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ABSTRACT

The microblade cutting method, so-called SAICAS, is widely used to quantify the adhesion of battery composite electrodes

at different depths. However, as the electrode thickness or loading increases, the reliability of adhesion values measured

by the conventional method is being called into question more frequently. Thus, herein, a few underestimated parameters,

such as friction, deformation energy, side-area effect, and actual peeing area, are carefully revisited with ultrathick com-

posite electrodes of 135 µm (6 mAh cm-2). Among them, the existence of side areas and the change in actual peeling area

are found to have a significant influence on measured horizontal forces. Thus, especially for ultrahigh electrodes, we can

devise a new SAICAS measurement standard: 1) the side-area should be precut and 2) the same actual peeling area must

be secured for obtaining reliable adhesion at different depths. This guideline will practically help design more robust com-

posite electrodes for high-energy-density batteries.
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1. Introduction

The mechanical robustness of composite elec-

trodes in various energy storage and conversion

devices is as important as the high theoretical capac-

ity of active materials because physical delamination

of the electrode coating layer from the current collec-

tor may lead to the rapid fading of capacity or even

the death of the battery, even though the active mate-

rials of the electrode are still alive. In fact, reports of

these types of structural collapse in composite elec-

trodes have become more frequent as electrode

designs become increasingly complex to meet the

stringent requirements on energy density. More spe-

cifically, lower binder content and higher electrode

loading level imply that the deterioration of mechani-

cal robustness of composite electrodes is avoidable.

To solve this problem, previous studies have focused

on new binder materials with higher adhesive/cohe-

sive strength, lower cost, higher flexibility and

improved processability [1-8]. Moreover, the limited
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amount of binder used in commercial battery cells,

such as lithium-ion batteries (LIBs), to control their

distribution and properties within the electrode, has

received increased attention from a practical point of

view [9-11]. For instance, drying conditions or post-

high-temperature annealing significantly affect the

distribution and properties of binders. Thus, analyz-

ing the properties of composite electrodes is of great

importance to ensure the reliability of high-energy-

density batteries.

For this purpose, quantitative analysis instruments

have been developed, such as X-ray photoelectron

spectroscopy, X-ray fluorescence, electron probe

microanalysis, secondary ion mass spectrometry,

laser-induced breakdown spectroscopy (LIBS), and

laser-ablation inductively coupled plasma mass spec-

trometry (LA-ICP-MS). Although each instrument

has its own advantages and disadvantages, all are

capable of analyzing the binder distribution in com-

posite electrodes. The application of LA-ICP-MS has

rapidly increased because it can precisely quantify

the material content as a function of depth, while

ablating the electrode with the help of a high-inten-

sity pulse laser [12-23]. However, the aforemen-

tioned instruments are unable to reveal the original

adhesive or cohesive properties of binders, which are

influenced not only by their content but also their

microstructure, such as crystallinity and crystalline

size. Therefore, in a real electrode production line,

the drying conditions or post-high-temperature

annealing is carefully controlled. To overcome this

limitation, a microblade cutting method was devised

as a Hesiometer by W.K. Asbeck in 1962 [24], and

commercially developed as a surface and interfacial

cutting analysis system (SAICAS, Daipla Wintes,

Japan) in 1991 [25], to control or measure the hori-

zontal and vertical forces of a microblade with a

width of 1-2 mm during cutting and peeling of com-

posite electrodes. In particular, the horizontal forces

are easily converted into shear strength and adhesive/

cohesive strength through simple geometric manipu-

lations during cutting and peeling, respectively.

Using these advantages of SAICAS, we have

reported on the successful measurement of adhesion

and cohesion of various composite electrodes for

LIBs since 2014 [26-47]. More specifically, the

effects of binder type, content, distribution, and

microstructure on adhesion and cohesion have been

systematically investigated using a variety of elec-

trode samples. In 2020, the actual adhesion and cohe-

sion of LIB composite electrodes impregnated in a

liquid electrolyte were measured using a specially

designed sample holder [45]. However, despite the

convenience of SAICAS, doubts still remain over its

ability to interpret measured forces as adhesion or

cohesion because there are other factors that affect

the measured force values.

Here, we investigate the correlation between the

peel force measured by SAICAS and the correspond-

ing adhesion or cohesion value with a highly loaded

LIB LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode. In par-

ticular, overlooked parameters, such as two types of

friction values on the front and side of the blade,

additional force to cut the side-area of the sample,

and increased actual peeling area at higher cutting

depths, were systematically analyzed by preparing a

variety of control samples. 

2. Materials and Methods

2.1. Fabrication of composite electrodes

For the SAICAS measurements, a composite elec-

trode consisting of 93 wt% LiNi0.6Mn0.2Co0.2O2

(NCM622, L&F Korea), 3 wt% polyvinylidene fluo-

ride (PVdF, KF-1300, Mw 350k, Kureha, Japan)

binder, and 4 wt% conducting carbon (Super P Li,

Imerys, Belgium) was coated on an Al current collec-

tor (15 μm, Sam-A Aluminum, Korea). After drying

at 160oC for 1 h, the composite electrode was roll-

pressed to obtain a thickness of 135 μm and a density

of 2.65 g cm-3.

2.2. Binder distribution analysis of the composite

electrode

To confirm the PVdF binder distribution in the

composite electrode, the relative fluorine ratios at

specific depths were analyzed using LIBS (Applied

Spectra, Inc., J200 LIBS) (Fig. S1). This experiment

was repeated at different 25 points to ensure its accu-

racy.

2.3. Physical analysis of pristine and peeled com-

posite electrodes

To confirm the reliability of the SAICAS measure-

ments, the actual depth of cut was evaluated using a

confocal optical microscope (HYBRID Color Laser

Confocal Microscope, Laser Tec) and scanning elec-

tron microscopy (SEM, FE-SEM, SU8020, Hitachi,
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Japan). The depth as well as the surface and side uni-

formity were analyzed (Fig. S2).

2.4. Development of von Misses stress model

We developed a stress evaluation model to simu-

late the distribution of stress on the blade before and

after side-cutting using COMSOL Multiphysics 5.5.

The conditions of the SAICAS measurements, in

which the blade moved 2 μm s-1 horizontally with no

movement in the vertical direction, as shown in

Scheme 1C-D, were applied to this model. The

model assumed that the stress during cutting and the

area subjected to the force were constant.

3. Results and Discussion

3.1 Adhesion measurement using SAICAS

SAICAS measures the adhesion by cutting a film-

type sample with different types of microblades.

First, the composite electrode was cut vertically and

horizontally until the target depth was reached

(regions i and ii in Scheme 1A). Then, the adhesion

was measured by cutting a sample horizontally

(regions ii and iii in Scheme 1A). Scheme 1B-D

show the schematics of snapshots at measurement

moments of i, ii and iii in Scheme 1A. The Video 1

shows that SAICAS measures adhesion in real time.

The principle of the SAICAS measurement is

described in Fig. S3.

3.2 Limitations in adhesion measurement based

on the conventional method

In general, the adhesion of the composite elec-

trodes was measured by peeling the electrode at a

specific thickness from the surface without any pre-

treatment. When the standard composite electrode

with 93 wt% NCM622 and 135 μm thickness was

analyzed using the conventional method, its average

adhesion at depths of 20 μm, 40 μm, 60 μm, and

80 μm were 0.0681 kN m - 1 ,  0.1039 kN m - 1 ,

0.1482 kN m-1, and 0.2406 kN m-1, respectively. Fur-

thermore, the adhesion profiles measured four times

Scheme 1. A) Representative adhesion and time profile during SAICAS measurement; B)-D) the schematics of the status

of microblade and composite electrode at points i, ii, and iii assigned in A). Points i, ii, and iii correspond to the moments

of initial measurement, when the target depth was reached, and the end of measurement, respectively.
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at each depth looked quite similar, which supports the

accuracy of the SAICAS measurement (Fig. 1). From

these results, assuming that the adhesion is propor-

tional to the binder content, it can be reasonably esti-

mated that the binder content increased as the depth

increased. However, when the same standard elec-

trode was analyzed by LIBS (Fig. S1), the binder

content at the depths of 20 μm, 40 μm, 60 μm, and

80 μm was found to be similar. This inconsistency

should be tackled by reconsidering the factors that

have been obscured or ignored in composite elec-

trodes with low thickness or loading density

[27,31,39,41,45,46].

3.3 Designing a new measurement strategy

One of these factors is the frictions at the front and

side of the blade, which are caused by the weight of

the cut parts of the composite electrode and the con-

tact between the moving blade and the side of the

sample, respectively (Scheme 2A). Another factor

that was never considered in previous works is the

additional force required to cut both side-areas of the

sample and the increase in the applied force due to

the augmented actual peeling area at the front of the

blade, as shown in Scheme 2B.

Thus, without proving that all other factors are negli-

gible, the adhesion converted from the measured hori-

zontal force Fh cannot represent the corresponding

physical property. In particular, the general understand-

ing supported by higher adhesion, observed with

increased cutting depth in previous works, should be re-

evaluated by fabricating control electrode samples and

analyzing them under different conditions.

3.3.1 Friction at the front of the blade caused

by the weight of cut parts

One of these factors is the frictions at the front and

side of the blade, which are caused by the weight of

the cut parts of the composite electrode and the con-

tact between the moving blade and the side of the

Fig. 1. Adhesion profiles of the standard electrode sample at the depths of A) 20 μm, B) 40 μm, C) 60 μm, and D) 80 μm
based on the conventional method (Measurements at each depth were repeated four times).
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sample, respectively (Scheme 2A). During the

SAICAS measurement, the cut parts were pushed up

from the sample and pressed down the front of the

blade by their mass, which generated friction(i in

Scheme 2A). The mass of cut parts (also called chips)

can be calculated by multiplying the areal mass (mA,

mg cm-2), cut area (b ×Δx, cm2), and relative depth

ratio (tm/t). Thus, the weight of the cut parts applied

to the blade was also estimated during the measure-

ment period. However, regardless of the amount of

cut parts that accumulated during measurement, their

weight did not exceed 10-6 N, which is negligibly low

compared with the measured total peel force of

approximately 0.x N (Fig. S4). Thus, despite the sig-

nificant increase in the cutting thickness, its contribu-

tion to the total peel force is negligible. 

3.3.2 Friction on the side of the blade

Cutting remains, such as a burr, can also cause fric-

tion at the side of the blade(ii in Scheme 2A). To

measure this friction, an electrode sample was pre-

pared using the following procedure: the electrode

was cut once at 60 μm for 350 s, and the blade was

returned to the starting point. Then, the force, which

is related to the friction between the blade and sides

of the sample, was measured again (Fig. S5). The

maximum and average values were 0.0170 N and

0.0119 N, respectively. This level of strength is simi-

lar to the magnitude of error caused by general atmo-

spheric vibrations and wind. Thus, this side frictional

force is also negligible despite the significant

increase in the cutting depth.

3.3.3 Additional peel force on the side of the

blade

When measuring adhesion by depth, only the force

applied to the bottom of the blade should be quanti-

fied. But the blade cuts the sides as well as bottom,

which adds extra force (iii in Scheme 2B). Also, as

the blade cuts the sample, the sample is subjected to a

force in the direction of movement at the front of the

blade and in the opposite direction at the side of the

blade. It causes moments that push the sides of the

blade and the force is applied to the measured adhe-

sion.

Nevertheless, the peel force on the side of the blade

has never been seriously considered because the cut-

ting depth is often tens of micrometers, which is

approximately one hundredth of the blade width of

1 mm (1,000 μm). However, when the cutting depth

increases beyond a critical point, the peel force acting

on the side of the blade also increases to a point

where it can no longer be ignored. Because the force

for side cutting is quite high because the side of the

blade is not sharp. The images of electrode surface

obtained by confocal optical microscope and scan-

ning electron microscopy supports that a large force

is applied at the side (Fig. S2). the particles were

peeled off from the composite electrode by the side

of the blade and cut by the bottom of the blade (Fig.

S2B).

To better understand the force required for the side

of the blade, we developed a stress evaluation model,

which adopted the measurement condition described

in Scheme 1 to simulate the stress distribution on the

Scheme 2. Four overlooked factors caused by A) two frictions and B) the side-cutting and actual peeling area affecting the

measured horizontal force Fh with changes in the cutting depth.
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blade during SAICAS measurement. For this model,

three (3) main Parameters, Young’s modulus

(199 GPa), Poisson’s ratio (0.25) and density (2.6 g

cm-3) are used and the normal stress and shear stress

were simulated after 0.01 s. Using this model, we

compared the stress distribution on the blade to deter-

mine whether it should cut the side of the sample. As

shown in Fig. 2, not only a larger normal stress was

generated at the edge of the front of the blade and

considerable shear stress formed the side of the blade

because of the moment created in the sample when

the side of the sample exists. Whereas, in the pre-

treated sample, which was precut to the same width

as the blade, even normal stress was shown on the

front of the blade and no shear stress was observed on

the side of the blade. Thus, a considerable portion of

the horizontal peel force is responsible for this side-

cutting.

To confirm the above simulation result, the pre-

treated sample shown in Fig. 2B was prepared using

the procedure described in Fig. 3A. Both sides of the

original sample were preliminary removed, leaving a

composite layer of 1 mm width (i and ii in Fig. 3A).

Thus, we could quantify the additional adhesion

required to cut the side of the sample during the mea-

surement (Fig. 3B and C). Although the difference in

adhesion increased with increasing depth, the reduc-

tion ratios between the original and pretreated sam-

ples converged to approximately 20% (except for

20 μm, Details in Table S1). That is, as reported in

previous studies, when the measurement depth is

below 20 μm, this side effect can be ignored

[27,31,39,41,45,46]. However, when the cutting

depth increases significantly, the pretreatment step,

i.e., removing both sides of the sample, must be per-

formed before the measurement to obtain the accu-

rate adhesion of the sample.

3.3.4 The effect of the actual peeling area

As shown in Scheme 2B and stress simulation in

Fig. 2, the stress applied to the front of the blade is

not restricted to the line where the edge of the blade

meets the line of the sample to be peeled. Thus,

depending on the actual peeling area, additional force

should be applied to the blade to reach the rupture

stress of the sample. When the PVdF binder distribu-

tion was analyzed experimentally with the LIBS tool

(Fig. S1), the trend did not match that of the adhesion

depicted in Fig. 3C. There are no other methods

available to investigate the effect of the peeling area

on the adhesion with controlled samples, and it is

almost impossible to determine or control the actual

peeling area during measurement. Thus, we fabri-

cated more advanced control samples without sides

and the same remaining thickness to cut as schemati-

cally illustrated in Fig. 4A. For instance, when the

Fig. 2. 3D stress distribution simulation during SAICAS measurement with A) the original electrode sample (the thickness:

80 μm) and B) the pretreated electrode sample having the same width as the blade.
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adhesion was measured at a depth of 40 μm, the orig-

inal sample was precut to remove both sides (i and ii

in Fig. 4). Then, the 20 μm thick sample was cut

again to retain only a 20 μm electrode coating layer

(iii in Fig. 4). Similarly, to measure the adhesion at a

depth of 80 μm with the same actual peeling area, the

same pretreatment and 60 μm precutting steps were

taken, followed by the SAICAS measurement. 

The adhesion at 40 μm and 80 μm were measured

as 0.0554 kN m-1 (Reduction ratio: 30.84%) and

0.0631 kN m-1 (Reduction ratio: 67.99%), respec-

tively (Fig. 4B and C, and Table S2), which is similar

to the trend of the binder distribution in Fig. S1. In

other words, compared with the adhesion of

0.0643 kN m-1 at 20 μm after side pretreatment, pre-

liminary cutting both sides (Fig. 3C), the higher

adhesions at 40 μm and 80 μm can be attributed to

the additional 20 μm and 60 μm electrode layers.

This result indicates that the actual peeling area sig-

nificantly affects the adhesion. When the adhesions at

different depths were compared to investigate the

cohesive or adhesive properties of the sample, the

precut step was required to minimize the contribution

of the enlarged peeling area. To compare the adhe-

sions related to the cohesive and adhesive properties,

thus, both side pretreatment and top-layer precutting

Fig. 3. A) A pretreatment procedure to remove both sides of the sample and the adhesion profiles of B) the original sample

and C) pretreated sample.
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are strongly recommended before SACIAS measure-

ment. Comparing the adhesions of some samples is

acceptable when their design parameters and mea-

surement conditions are the same. Specifically, when

studying the adhesive strengths of two different bind-

ers without pretreatment and precutting, all the adhe-

sions can be used, in which the binder is more

adhesive in the brittle composite electrode. There-

fore, an optimal method should be selected according

to the characteristics of the sample and the purpose of

SAICAS measurement.

4. Conclusions

Thanks to the convenience of using microblade

cutting methods through a device called SAICAS, the

Fig. 4. A) Schematic of the side pretreatment and top-layer precutting procedures in which the side to be cut and the

specific thickness of the sample have a similar actual peeling area. The adhesion profiles of the samples measured at B)

40 μm after 20 μm precutting and without precutting, and C) 80 μm depth after 60 μm precutting and without precutting.
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adhesive or cohesive strength of composite elec-

trodes is readily measured by dividing the horizontal

peel force by the blade width without deep consider-

ation. However, this work proved that the peel force

is not only dependent on the adhesive or cohesive

strength, but also affected by other factors, particu-

larly in the thick electrode composite layer: 1) the

friction at the front blade caused by the cut parts; 2)

the friction on the side of the blade; 3) the force to cut

both sides of the sample; and 4) the additional force

proportional to the increase in the actual peeling area.

With well-designed control samples (side pretreated or

top-layer precut), we proved that the first two factors are

negligible despite the significant increase in the cutting

depth. The last two factors are mainly responsible for

the increase in peel forces with the increase in the cut-

ting depth. As demonstrated in a case study, the adhe-

sion of the original composite electrode at 80 μm was

approximately 0.2406 kN m-1, which is four times

higher than that at 20 μm. However, when the sample

was pretreated and precut, that is, the side and the spe-

cific thickness of the sample were cut in advance, the

adhesion became similar to that at 20 μm due to

removal of last two factors mentioned above. 

In conclusion, based on our recommended method,

binder distribution determines the adhesion of the

composite electrode. However, with the conven-

tional method, cutting depth leads to significant

effect to measured adhesion owing to required addi-

tional forces for side cutting and enlarged actual peel-

ing area. Therefore, to determine the adhesion

associated with the adhesive or cohesive strength of

the composite electrode at a specific depth, conduct-

ing both pretreatment and precutting is highly recom-

mended as a new standard analytical method.
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