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Abstract: This study explored the crucial relationship between base fluids and polyamide, a preva-
lent polymer in electric vehicle (EV) components, with the aim of enhancing the longevity and
performance of EVs in the context of thermal management by immersion cooling. Focusing on
polyalphaolefin and polyol ester as base fluids, an immersion test was conducted to assess their
interaction with polyamide 6 using adapted ASTM standards. The results revealed the significant
influences of both fluids on the physical properties and chemical structure of polyamide. Polyol ester
demonstrated a lesser impact on the chemical and mechanical properties of polyamide 6.

Keywords: polymer compatibility; immersion cooling; polyol ester oil; polyamide 6

1. Introduction

In the automotive industry, there is a shift towards more sustainable mobility and a
rise in electric vehicle use. However, the development of the electric vehicle brings about a
series of challenges. One of the most challenging aspects is the thermal management of the
vehicle. Thermal management solutions, such as immersion cooling for electric vehicles,
require new developments. Additionally, in many powertrains, the lubricant is in contact
with the electric motor, and as e-mobility technologies progress, newer designs require
lubricants with improved performance attributes.

Traditionally, lubricant specifications for conventional drivetrain systems are mainly
focused on generic elastomer tests to evaluate the compatibility of seal materials. Any po-
tential issues related to the compatibility of non-metallic materials were typically identified
during hardware component tests and were addressed at a later stage of the development
process. However, given the rapid advancements in e-mobility powertrains, it is now
prudent to take proactive measures to ensure the compatibility of the fluids with commonly
used electric motor components. This proactive approach is essential because, as e-mobility
technologies progress, newer designs require fluids with improved performance attributes.
In this scenario, E-fluids must be compatible with three principal types of materials: (1) hard
plastics, (2) flexible materials, and (3) insulated magnet wire. Hard plastics and flexible
materials have structural roles, supporting various motor components such as windings
and electrical connectors. A fluid’s potential to cause damage lies in its ability to degrade
the strength and flexibility of these materials, resulting in weakness or brittleness. This
potential can be accurately assessed by subjecting the materials to elevated temperatures
for extended periods in the presence of the fluid and subsequently evaluating any changes
in mechanical behavior through tensile tests [1].

The electric vehicle (EV) industry faces the challenge of enhancing the performance of
EV batteries, including faster charging and discharging rates, increased amp-hour capacity,
extended service life, and improved safety. These improvements heavily rely on developing
more efficient and safer thermal management solutions. Traditional cooling methods,
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such as air cooling and indirect liquid cooling (cold plate), have limitations in terms
of effectiveness and weight. As an alternative, several automotive manufacturers have
recently conducted experiments demonstrating the high efficiency of Single-phase Liquid
Immersion Cooling (SLIC) technology for the thermal management of Li-ion batteries [2–5].
In SLIC, the battery is directly immersed in a fluid, enabling direct contact between the
battery and the cooling medium [6–9]. This approach offers promising potential as a thermal
management solution for EV batteries and the challenge of designing fluids suitable for the
application in terms of properties and material compatibility. This paper will aim to delve
deeper into that aspect.

Regarding the development of lubricants and battery thermal fluids, the base fluid
constitutes a significant portion of the overall composition, typically comprising more than
90% of the fluid volume. On the other hand, additives comprise a smaller fraction [6].
The base fluids serve as the foundation for the formulation, influencing key properties
such as viscosity, thermal stability, and electrical conductivity. In this study, we selected
polyalphaolefin and polyol ester as base fluids with the potential to be used as bases for
the development of e-fluids. This selection is based on the fact that recent studies have
demonstrated improved thermal performance of synthetic polyalphaolefins (PAOs) and
esters [10,11].

Polyalphaolefins (PAOs) are synthesized through the catalytic oligomerization of
alphaolefins, resulting in a saturated oligomeric mixture. This mixture undergoes hydro-
genation and distillation processes to yield a range of PAOs. These synthetic fluids are
classified based on their viscosities at 100 ◦C.

PAOs find extensive application as high-performance functional base fluids in various
lubricants, including engine lubricants, gear oils, hydraulic oils, automatic transmission
oils, compressor/pump oils, and greases. Among these applications, the largest market for
PAOs lies in automotive engine (crankcase) lubricants, where they directly compete with
petroleum-based oils. Compared to mineral oils, PAOs exhibit several inherent advantages
in terms of physical and chemical properties. These advantages include enhanced fluidity
at low temperatures, reduced volatility, higher viscosity index, lower pour point, improved
oxidative/thermal stability, low toxicity, and biodegradability in the case of low-viscosity
grades [12].

Polyol esters (POE) consist of a chain composed of repeating units. Each repeating
unit contains an ester functional group, which is formed by the bonding of a carboxylic acid
group (–COOH) and an alcohol group (OH). This molecular structure gives polyol esters
their unique properties, including thermal stability, oxidative resistance, and lubricating
capabilities. They are made by reacting a multifunctional alcohol with a monofunctional
acid [13].

Polyamides (PA) are an engineering thermoplastic widely used in automotive, electri-
cal, and electronics applications due to their excellent mechanical properties and chemical
resistance. One of the main applications of polyamides in electric vehicles is in the man-
ufacturing of electrical components. Polyamide resins are used to produce connectors,
housings, and other components that are critical for the efficient operation of electric pow-
ertrains [14]. These components must be able to withstand high temperatures and have
excellent electrical insulation properties to prevent shorts and other electrical malfunctions.

The global demand for polyamide resins in the automotive industry is expected to
grow significantly in the coming years, driven by the increasing use of lightweight materials
in electric vehicles. A report highlights the use of polyamide in electric vehicle battery
components [15].

In many of these applications, polyamide is in contact with fluids, which can affect its
mechanical properties, reducing its performance. Therefore, understanding the material
compatibility between polyamide and the fluid is essential to ensuring the longevity and
optimal performance of the application.

Some studies have been conducted to analyze material compatibility between elas-
tomers or plastic and automotive fluids. For example, Durbin et al. studied the compati-



Lubricants 2024, 12, 54 3 of 14

bility of different materials exposed to ethanol and butanol blends by tensile test [16]. A
similar approach to the material compatibility of elastomer sealing O-rings was carried out,
and permanent changes were found by the tests. The degradation of elastomer O-rings was
more pronounced for the tested fuels containing ethanol, iso-butanol, n-butanol, methanol,
and dodecanol [17].

Another study focused on the theoretical analysis and experimental investigation
of material compatibility between refrigerants and polymers. A lubricant polyester was
also included in that study, and the compatibility tests were conducted between 25 and
75 ◦C [18]. These studies are focused on vehicles powered by fossil fuels.

As previously mentioned, electric motors introduce several different polymers in the
form of magnet wire insulation, flexible sheets, elastic bindings, and hard plastics. However,
there is currently a standardized testing method for evaluating these components. The
current state of testing is discussed in SAE J3200 [1], and other reputable sources such
as STLE also comment on the actual state of test methods for the evaluation of electric
vehicle drivetrain fluids, suggesting adaptations of existing ASTM standards to this new
application [19].

Ensuring the compatibility of materials is pivotal for the reliable performance and
longevity of electric vehicles. This study focused on investigating the interaction between
polyamide 6, a widely utilized polymer, and two essential base fluids, polyalphaolefin
and polyol ester. Our research employs an immersion test, adapted from ASTM Standard
D7216 [20], to rigorously evaluate the compatibility between polyamide 6 and the selected
base fluids within the context of EV applications.

Additionally, a detailed chemistry characterization of the polymer after immersion was
conducted to elucidate the underlying effects of the fluids on polyamide 6. By unraveling
the changes induced by fluid exposure, this study aims to provide fundamental insights
into material compatibility in electric vehicles.

2. Materials and Methods
2.1. Materials

Polyamide 6 (PA6):
Polyamides are linear polymers with repeating units linked by amide bonds, character-

ized by highly precise block lengths and well-defined block sequences within the polymer
chain. In this study, we selected polyamide 6; the number represents the number of carbon
atoms present in the amino carboxylic acid (6 in this case) [21].

For the research, sheets with a thickness of 2 mm were procured from Sigma-Aldrich,
Madrid, Spain. The required shapes for the test specimens were subsequently fabricated by
cutting them from these sheets.

Linear formula: [-NH(CH2)5CO-]n
Structural formula:
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Base fluids:
In the present study, the base fluids utilized were not mixed with additives and were

used in their pure form. After considering previous studies [10,11], two base fluids were
selected for the study: a polyalphaolefin (PAO) and a polyol ester (POE).

For this study, PAO 4 was used, which means that it has a viscosity of 4 cst at 100 ◦C.
Specifically, SpectraSyn 4 polyalphaolefin fluid from ExxonMobile.

As a polyol ester, we used Waglinol 3/13480 from IQLubricants, which is a low-
viscosity, oxidative-stable, low deposit-forming polyol ester. Additionally, it has a high
viscosity index and is biodegradable. The viscosity information for the fluids is provided
in Table 1.
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Table 1. Kinematic viscosity (ν) and viscosity index of the fluids used.

Fluid ν 40 ◦C ν 100 ◦C Viscosity Index

PAO 17.90 mm²/s 4.03 mm²/s 125
POE 19.84 mm²/s 4.45 mm²/s 140

2.2. Methods

The compatibility between the polyamide and the lubricant bases was studied by
means of an immersion test. An immersion test is an operation to evaluate compatibility by
determining the effect of a liquid on test specimens submerged in the liquid for a specified
time and at a specified temperature. The effect of the liquid is evaluated by the difference
in the test material’s physical properties pre- and post-immersion.

The immersion tests were adapted from ASTM D7216 [20], with testing temperatures of
20 ◦C (room temperature), 90 ◦C, and 120 ◦C. In line with the requirements of electric vehicle
applications, we implemented temperatures lower than those prescribed by the standard.
Moreover, the test tube arrangement was adapted by employing a 1 L beaker instead of a
smaller glass tube. This modification facilitated the inclusion of probes necessary for the
tensile testing of plastics.

Polyamide samples were completely immersed in a beaker and maintained at the
corresponding temperature for a total of 168 h (one week). This study evaluated two combi-
nations of polymer and base fluid (PA6—PAO4; PA6—POE) at three different temperatures.

Measurements of the initial mass, hardness Shore D, and tensile test were made on
samples obtained from PA6 sheets.

Five samples, type I according to ASTM D638 [22], were used for tensile measurements,
and five specimens measuring 2 × 5 cm were used for mass and hardness measurements.
Heating was performed in a thermal bath. Lids were used to cover the beakers to reduce
evaporation and prevent contamination.

2.2.1. Measurement of Mass Changes

To quantify this property, five specimens of PA6 were used for each combination of
fluid (PAO4; POE) and temperature (20 ◦C, 90 ◦C, and 120 ◦C). Then, the mean value for
each of the six tests was calculated.

In each case, the mass of each specimen was recorded before and after heating using
an analytical balance (KERN 770) with a readability of 0.0001 g.

For each test (combination of PA6/test oil/temperature), the change in properties was
calculated as follows:

∆mass = 100
[(

m f − mi

)
/mi

]
(1)

where:
∆mass: mass change, %
m f : final mass, g
mi: initial mass, g

2.2.2. Measurement of Hardness Changes

The hardness of each sample was recorded before and after immersion in the fluid
in order to calculate the hardness change. For each one, six measurements were taken
on each specimen using a Shore D durometer, and the arithmetic mean was calculated.
The specimens were plied to obtain the necessary thickness (6 mm) following the ASTM
D2240 [23].

For each test (combination of PA6/base fluid/temperature), the change in properties
was calculated as follows:

∆H =
(

H f − Hi

)
/Hi (2)

where:
∆H: hardness change, Shore D units
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H f : final hardness, Shore D units
Hi: initial mass, Shore D units

2.2.3. Measurement of Tensile Strength and Elongation Changes

The tensile strength, or the maximum tensile stress applied in stretching a specimen
to rupture, and the ultimate elongation, or the elongation at which rupture occurs in the
application of continued tensile stress, were recorded. The tensile strength and ultimate
elongation measurements were carried out according to ASTM D638 [22] using tensile test
dumbbell specimens (type I) and a test speed of 5 mm/min (see Figure 1).
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Figure 1. Tensile testing machine used and polyamide dumbbells for testing.

The tensile strength and elongation for each combination of base fluid/temperature
were measured on five specimens, and their average values were reported. PA6 samples
without immersion in the oil fluids were also tested to a comparative effect. All measures
were carried out in the same environmental conditions.

For each test (combination of PA6/test oil/temperature), the change in properties was
calculated as follows, according to ASTM D7216 [20]:

∆E = 100
[(

E f − Ei

)
/Ei

]
(3)

where:
∆E: ultimate elongation change, %
E f : final ultimate elongation, g
Ei: initial ultimate elongation, g
And analogously for the tensile strength.

2.2.4. Fourier Transform Infrared of Polyamide—FTIR

Additionally, spectrometric analyses were conducted to obtain a more comprehensive
understanding of the compatibility between the materials. The polyamide was analyzed
before and after the immersion tests to detect possible changes in the material.

PA6 samples exposed to oil fluids at 90 ◦C and 120◦ C were analyzed by Fourier Trans-
form Infrared Spectroscopy using an Attenuated Total Reflection measurement accessory
(ATR-FTIR spectroscopy, FT/IR-6200 Jasco, Valencia, Spain) in order to study the chemical
changes during the exposition. The FTIR spectra were acquired in the spectral window
of 4000 to 400 cm−1 at a resolution of 4 cm−1 with 150 accumulations in ATR mode. All
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the infrared spectra were processed through an ATR correction and subsequent multiple
points baseline correction.

2.2.5. Crystallinity

The crystallinity of virgin PA6 and PA6 immersed in the base fluids was determined
by differential scanning calorimetry (DSC, TA, Q100) at a scanning rate of 10 ◦C min−1

from 20 to 250 ◦C under a nitrogen atmosphere. A heat of fusion value of 184 J g−1 for
100% crystalline polyamide 6 was used in the calculation of the mass crystallinity [24]. The
crystallinity of samples was calculated according to the following Equation (4):

% Crystallinity =
∆H f−∆Hc

∆H0
f

× 100% (4)

where ∆H is the measured heat of fusion, ∆Hc is the cold crystallization enthalpy and is
the 100% crystalline heat of fusion.

2.2.6. X-ray Diffraction—XRD

The X-ray diffraction scans were made for the nondegraded PA6 sample and for the
samples subjected to the immersion test at 120 ◦C.

The XRD measurements were performed on 2D Phaser equipment (Bruker, Madrid,
Spain) with Cu-K radiation working at 30 kV and 10 mA in order to determine changes in
the crystalline structure of PA6.

3. Results
3.1. Mass Change

The mass before immersion in the base fluid is compared with the mass after the
testing to obtain the mass change value according to Equation 1, and the results are shown
in Figure 2. It can be seen that the effects on the mass are greater with temperature, and
there was a mass loss slightly bigger for the samples in contact with polyol ester. For
both base fluids, the magnitude is similar—around 2%. For the specimens that remained
submerged at ambient temperature, the mass change was insignificant since the value is
similar to the tolerance error of the balance.
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3.2. Hardness Change

The hardness variation of the specimens subjected to the immersion test is depicted in
Figure 3. The reported values were rounded to the nearest whole Shore D points, following
ASTM D7216 guidelines. There was no significant variation in hardness for the specimens
kept at room temperature. The initial hardness value for the polyamide without immersion
was 76 Shore D points. However, the specimens maintained at 90 and 120 ◦C experienced a
hardening of 4 to 6 points on the Shore D scale. The most pronounced change of 6 points
was observed in the specimens in contact with PAO at 120 ◦C.
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The observed increase in hardness of the specimens subjected to the immersion test
may be attributed to a process of crosslinking [18,25]. Crosslinking refers to the formation
of chemical bonds between polymer chains; as a result, the polymer chains become intercon-
nected, forming a network structure that restricts molecular mobility and imparts increased
rigidity to the material. This process can lead to an enhancement in the material’s hardness
and brittleness, accompanied by reduced elongation and poorer tensile strength values.

Furthermore, in the case of thermoplastics, including polyamides, the interaction
between the fluid medium and the polymer can also influence the degree of crystalliza-
tion. The presence of a fluid, such as polyalphaolefin (PAO) in this study, can promote
crystallization in polyamides, leading to an increase in hardness.

3.3. Tensile Test

The tensile strength represents the maximum tensile stress endured by a specimen
until rupture. Table 2 lists the average values obtained for the mechanical properties of
the materials for each test. In our study, we observed a decrease in tensile strength for
specimens exposed to both fluids at room temperature in comparison to the PA6 specimens
without immersion. Specifically, specimens in contact with PAO experienced an 8.85%
reduction in tensile strength, whereas those in contact with POE exhibited a 5.52% decrease.
When the specimens were immersed at 90 ◦C, both fluids led to a similar increase in the
tensile strength, as shown in Tables 2 and 3. However, at 120 ◦C, the behavior diverged. For
the specimens immersed in PAO, the maximum tensile strength increased by only 9.95%,
and they fractured without undergoing elastic deformation, as depicted in Figure 4. In
contrast, the specimens immersed in POE experienced a more significant change, with a
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19.63% increase in tensile strength, as evident from the corresponding curve in Figure 5,
where they underwent elastic deformation before reaching the breaking point.

Table 2. Effect of temperature on mechanical properties of PA6 immersed in the base fluids.

PA6 w/o
Immersion PA6 Immersed PAO PA6 Immersed POE

Temp. 20 ◦C 90 ◦C 120 ◦C 20 ◦C 90 ◦C 120 ◦C

Tensile strength (MPa) 63.74 ± 1.28 58.10 ± 2.09 74.97 ± 0.43 70.08 ± 4.66 60.22 ± 3.21 75.69 ± 0.72 76.25 ± 0.13
Strain at break (%) 31.71 ± 1.92 158.78 ± 13.76 21.70 ± 1.91 3.52 ± 0.45 163.43 ± 13.39 24.79 ± 1.69 23.27 ± 2.09

Table 3. Percentage of change for the tensile strength and ultimate elongation.

PA6 Immersed PAO PA6 Immersed POE
Immersion Temp. 20 ◦C 90 ◦C 120 ◦C 20 ◦C 90 ◦C 120 ◦C

Tensile strength change (%) −8.85 17.62 9.95 −5.52 18.75 19.63
Ultimate elongation change (%) 400.73 −31.57 −88.90 415.39 −21.82 −26.62
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Ultimate elongation, which represents the point at which rupture occurs under con-
tinuous tensile stress, is a critical mechanical property to consider. Tables 2 and 3 provide
insights into the effect of immersion in different fluids and temperatures on this property
in PA6 specimens.

At room temperature (20 ◦C), both sets of immersed specimens exhibited a 400%
increase in elongation capacity compared with the original PA6 specimens, highlighting a
substantial change in polymer elasticity due to fluid contact.

In the case of temperature-applied immersion, the most significant alteration occurred
with specimens exposed to PAO at 120 ◦C, showing a drastic 88.90% reduction in ultimate
elongation compared to the reference polyamide samples. Similarly, at 90 ◦C, a notable
decrease of 31.57% was observed. In contrast, the specimens in contact with POE showed a
less significant reduction, with ultimate elongation decreases of 21.86% at 90 ◦C and 26.62%
at 120 ◦C.
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Figures 4 and 5 depict the strain–stress curves for the tests conducted at 90 and
120 ◦C for both fluids. The red curve represents the elongation of the reference polyamide
specimens that were not subjected to immersion. It is evident from these curves that
the specimens in contact with PAO experienced a greater reduction in elasticity, with the
specimens at 120 ◦C even fracturing before undergoing plastic deformation.

These findings suggest that the immersion of polyamide 6 specimens in PAO at ele-
vated temperatures significantly diminishes their elongation properties and overall ductility.

3.4. Color Change

After the experimental period, notable color variations were observed on the surface
of the polymer samples. The accompanying images, Figures 6 and 7, illustrate the dis-
tinct changes in color that occurred as a result of the immersion process. These visual
transformations provide insights into the interaction between the polymer matrix and the
surrounding medium.
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3.5. Chemistry Characterization
3.5.1. Fourier Transform Infrared of Polyamide—FTIR

FTIR can help monitor the degradation of the polymer functional groups and chemical
bonds changed throughout the aging evolution, which could be monitored by spectral
analysis [25].

PA6 samples exposed to oil fluids at 90 ◦C and 120◦ and unexposed PA6 were analyzed
by Fourier Transform Infrared Spectroscopy in order to study the chemical changes during
the artificial exposition, and the results are shown in Figure 8. The spectrum for PA6 resin
shows characteristic absorption bands of hydrogen-bonded NH stretching (3289 cm−1),
C–H asymmetric of CH3 (2921 cm−1), C-H symmetric of CH2 (2853 cm−1), Amide I and
C=O stretching (1630 cm−1), and Amide II and the mixed motions of C–N stretching and
N-H in-plane bending vibration (1541 cm−1) [26–29].
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Figure 8. FTIR spectra of the studied polyamide samples.

Figure 9 shows a magnified view of the carbonyl species region (1850 ~ 1500 cm−1) of
ATR-IR spectra. A progressive increase in the absorption intensity and a notable shoulder
was observed for the PA6 samples immersed in the base fluids (PAO and POE), with
absorption maxima at 120 ◦C. With increasing temperature, the shoulder peak at 1738 cm−1

became more evident, and the Amide I peak (1630 cm−1) also increased. These changes
were higher in the PAO fluid, which were due to the formation of carbonyl groups on
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the sample surface during the immersion process, indicating a certain thermo-oxidative
degradation of polyamide 6 [30].
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3.5.2. X-ray Diffraction—XRD

X-ray diffraction (XRD) patterns have been utilized to assess the degree of ordering
within polymers during the aging process. By examining the diverse compositions of the
crystalline and amorphous phases, as well as changes in crystallinity, valuable insights can
be gained [25].

The X-ray diffraction patterns of neat polyamide 6, as well as the PA6 after exposure
to PAO and POE at 120 ◦C, are shown in Figure 10 for the 2θ range from 10 to 35◦. The
X-ray diffraction patterns reveal the presence of two polymorphs coexisting in neat PA6.
A prominent peak at 2θ = 21.5◦ associated with the γ phase (pseudo-hexagonal) and
two surrounding shoulder peaks at 2θ = 20.3◦ and 23.4◦ corresponding to the α phase
(monoclinic) are attributed to the reflections from the (200) and (002, 202) planes.
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The γ phase is thermodynamically less stable compared to the α phase due to the less
efficient hydrogen bonding between the parallel chain arrangement, as the chains are not
as close together or as aligned as in the α phase [24].

In the case of PA6 samples immersed in the base fluids (PAO and POE) at 120 ◦C,
the dominant crystalline structure associated with γ-form crystals remains unchanged.
However, the peaks corresponding to the α phase at 2θ = 20.3◦ show a slight increase in
intensity, indicating the formation of more stable crystals due to the annealing, as also
confirmed by measurements of crystallinity degree determined by DSC.

3.5.3. Crystallinity

The crystallinity of the virgin PA6 and the samples immersed in fluids at elevated
temperatures was calculated according to Section 2.2. The results are presented in Figure 11,
where it is evident that the fluid–polymer interaction influenced the degree of crystallization.
The fluids in contact with PAO exhibited a higher degree of crystallinity compared to the
samples immersed in POE. And an increase in crystallization would cause an increase in the
hardness of the material [18], which is congruent with the results obtained in Section 3.2.
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4. Conclusions

This study aimed to compare the effects of two different fluids on polyamide through
an immersion test, as detailed in the Methods section. The results unequivocally demon-
strate that both fluids significantly influence the physical properties and chemical structure
of polyamide. Remarkably, our findings indicate that POE has a comparatively lesser im-
pact on the chemical and mechanical properties of polyamide, making polyol esters more
promising candidates as base oils for developing fluids tailored for thermal management
in battery electric vehicles.

However, it is crucial to emphasize that apart from compatibility, several other facets,
such as thermal and electrical properties, need meticulous consideration. Addressing
these aspects is imperative to ensuring the optimal functioning of the developed fluids in
real-world applications, especially in electric vehicle systems where thermal management
plays a pivotal role in efficiency and longevity.

Additionally, it is worth noting that the conducted tests focused solely on the base
fluid. Considering the complexity of practical applications, it is highly probable that
additive inclusion might be necessary. Future research endeavors should delve into the
effects of additive inclusion and its potential implications on overall performance. This
comprehensive analysis is vital to fine-tuning the formulation, ensuring both optimal
performance and durability in electric vehicle systems.
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In light of these findings, it is evident that developing effective thermal management
fluids for battery electric vehicles involves a multifaceted approach. Beyond compatibility,
a thorough understanding of thermal and electrical properties, coupled with the intricate
interplay of additives, is indispensable. Further research and validation are indispensable
to exploring the long-term effects comprehensively, paving the way for the optimization of
formulations and the realization of efficient and durable thermal management solutions for
the evolving demands of electric vehicle technologies.
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