 J⋅g−1, the onset
temperature 48 °C, and the peak temperature 53 °C. During the energy
storage mechanism, the phase change composite utilizes some sensible
energy above the PCM melting temperature [27] as shown in Fig. 5.

The total energy QPCC stored by the composite can be expressed as in
Eq. (1):

= + +Q m C dT H C dTPCC PCC T

Tm
p s Tm

T
p l1 ,

2
, (1)

where mPCC is mass of the composite, Cp,s and Cp,l are specific heat
capacities in solid and liquid phase respectively, H is the latent heat of
fusion, T1, Tm, and T2 are the initial, melting, and final absolute tem-
peratures. Table 1 shows the average thermal properties values for both
composites tested in this study.

As shown in Table 1, both composites have similar thermal

properties except for the thermal conductivity. Due to the self-binding
principle of the SSLS process, when the paraffin wax particles melt
during the laser scanning, it binds the expanded graphite particles, but
it may also coat the graphite particles with a thin layer of wax, which
may explain the lower thermal conductivity than the conventionally
fabricated material PS-PCC [27].

2.3. Equivalent single cell heat generation

Li-ion cells are electrochemical devices where electrical energy is
produced as a result of some chemical reactions occurring within the
anode and cathode through the electrolyte. In these reactions, heat is
generated as energy losses in the electrochemical energy conversion.

There are multiple approaches to estimating and modeling the heat
generation of Li-ion cells. Electrochemical models [28–30] offer high
accuracy in representing the battery internal electrochemical process;
however, these models are complex and require in-depth knowledge of
the battery chemical structure and properties [31]. Other models such
as electric-equivalent circuit models [32–34] have proven a good level
of accuracy on the Li-ion cell and the system level [35].

In this study, a model by Schweitzer et al. [14] was adopted based
on a dimensionless assumption (0-D) or a lumped approach of the
battery. The model assumes that the cells can be represented, solely, by
its mass mcell and specific heat capacity Cp, cell. Other factors such as
convective heat coefficient h and surface area A are also considered in
the case of convective heat loss. This assumption was justified due to
the relatively low Biot number of small-form Li-ion cells, where con-
duction heat loss can be neglected [36].

The convective heat loss was ignored (h ≈ 0) in the energy balance
because the cell was assumed to be cycled in near adiabatic condition
without any means of heat transfer to the phase change material nor the
ambient. Thus, the energy balance equation yields the following:

+ =Q Q m C dT
dt

( )irr rev cell p cell, (2)

Using Eq. (2), the heat generation of a single cylindrical 18,650 cell
with a nominal capacity of 3.2 amp-hour was estimated during dis-
charging with currents of 1.5 amps, 3.0 amps, and 4.5 amps, as shown
in Fig. 6.

The total generated heat is the sum of the irreversible heat (Joule
heating) and the reversible heat (entropic heating). It shows that the
Joule heating is the primary source of cell heat generation comparing to
the entropic one. In fact, the entropic heating absorbs some of Joule
heating until a certain cell state of charge and then it adds to the total
heating. Based on Fig. 6, the average heat generation in the 1.5 amps
discharge was 0.1 W for 7200 s, 0.5 W for 3600 s in the case of 3.0
amps, and 1.0 W for 1800 s in the case of 4.5 amps.

The total thermal management heat balance can be expressed as
shown in Eq. (3):

Fig. 9. Specific heat capacity of EG/PW phase change composite in J⋅g−1K−1.

Fig. 10. FEA model setup. (a) Imported CAD geometry. (b) Composite domains definition. (c) Temperature probe locations. (d) Meshing the geometry.
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I R T dV
dT

I t m C dT m

C dT H C dT

Q

( )int cell
oc

cell T

T
p cell PCC

T

Tm
p s Tm

T
p l

loss

2
1

2
,

1 ,
2

,

. (3)

In Eq. (3), the left-hand side denotes the resultant heat generation of
the cell. Due to the small characteristic length of the cell which results
in a small Biot number, the internal temperature gradient can be ig-
nored, resulting in a thermally simple model [36,37]. The right-hand
side denotes the amount of heat that the cell can absorb and the amount
of energy that the PCC can store as sensible and latent heat as illu-
strated in Fig. 2. ∑Q.

loss denotes all the heat losses to the insulation or the
surrounding.

Based on the data from Fig. 6, a flexible polyimide electric heater
was used (27 × 20 × 0.35 mm) with a fixed resistance (R = 17.2 O) at
room temperature, to resemble the heat generation of a single cell. A
DC power supply was used to control the amount of power the heater
will dissipate into the composite. Three different heat generations were
tested, denoted as low, medium, and high. In each case, the voltage was
regulated based on Ohms law that can be expressed as V = (PR)1/2;
where V is the input voltage, P is the required power, and R is the heater
resistance. Table 2 shows the voltage required for equivalent heat
generations of a single cell.

2.4. Experimental setup

After preparing both composites (PS-PCC and SLSS-PCC) as dis-
cussed in Section 2.1, the electric heater was sandwiched between two
identical composite samples. The samples had similar dimensions to the
heater to ensure maximum heat transfer. Thermal pads were added on
both sides of the heater (3M 8010) to maximize the surface contact with
the composite samples. To ensure near-adiabatic conditions, the setup
was insulated using insulation foam and thermal insulation wrap. K-
type thermocouples were used to sense the temperature rise, and a
portable data acquisition system (Yokogawa GP10) was used to monitor
and record the temperatures. Figs. 7 and 8 show the experimental setup
procedure.

2.5. FEA simulation setup

Finite element analysis was performed using the Heat Transfer
Through Solid module in COMSOL Multiphysics v4.4. The CAD geo-
metry in Fig. 8(e) was imported onto COMSOL in .step format. That
yielded into five domains: 2x insulation materials (top and bottom), 1x
heater, 2x PCC samples (top and bottom). Material properties such as
thermal conductivity, density, specific heat capacity, etc. were defined
for each domain. For the PCC, it is important to note that specific heat
capacity Cp is a function of temperature. It can be estimated using the
mass fraction method [23] or more accurately, it can be measured using
a differential scanning calorimetry (DSC) apparatus. For the PW/EG

Fig. 11. Temperature gradients of phase change composite at 0.1 W heat generation for 7200 s. (a) Experimental PS-PCC. (b) Experimental SSLS-PCC. (c) FEA PS-
PCC. (d) FEA SLSS-PCC.
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composites used in this study, Cp was measured using DSC 204F1
Phoenix (manufactures by NETZSCH). Fig. 9 shows the measured Cp of
the PW/EG phase change composite as a function of temperature. The
thermal insulation wrap was defined as a virtual layer with its asso-
ciated properties to simplify the computation. Also, a virtual air layer
was defined between the heater and the top composite to represent the
gap in the experimental setup. Temperature probes were located ap-
proximately on the sample spot as shown in Fig. 8(e). The heater was
modeled as a heat source with a fixed power. Convective heat transfer
or heat flux was also considered between the insulation and the am-
bient with a heat transfer coefficient of 10 W⋅m−1 K−1. Finally, the
mesh was automatically generated with a normal mesh size. The overall
model yielded into 10,496 tetrahedral elements and 2386 triangular
elements. Fig. 10 shows the steps of the FEA setup.

3. Results

3.1. Low discharge rate (1.5 amps, 0.1 W)

In the case of low discharge current (1.5 amps), it is approximately
0.5x discharge rate of a single Li-ion cell. The heat generation is about
0.1 W for 7200 s. To match that heat generation, the voltage was set to
~1.3 V, as listed in Table 2. Fig. 11 (a) and (c) show the experimental
and FEA temperature gradient results of PS-PCC. Fig. 11(b) and (d)
show the experimental and FEA temperature gradient results of SSLS-
PCC.

As shown in Fig. 11, at a low heat generation, both PS-PCC and
SSLS-PCC demonstrate a similar heating profile. The slope for the
sensible region is approximately identical. In the case of SSLS-PCC, the
heater temperature is always the highest throughout the experiment.
The temperature variation is very minimal (within 1 °C), but it is more
significant than the variation in PS-PCC. In Fig. 11 (b), the bump in the
ambient temperature (t: 300–900 s) did not affect the sensible region,
which suggests proper insulation against any convection heat transfer.
However, there might be a conduction heat transfer to the insulation
foam, which must be investigated. The FEA results show similar curve
profiles to the experimental ones in both PS-PCC and SLSS-PCC. The
high heater temperature TH in the case of SLSS-PCC in Fig. 11(d) can be
explained by the lower thermal conductivity of the composite.

3.2. Medium discharge rate (3.0 amps, 0.5 W)

In the case of the 3.0 amps cell discharge current, which is ap-
proximately 1x discharge rate of a single Li-ion cell, the heat generation
is about 0.5 W for 3600 s. To match that heat generation, the voltage
was set to ~2.9 V as listed in Table 2. Fig. 12(a) and (c) show the
experimental and FEA temperature gradient results of PS-PCC.
Fig. 12(b) and (d) show the experimental and FEA temperature gradient
results of SSLS-PCC.

For the medium heat generation, both composites entered the latent
region after 600 s and fully completed the phase change of PCM. A
similar observation was noted where the variation is slightly more

Fig. 12. Temperature gradients of phase change composite at 0.5 W heat generation for 3600 s. (a) Experimental PS-PCC. (b) Experimental SSLS-PCC. (c) FEA PS-
PCC. (d) FEA SLSS-PCC.
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evident in the case of SSLS-PCC. It is mainly due to the slightly lower
thermal conductivity of the SSLS-PCC in comparison with the PS-PCC.
In Fig. 12(b), it shows that T1 (Bottom sample – Right position) is lower
than the rest of the positions. This may be due to the close interface
with the bottom thermal insulation foam that acts as a heatsink.
However, it is not significant (less than 2 °C). Similarly, the FEA curves

are in agreement with the experimental curves where TH is higher than
the PCC temperature for the SLSS-PCC.

3.3. High discharge rate (4.5 amps, 1.0 W)

Finally, for the 4.5 amps cell discharge current, which is approxi-
mately 1.5x discharge rate for a single cell, the heat generation is about
1.0 W for 1800 s. To match that heat generation, the voltage was set to
~4.1 V as seen in Table 2. Fig. 13(a) and (c) show the experimental and
FEA temperature gradient results of PS-PCC. Fig. 13(b) and (d) show the
experimental and FEA temperature gradient results of SSLS-PCC.

In the high discharge rate, both composites have exceeded the latent
region and entered the second sensible region. In Fig. 13(a), PS-PCC
samples started phase change after 300 s and entered into the second
sensible region after 600 s. Theoretically, the temperature must keep
rising, but there was a heat loss to the surrounding through conduction
to the insulation foam and convection to the ambient, and it can be seen
after t = 1000 s. In Fig. 12(b), the same observations from the previous
heat generation cases were noted. The higher variation confirms the
effect of the lower thermal conductivity. Also, the mixture distribution
and uniformity of the expanded graphite and paraffin wax may cause
localized wax spots that have even lower thermal conductivities. Fig. 14
shows the comparison of the experimental results of PS-PCC and SLSS-
PCC for each heat generation scenario (low, medium, and high).

Fig. 13. Temperature gradients of phase change composite at 1.0 W heat generation for 1800 s. (a) Experimental PS-PCC. (b) Experimental SSLS-PCC. (c) FEA PS-
PCC. (d) FEA SLSS-PCC.

Fig. 14. Comparison of experimental results of PS-PCC and SLSS-PCC.
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3.4. Heat loss to the ambient

To investigate the heat loss to the surrounding, other experiments
and FEA simulations have been conducted using a copper sample that

has the same dimensions as the phase change composite. 1 W, and 2 W
heat generation cases were conducted with the same experimental
setup. To observe the convection heat transfer effect, a thermocouple
was placed on the outer surface of the setup as seen in Fig. 8 (d). The
test duration was not constrained because the interest was to reach the
steady-state to determine the heat loss. As in Li-ion cells, the test was
terminated when the temperature reached ~90 °C because the cell will
experience uncontrollable chemical reaction at this point.

From Fig. 15, it can be observed that there is heat loss to the en-
vironment explained by the steady-state temperature curves in
Fig. 15(a). This means that the heat generated from the heater is
completely dissipated away from the copper samples, mainly, to the
insulation foam through conduction. Convection heat transfer from the
ambient was also observed through the surface temperature rise (T.
sur). The FEA simulation showed a narrower temperature variation
across the copper samples and the heater. However, the curve profiles
are similar in both cases.

3.5. Thermal stability performance

To investigate the thermal/form stability of the proposed phase
change composite, PS-PCC and SLSS-PCC samples were cycled from
25 °C to 70 °C (~15 °C above the melting temperature of the paraffin
wax of 55 °C) in a thermal chamber (model MicroClimate MCB-1.2
manufactured by Cincinnati Sub-Zero). The cycling steps were as fol-
lows:

Fig. 15. Temperature gradient of copper samples (a) 1 W heat generation (b) 2 W heat generation.

Fig. 16. Photos of PS-PCC and SLSS-PCC composite samples (a) before and (b)
after cycling.
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Step 1. Temperature Ramp: 25 °C to 70 °C within 600 s
Step 2. Hold Temperature at 70 °C for 1200 s
Step 3. Temperature Ramp: 70 °C to 25 °C within 600 s
Step 4. Hold Temperature at 25 °C for 1200 s
Step 5. Jump to Step 1. Repeat 20 times
Step 6. End.

Mass and dimension were taken before the cycling, after cycle 1,
cycle 20. As shown in Fig. 16, no crack, leakage, or appearance change
was observed in all samples after 20 heat-storing/releasing cycles, in-
dicating both the PS-PCC and the SLSS-PCC are form stable.

Besides, the mass measurement results show a 0.04% mass loss for
the PS-PCC and 0.05% for the SLSS-PCC after the first cycle, and a
0.04% mass loss for the PS-PCC and 0.14% for the SLSS-PCC after 20
cycles. This slight mass loss increase of SLSS-PCC after 20 cycles is
mainly due to the nature of the SLSS process, in which the molten
paraffin wax coats the external surface of the composite during the
sintering. Compared to the recently reported PCC materials [38–43],
such a mass loss is negligible and the SLSS-PCC significantly outper-
forms them, showing an excellent thermal stability which is comparable
with the PS-PCC. Differential scanning calorimetry measurements were
taken for the thermally cycled samples and compared the measure-
ments before cycling as shown in Fig. 17.

In Fig. 17, the latent heat curves for both PS-PCC and SSLS-PCC
showed similar behavior in both melting and solidification cycles in
terms of latent heat capacity, onset and peak temperatures. The varia-
tion in melting curves in Fig. 17(a) and solidification curves in
Fig. 17(b) are insignificant and can be explained by the method of
manufacturing each composite.

4. Conclusions

In this paper, a PW/EG composite is 3D printed in a layer by layer
manner by using selective self-binding laser sintering (SSLS) technique.
The PW/EG composite consists of paraffin wax (PW) that has high la-
tent heat capacity, and thermally conductive expanded graphite (EG). It
is investigated for being integrated with Li-ion cells to achieve a passive
thermal management system. Equivalent heat generations of a cylind-
rical 18,650 lithium-ion cell were resembled using a thin polyimide
heater. Low (0.1 W), medium (0.5 W) and high (1 W) heat generations
were tested using traditionally manufactured phase change composite
(PS-SLS), and the SSLS printed phase change composite (SSLS-PCC) as a
thermal management system. The PW/EG composite samples printed
by using our new SSLS technique showed similar behavior with the
traditionally fabricated PW/EG composite, regarding temperature rise

in the composites. A slightly larger temperature variation is observed in
the SSLS-PCC, which can be explained by its lower thermal conductivity
in comparison with PS-PCC (0.85 and 17.2 W/m.K respectively). Also,
the mixture distribution and uniformity of the expanded graphite and
paraffin wax powder for selective laser sintering process may cause
localized wax spots that have even lower thermal conductivities. Future
work will optimize the manufacturing process to improve the SSLS-PCC
thermal conductivity and address this limitation.

The experimental and finite element analysis results show that the
PW/EG phase change composite fabricated by SSLS process (denoted as
SSLS-PCC) can achieve thermal management functions comparable
with the composites manufactured by the conventional press and soak
technique as shown in Fig. 13. The SSLS-PCC offers excellent thermal
properties that are very suitable as a passive thermal management
system for Li-ion battery packs. Also, the self-binding selective laser
sintering (SSLS) process offers many advantages over conventional
processes in terms of manufacturing time, material waste, geometrical
freedom, and more importantly, composite ratio (paraffin wax to ex-
panded graphite ratio). These advantages enable the freedom of cus-
tomizing the thermal, electrical, and mechanical properties of the PW/
EG composites. Future work will include investigation of the SSLS-PCC
for thermal management of full Li-ion battery packs with actual elec-
trical cycles (charging and discharging) under various ambient condi-
tions. Also, other applications will be investigated such as thermal en-
ergy storage systems and heat exchangers for onboard electric mobility
and non-idling heating and cooling.
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Fig. 17. Latent heat curves of (a) PS-PCC and (b) SSLS-PCC in melting and solidification phases before and after thermal cycling.
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