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Abstract: Herein we prepared an adhesive for laminated electrical steels that has excellent adhesion and oil resistance
for dot-bonded motor core for electric vehicles. Its outstanding adhesion and oil resistance originate from isosorbide core
structure having good hydrophilicity and a rigid chemical structure. The adhesion property was evaluated by measuring
the lap shear strength of the laminated electrical steel and peel strength of the dot-bonded motor core and compared it
to an adhesive to which petroleum-based alicyclic polyol was applied. Isosorbide derivative was incorporated in acrylate
modified polyurethane as a polyol for compatibility with other adhesive components and to enact a fast-curing process.

Keywords: motor core, dot-bonding, adhesive, acrylate modified polyurethane, isosorbide, oil resistance.

Introduction

The motor is a key part of electric vehicles (EV) that con-
verts electrical energy into mechanical energy and has been
widely used as a traction machine for industrial equipment'®
such as electric vehicles, electric airplanes, electric ships, etc.
In particular, the driving motor is considered a critical module
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that determines the performance of the vehicle. The stator and
rotor core of this motor are made by laminating and bonding
hundreds of thin electrical steel sheets’ to reduce eddy current
losses and to improve efficiency during operation. When stack-
ing hundreds of electrical steel sheets, there is an insulating
coating on both sides of each electrical steel sheet to block
interlayer eddy currents.®'? In general, the purpose of bonding
laminated electrical steel sheets is to secure the mechanical
strength of each layer."® Still, it causes loss of magnetic prop-

modification
15,16

erties due to damage to the insulation coating,'*

13

of the microstructure,” or introduction of residual stress

during the bonding process. Thus, the bonding process is cru-
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cial in motor production. Therefore, the proper bonding pro-
cess is essential for high energy efficiency in production and
operation.

One of the causes of performance degradation in the motor
core manufacturing process is the bonding method of lam-
inated electrical steel sheets, generally classified into three

18 welding,"” and interlocking

types: adhesive bonding,
method.® The advantage of the adhesive bonding method is
that it does not destroy the insulating coating during the bond-
ing process, thereby preventing iron loss in advance. However,

Lamprecht et al*'*

pointed out that the interlocking or weld-
ing methods in the lamination process of electrical steel sheets
increase iron loss (especially in the tooth area). Their exper-
imental results also include an additional hysteresis loss in the
insulating layer. On the other hand, the adhesive bonding
method allowed for homogeneous electrical insulation, which
resulted in reduced acoustic emission and high thermal con-
ductivity in use.”'® In general, adhesives are composed of
organic and inorganic adhesives, and several combinations
depend on the supplier. However, when the technology of
large-scale application is applied under constant temperature
and periodic load conditions, mechanical failure of adhesion
may occur while the motor is operating,” which is one of the
significant impediments to be solved. Moreover, the cost of the
adhesive method was higher than other methods.

There are also self-bonding methods and dot methods®** i

n
the adhesive technique. The self-bonding method realizes
strong adhesion strength by bonding the entire insulating and
adhesive surface through the inorganic layer. However, there is
a problem in that productivity is lowered due to high tem-
perature and long working time for adhesion and annealing. In
addition, the self-bonding method has the inconvenience of
coating an adhesive with an exact thickness range on the elec-
trical steel sheet before motor core production. On the contrary,
the dot-bonding method has the advantage over self-bonding
method because the pre-lamination process of the adhesive
over the full surface of the steel sheet can be replaced by
applying the small amount of adhesive dots on the steel sheet,
which improves cost and productivity significantly. However,
since the dot-bonding method applies the adhesive only to a
part of the adhesion surface, the adhesion strength can be infe-
rior to that of the self-bonding method. In addition, an oily
lubricant can penetrate between the steel layers and deteriorate
the bonding surfaces while the rotor rotates.

In this study, an acrylic-modified polyurethane containing
isosorbide derivatives was designed as a key ingredient of the
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adhesive for laminated electrical steel sheets to improve not
only adhesion but the oil resistance as well improving overall
bonding reliability. When the adhesive was applied to a stack
of the dot-bonded motor core for EV, the core satisfied the
specifications for adhesive force and durability required by the
EV manufacturers. To the best of our knowledge, this paper is
the first to address the performance of dot bonding adhesives.

Experimental

Materials. Ethoxylated isosorbide (EI-5, OH-value=302 mg
KOH/g) was prepared by adding 5 moles of ethylene oxide per
mole of isosorbide at IC Chemical (Korea). KDU-1100 was
purchased from Kukdo Chemical (Korea). Other chemicals
including hexamethylene diisocyanate, dibutyltin dilaurate, 4-
methoxyphenol, poly(tetrahydrofuran) 1000, 2-hydroxyethyl
methacrylate and acrylic acid were purchased from Sigma-
Aldrich. All chemicals were used as received without further
treatment.

Synthesis of Isosorbide-based Acrylate Modified
Polyurethane (ISB-AcPU). Isosorbide-based acrylate mod-
ified polyurethane (ISB-AcPU) was prepared by employing
the process as described in Figure 1. To a 2000 mL four-
necked round bottomed flask equipped with an anchor stirrer,
a nitrogen inlet and outlet, and a thermometer, hexamethylene
diisocyanate (HMDI, Aldrich, USA) (320 g; 1.90 mol), dib-
utyltin dilaurate (DBTDL, Aldrich, USA) (1.6 g; 0.50 wt% of
HMDI) as catalyst, and 4-methoxyphenol (HQMME, Aldrich,
USA) (1.5 g) as an inhibitor were charged under a nitrogen
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Scheme 1. Synthetic scheme of ISB-AcPU and PTMEG-AcPU.
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Table 1. Composition® of Adhesive Formulations

Amount of AcPU

. L ey
Formulation code AcPU (70% in 2-HEMA) 2-HEMA KDU-1100 Acrylic acid Other additives
F-ISB ISB-AcPU
57.7 15 15 3.6 8.7
F-PTMEG PTMEG-AcPU

“Weight percents. *Some of the ingredients were masked for proprietary reasons. Thermally activated free radical initiators are included in the

additives.

atmosphere. To the solution was then added ethoxylated iso-
sorbide (EI-5, IC Chemical, Korea) (353 g; 1.90 hydroxyl mol)
over a period of 1 h under gentle stirring (200 rpm). After heat-
ing at 60 °C for another 1 h, 2-Hydroxylethyl methacrylate (2-
HEMA, Aldrich, USA) (247 g; 1.90 mol), was then added to
the solution to react with the above NCO-terminated PU pre-
polymer. Additional 2-HEMA (442 g) was added as a diluent
to avoid viscosity rising during the reaction, and stirred for
another 2 h to give 70 wt% ISB-AcPU solution in 2-HEMA as
opaque white liquid.

Synthesis of Poly(tetrahydrofuran) (PTMEG) Based
Acrylate Modified Polyurethanes as a Control (PTMEG-
AcPU). By using poly(tetrahydrofuran) 1000 (PTMEG 1000,
Aldrich, USA) (950 g; 0.95 mol) instead of EI-5, PTMEG-
AcPU was obtained by the same method as ISB-AcPU in 2.2
as described in Figure 1 to give PTMEG based AcPU (PTMEG-
AcPU) as 70 wt% solution in 2-HEMA as opaque white liquid.

Preparation of Adhesive Formulations. Adhesive formu-
lations were prepared according to a standard recipe in Table 1.
Some of the ingredients were masked for proprietary reasons.
Formulation codes are varied by the kind of AcPU applied,
and all other ingredients are applied the same. All reagents
were poured in a 250 mL plastic cup and mixed vigorously at
2000 rpm with a planetary type mixer (ARE-310, Thinky, Japan)
for approximately 10 min at room temperature. The resulting
mixture was applied onto laminated steel surface (25PNX-
1250F, POSCO, Korea) using a brush for the adhesion test.

Measurements of Lap Shear and Strength. Laminated
non-oriented electrical steel (25PNX1250F, POSCO, Korea)
was first prepared in the sizes of 100 mm lengthx25 mm width
x(0.25 mm thickness, in accordance with specimens used for
ISO 4587 standards (Figure 1). All substrates were cleansed
with acetone in an ultrasonic bath for 10-15 min, and then
rinsed with deionized water. Finally, each of the substrates was
blow-dried under nitrogen. Adhesive formulations prepared
according to 2.4. and then applied on the surface of the sub-
strate over the designated area (25 mmx12.5 mm), following
the ISO 4587 standards. Two of the same substrates were over-
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Figure 1. Schematic representation of lap shear specimen according
to ISO 4587 standard.

lapped and then cured for 10 min at 150 °C. After curing, the
lap shear strengths of all specimens were measured using Uni-
versal Testing Machine (Instron 5967, USA) equipped with a
200 kg:fload cell. The specimens were pulled with a crosshead
speed of 2 mm/min until fracture. The average strength was
calculated from ten specimen measurements each over two
experimental trials.

Surface Analysis and Flexural Strength Measurement
of Cured Adhesive Specimens. The hydrophilic charac-
teristics of surfaces of cured adhesive specimens were exam-
ined with contact angle measurement. The specimens were
prepared on teflon mold with 7x2x1 cm rectangular size. To
prepare the adhesive specimens, teflon mold was filled with
corresponding adhesive formulations and then cured in an
oven at 150 °C for 30 minutes. For the contact angle mea-

Figure 2. Cured adhesive specimen using (a) F-ISB; (b) F-PTMEG

Polym. Korea, Vol. 46, No. 5, 2022
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Table 2. Physical Dimensions of the Stator Tested

Outer diameter Inner diameter — Height = Tooth length Tooth width ~ Tooth toot  Total weight Kind Steel thickness
(mm) (mm) (mm) (mm) (mm) (mm) (kg) of steel (mm)
POSCO
270 133 110 21 48 13.5 25PNX1250F 0.25

surement, double-distilled water was used and the contact
angles of the test liquids were measured with a contact angle
measurement system (Phoenix-300, SEO Corporation) equipped
with a video capture apparatus.

The flexural properties were determined using a universal
testing machine (Instron 5967, USA) according to ASTM
D790 using aforementioned specimens.

Preparation of Dot-bonded Stator. Laminated non-ori-
ented electrical steel sheets of the stator were fastened by the
dot bonding methods using F-ISB. As the stator design and
bonding condition are proprietary, their information was kept
confidential. In Table 2 however, physical dimensions, fas-
tening methods, steel specifications, lamination thickness, and
applications are reported for a better understanding of the sta-
tor made.

Peel Strength Test of the Dot Bonding Stator. For the
analysis of the adhesion strength of electrical sheets in the sta-
tor, a universal test machine (Instron 5967, USA) was used to
measure the maximum peel force of the outermost sheet of the
stator. The stator was loaded on the UTM and a small part of
the upper surface sheet was bent and bitten by the UTM. The
sheet was pulled with a crosshead speed of 5 mm/min until
maximum peel force was detected.

Thermal Shock Test of the Dot Bonding Stator. Thermal
shock test was carried out to evaluate the degree of heat dam-
age on the adhesion of the stator. Each cycle of the thermal
shock test was performed as followed. The stators were
directly placed in the oven at high temperature (160 °C) for 1

It

Figure 3. Bonding cores in the oven for high temperature treatment
of thermal shock test.
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Figure 4. Stator in heated AFT for oil resistance evaluation.

h. Then the stators were directly cooled at ambient temperature
in the air (15-25°C) for 30 min. After cooling, they were
placed in the refrigerator at low temperature (-40 °C) for 1 h.
1000 cycles were performed for the thermal shock test of the
stators. The thermal shock test and the peel strength test (mea-
sured as shown in 2.8.) were used to figure out the degree of
heat damage.

Measurement of Oil Resistance of Dot-bonded Stator.
To confirm the oil resistance of the dot-bonded stators, the sta-
tors prepared in 2.7 were immersed in Auto transmission fluid
(ATF) and then heated at 150 °C for 1000 h to check whether
the adhesion strength decreased. Adhesion strength was eval-
uated using the peel strength test as described in 2.8.

Results and Discussion

Characterization of ISB-AcPU. The main structures of
ISB-AcPU and its synthetic intermediate (NCO terminated PU
prepolymer) were characterized via FTIR (Figure 5). In the
FTIR spectrum of NCO terminated PU prepolymer, peaks are
shown at 2935 and 2857 cm™ were ascribed to the stretching
vibration of N-H, and 2857 cm™ was caused by the stretching
of C=0 in the urethane functionality. The strong absorption at
2857 cm! was ascribed to the stretching of the residual NCO.
In the FTIR spectrum of ISB-AcPU, the broad absorption
peaks at 3330 cm™ were ascribed to the stretching of OH in
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Figure 5. FTIR Spectrum of ISB-AcPU and its synthetic intermediate (NCO terminated PU prepolymer).

excess 2-HEMA diluent. Strong absorption at 1718 cm™ and
weak absorption at 1637 cm™ is due to the C=0 and C=CH,
functional groups in acrylate moieties originated from 2-
HEMA. Furthermore, the spectra of ISB-AcPU did not show
the characteristic peak of NCO at 2255 cm™, indicating that all
NCO groups reacted with the hydroxyl groups in 2-HEMA.

Evaluation of Adhesion According to the Polyol Applied
to Urethane. Adhesives described in this literature consist of
three types of resins, e.g. acrylate, epoxy, and urethane, among
them, the epoxy and urethane were functionalized with acry-
late via radical polymerization for rapid curing process.
Among them, 2-hydroxyethyl methacrylate based resin has
high hydrophilicity which can be used as hydrogels,” whereas
bisphenol A-based epoxy acrylate have very low hydrophilic-
ity,” thus a compatibility issue may occur between the two
materials before and after curing. To solve this compatibility
issue, urethane required the introduction of functional groups
to improve compatibility therebetween. In the case of iso-
cyanate, one of the main raw materials of urethane, the main
chains were hydrophobic characteristics for most of com-
mercially available materials. Therefore, it sought to incor-
porate hydrophilic polyol to improve the compatibility
between materials by preparing urethane acrylate with amphi-
philic properties through the application. It can increase com-
patibility by improving the cohesion strength of the adhesive
cured product.

To verify the idea, we applied hydrophilic EI-5, incorpo-
rating both linear and cyclic structures in its polyol, which is
known to provide good thermal performance and mechanical

Table 3. Flexural Strength Test of Adhesive Cured Specimens
(MPa)

Number of tests

Formulation Average
#1 #2 #3
F-ISB 72 124 64 86
F-PTMEG 62 49 53 54

properties compared to that of linear only polyol when incor-
porated in acrylate resin’’ in polyurethane, together with
hydrophobic polyol PTMEG as a control. First, the compat-
ibility was evaluated visually after manufacturing the adhesive
cured specimen by the aforementioned method in 2.6. The
increased compatibility between different resins was visualized
by better transparency in cure specimen of F-ISB than that of
F-PTMEG as described in Figure 2. The flexural strength of
the relevant specimens was also measured to check whether
the compatibility influences the cohesive strength of the adhe-
sive, and as specified in Table 3, it was shown that the
improved compatibility implemented the improved cohesive
strength between the components.

To evaluate the adhesive force in the laminated steel accord-
ing to the polyols used, the lap shear strength was tested as

Table 4. Lap Shear Strengths (MPa) of Various Adhesive
Formulations

Number of tests
#1 #2 #3 #4 #5
F-ISB 169 167 166 163 159 16.5
F-PTMEG 12.3 11.8 11.9 13.1 12.5 12.3

Formulation Average

Polym. Korea, Vol. 46, No. 5, 2022
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Figure 6. Schematic description of hydrogen bonding between EI-
5 in polyurethane and hydroxyl group of 2-HEMA in acrylate.

described in 2.5, and the result is summarized in Table 4.
Because the main interaction between the metal oxide layer on
the steel surface and the adhesive was presumed to be hydro-
gen bonding between 2-HEMA-derived hydroxyl groups as
suggested in the literature,”® we assumed that polyols in ure-
thane did not give much difference to adhesion. Instead, we
estimated that the key role of the difference in adhesive
strength is due to the different cohesion strength of the adhe-
sive cured product.

It is thought that the basis of the high adhesive formulation
between acrylate and urethane chains is from the improved
hydrogen bonding. As shown in the schematic diagram in Fig-
ure 6, several ether functional groups derived from EI-5
increase cohesion through hydrogen bonding with hydroxyl
functional groups from 2-HEMA, which plays a key role in
reinforcing cohesion of the adhesive cured product.

Thermal Analysis of the Adhesive Cure Product. In
order to assess the thermal stability of the adhesive, the thermal
behavior was tested by thermomechanical analysis (TMA)
measurement using the adhesive cured specimen prepared by
the above-mentioned method in 2.5. No glass transition was
observed in the cured material up to 200 °C (Figure 7), which

200.00°C
Alpha=212 Bumim °C)
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250
Universal V4 54 TA Insnaments

150
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Figure 7. TMA spectrum of cured adhesive specimen of F-Or.
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Figure 8. TGA spectrum of cured adhesive specimen of F-Or.

implies that the bonding strength between the steel sheets is
not lowered due to softening of the cured adhesive within the
temperature range to which the motor can be exposed. In addi-
tion, it was also confirmed that the adhesive was stable to
decomposition up to 240 °C through thermogravimetric anal-
ysis (TGA) (Figure 8).

The thermal shock test of dot-bonded stator core, to which
the EI-5 based adhesive was applied as described in 2.9 was
performed, and thermal stability was evaluated through the
peel strength test. As a result, average peel strength of more
than 200 kg'f or more was confirmed, which far exceeds the
specification (10 kg:f) required by automobile manufacturers.

Effect of Polyols in AcPU on Oil Resistance by Lap
Shear Specimens. In addition to the increased cohesion of
the adhesive cured product, it was thought that the hydrophilic

Table 5. Thermal Shock Test Result of Dot-bonded Stator Core

Number of samples

Average
4 . #B #4 #5
Peel strength 1 1957 1046 2623 4169 2197
(kg
20
——F-1SB
= ——F-PTMEG
E 15
g’ 10
=
£ -
9
= 5
=9
- ——
_—__‘_‘_‘_‘——_
0 ——

50 100 200

ATF immersing time (h)
Figure 9. Results of simplified oil durability test in ATF.



Development of Adhesive for Dot-bonded EV Motor Core 589

Table 6. Contact Angle with Distilled Water by Different
Adhesive Cured Specimen (°)

Number of tests

Formulation Average
#2 #3
F-ISB 61 58 59 59
F-PTMEG 85 76 78 80

Table 7. ATF Test Result of Dot-bonded Stator Core

Number of samples
#1 #2 #3 #4

Average

Peel strength

2431 2253 2021 1755 2115
(kg

polyol in urethane could increase the lipophobicity of the adhe-
sive by minimizing oil penetration during the oil-wetting pro-
cess in the dot-bonded core which improved durability.
Whereas in all other cases, motor cores in the driving module
of electric cars are wetted with an oily lubricant such as auto-
transmission fluid (ATF),” and the oil could penetrate between
the stacked steel plates and degrade the adhesive material
when the motor core is rotated in a heated state by the driving.
To evaluate the durability of oil, automakers have developed
the ATF test described in 2.10 and are conducting the bonded
core test.

We developed a simplified method for the durability testing
as follows. After immersing the specimen samples manufac-
tured as 2.5 in ATF oil in 2 L flask, the oil was heated at 180
°C for 200 h, while identifying the tendency of adhesion
decline. As can be seen in Figure 9, it was verified that the
adhesive (F-ISB) to which EI-5 is applied implemented better
oil resistance than F-PTMEG, and we concluded that the better
oil durability is due to the hydrophilicity of the adhesive cured
surface originated from EI-5.

To verify whether the surface of the adhesive cured product
is hydrophilic, the contact angle using distilled water was mea-

sured as described in 2.6 (Table 6). As can be seen in Figure
10, it was identified that the surface of F-ISB was more hydro-

-

S ——

F-ISB cured specdmen F-PTMEG cured specimen

Figure 10. Photograph of forming a contact angle with distilled
water by different adhesive cured specimen.

philic than that of F-PTMEG, which explains the better oil
resistance of F-ISB.

The actual ATF test was conducted using the dot-bonded sta-
tor core to which F-ISB was applied as described in 2.10. As
summarized in Table 7, an adhesion retention was confirmed
as 184.4 kgf (average of 5 samples) after the ATF test, which
greatly exceeded automobile manufacturer’s specification of
10 kgf, showing that hydrophilicity of the adhesive helps to
improve oil resistance.

Conclusions

We developed an adhesive for laminated steel sheets of elec-
tric vehicle motor cores with excellent adhesion and oil resis-
tance by using isosorbide derivative (EI-5), which is bio-based,
hydrophilic, and has rigid structural moiety for strength
enhancement. The high adhesive force is due to the amphi-
philic properties of EI-5-containing urethane to improve com-
patibility between 2-HEMA-based hydrophilic acrylate, which
is used to enhance adhesion through hydrogen bonding
between the steel plate and the hydrophobic epoxy component.
This increased the cohesion of the adhesive cured product
which made the bonded steel sheets more resistant to destruc-
tion when external stress was applied. In addition, it was con-
firmed that the high hydrophilicity of the adhesive cured
product derived from EI-5 polyol also improved durability
against degradation due to oily lubricants when applied to the
EV motor core. We anticipate that this adhesive can be a supe-
rior choice for bonded motor cores not only for electric vehi-
cles but for all applications (UAM, robot etc.) to increase
electrical efficiency with improved adhesion and durability.
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