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Abstract

A lubricant protective film (LP) formed on automotive Zn-coated steel sheets is a func-
tional surface layer that controls shear resistance at the die–sheet interface while also
affecting the electrical contact state during resistance spot welding and the surface reac-
tivity during paint pretreatment. In this study, the effect of LP coating weight on surface
friction, interfacial electrical resistance, and degreasing–phosphate reactivity was ana-
lyzed for 340 MPa-grade galvannealed (GA) steel sheets within a unified surface-governed
framework. The LP coating weight was controlled in the range of 0–1008 mg/m2 on a
single-sided basis. The friction coefficient, cup-drawing limit blank holding force (BHF),
resistance spot welding current range, resistance–time product obtained by integrating
dynamic resistance with respect to time, residual LP after degreasing, phosphate coating
formation behavior, and forming simulation results using experimentally measured friction
coefficients as input were comparatively evaluated. With increasing LP coating weight, the
friction coefficient decreased from approximately 0.163 to 0.130 and then increased again to
approximately 0.145 in the high-coating-weight regime. This surface-state change increased
the limit BHF during cup drawing, whereas it narrowed the current range and increased
the resistance–time product during resistance spot welding. In addition, under conditions
above approximately 550 mg/m2, residual LP after degreasing increased, and local no-
growth regions of the phosphate coating were identified. These results show that, within
the present test conditions, LP coating weight is not merely the amount of lubricant applied
but a surface-state variable that concurrently influences frictional, electrical, and chemical
responses. Therefore, within the scope of the present laboratory-scale framework, an LP
coating weight of approximately 300–550 mg/m2 should be interpreted not as a universal
optimum, but as an operational surface window derived by balancing formability, the RSW
process window, and phosphate reactivity under the present experimental conditions.

Keywords: galvannealed steel; lubricant protective film; surface friction; interfacial electrical
resistance; phosphating; surface reactivity; forming simulation

1. Introduction
Automotive coated steel sheets are multifunctional materials required to simultane-

ously satisfy lightweight body design [1], long-term corrosion protection [2], high-quality
appearance [3], high-speed automated productivity [4], and joining reliability [5], as well

Surfaces 2026, 9, 63 https://doi.org/10.3390/surfaces9030063

https://crossmark.crossref.org/dialog?doi=10.3390/surfaces9030063&domain=pdf&date_stamp=2026-07-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/surfaces
https://www.mdpi.com
https://orcid.org/0000-0001-6998-9580
https://doi.org/10.3390/surfaces9030063


Surfaces 2026, 9, 63 2 of 17

as other integrated performance requirements [6,7]. In particular, galvannealed (GA) and
galvanized (GI) steel sheets, which are widely used for automotive outer and inner panels,
provide excellent corrosion resistance and paintability. However, manufacturing stabil-
ity in actual production is strongly influenced by the surface condition of the coating
layer, frictional characteristics, interfacial adhesion behavior, and downstream process
reactivity [8,9]. In drawing operations, increased friction at the die–sheet interface restricts
blank inflow and may consequently induce sticking, galling, powdering/flaking, local
thinning, and fracture [10,11]. Therefore, surface lubrication control of automotive coated
steel sheets should not be regarded as a simple process-aiding technique, but as a key
surface-design factor for jointly controlling the contact state and surface reactivity of the
material surface. Regarding surface lubricant films on GA steel sheets, Sakurai et al. [12]
reported reduced friction coefficients and improved press formability for GA steel sheets
treated with a Ni-based inorganic lubricant film. Sugimoto et al. [13] proposed a highly
lubricated GA steel sheet using an ultrathin Ni–Fe–O film and an organic lubricant film,
with simultaneous consideration of press formability, anti-galling performance, spot weld-
ability, and adhesive compatibility. Huang et al. [9] also reported that a lubricant film
applied to automotive GA steel sheets can improve formability while maintaining chemical
treatment compatibility [9,14,15]. These studies demonstrate that lubricant films control the
frictional state of coated steel surfaces. However, because resistance spot welding (RSW)
and paint pretreatment are performed sequentially after forming in actual automotive
manufacturing, the function of a lubricant film cannot be limited to friction reduction alone.
After the press shop, automotive steel sheets pass through RSW in the body shop and then
the degreasing–surface conditioning–phosphating–electrodeposition process in the paint
shop. During this process sequence, the lubricant protective film (LP) can act as a layer
that lowers shear resistance at the die–sheet interface during forming, while functioning as
a resistive interfacial layer that changes the electrical contact area at the electrode–sheet
and sheet–sheet interfaces during RSW [5,16–18]. In the paint pretreatment stage, residual
organic layers can also restrict the accessibility of reactive species to active sites on the Zn
surface, thereby suppressing phosphate nucleation and crystal growth [2,19]. Therefore,
evaluation of LP coating weight requires consideration not only of the minimization of
the friction coefficient, but also of simultaneous changes in mechanical contact, electrical
contact, and surface chemical reactions (Figure 1).

Figure 1. Conceptual schematic of the LP structure on GA-coated automotive steel sheet.

The objective of this study is to clarify how changes in LP coating weight alter the
frictional state, interfacial electrical contact resistance, and degreasing–phosphate reactivity
on the surface of automotive GA-coated steel sheets. For this purpose, the LP coating
weight was controlled in the range of 0–1008 mg/m2 on a single-sided basis, and the
friction coefficient, cup-drawing limit blank holding force (BHF), RSW current range,
resistance–time product, residual LP after degreasing, phosphate coating growth behavior,
and forming simulation results incorporating experimentally measured friction coefficients
were compared. The focus of this study is not a parallel comparison of individual process
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performances, but rather a mechanistic interpretation of how LP coating weight acts as a
functional surface layer that simultaneously modifies mechanical contact during forming,
electrical contact during RSW, and chemical surface reactions during pretreatment. From
this perspective, LP coating weight is treated not as a single process-control variable, but as
a surface-state variable that governs the branching of mechanical, electrical, and chemical
interfacial responses.

2. Materials and Methods
2.1. Materials and Evaluation of Mechanical Properties

The test material used in this study was a 340 MPa-grade GA-coated steel sheet
for automotive body panels. This material is an automotive steel sheet that sequentially
undergoes press forming, RSW, and paint pretreatment processes and is therefore suitable
for evaluating the interfacial behavior of the LP applied to its surface [8,15]. Mechanical
properties were evaluated by room-temperature uniaxial tensile testing in accordance with
JIS Z 2241:2022 [20], using a Z600 universal testing machine (ZwickRoell GmbH & Co. KG,
Ulm, Germany). Tensile specimens with JIS No. 5 geometry were machined with their
longitudinal axes oriented at 0◦, 45◦, and 90◦ relative to the rolling direction. The gauge
length and width of the parallel section were 50 mm and 12.5 mm, respectively, and the
tests were performed at 25 ± 3 ◦C. The initial strain rate was set to 1.0 × 10−3 s−1 [21,22],
and load and elongation were continuously measured to obtain nominal stress–strain
curves, which were then converted into true stress–true strain curves. Yield strength was
determined using the 0.2% offset criterion, and tensile strength was calculated as the stress
at the maximum load [8,23,24]. From the directional true stress–true strain curves shown in
Figure 2, the yield strength, tensile strength, and total elongation of the steel sheet were
evaluated to be approximately 240–250 MPa, approximately 470 MPa, and approximately
31–33%, respectively. These mechanical properties were subsequently used as basic input
values for the material model in the forming simulation and were applied as reference
properties for analyzing the effect of surface friction conditions, caused by changes in LP
coating weight, on local thinning and shape response.

Figure 2. True stress–true strain curves of the 340 MPa GA steel sheet measured along 0◦, 45◦, and
90◦ to the rolling direction.

2.2. LP Coating Weight Conditions and Measurement Method

LP coating weight was selected as a primary control variable that changes the frictional
behavior [8], interfacial contact characteristics [17], and surface reactivity [2] of GA-coated
steel sheets. All LP coating weights were expressed as mass per unit area on a single-sided
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basis (mg/m2). The LP coating weights used in the experiments were 0, 60, 114, 163, 239,
284, 360, 416, 557, 735, 867, and 1008 mg/m2, thereby covering conditions from no coating
to high-coating-weight conditions of approximately 1000 mg/m2. LP coating weight was
controlled based on the target coating weight for each coating condition and verified using
the mass difference before and after wet removal from specimens having the same measured
area. The wet removal method using a 0.5% CrO3 (Nipsea Chemical Co., Ltd., Ansan-si,
Republic of Korea) aqueous solution was applied as an auxiliary gravimetric method in
which the mass change before and after LP removal was converted into mass per unit area.
Because the CrO3 solution may react with the Zn-based coating layer or surface oxides,
an identical GA blank specimen without LP was treated under the same conditions, and
the blank mass change was used for correction [25]. The values obtained by this method
were defined as the LP-equivalent amount removed under the CrO3 treatment condition,
and all specimens were measured under identical conditions after rinsing and drying.
To complement the gravimetric verification of LP coating weight, the surface elemental
compositions of the as-coated specimens were additionally examined by SEM–EDS (JEOL
Ltd., Akishima, Tokyo, Japan) before degreasing and phosphating. As shown in Figure 3,
the relative surface concentrations of O and P increased progressively with increasing
nominal LP coating weight, whereas the Zn concentration decreased correspondingly. This
compositional trend is consistent with increased surface coverage by the LP layer on the GA
coating and supports that the LP coating-weight series was systematically controlled across
the investigated specimen set. For consistency in interpretation, the LP coating weight range
was divided into three regimes. The range of 0–200 mg/m2 was defined as the low-coating-
weight regime. In this regime, the LP was considered insufficient to continuously cover the
overall surface, and direct metal-to-metal contact and asperity interlocking at the die–sheet
interface were regarded as relatively dominant [23,26]. The range of 200–550 mg/m2 was
defined as the intermediate-coating-weight regime. In this regime, the LP was assumed
to form a sufficiently covered state to act as an effective lubricating layer at the interface,
while maintaining surface accessibility and phosphate reactivity after degreasing to a
comparatively high degree [8]. The range above 550 mg/m2 was classified as the high-
coating-weight or over-threshold regime. This regime corresponds to a condition in which
excessive LP accumulation may increase the residual organic layer after degreasing and
restrict access to active sites on the Zn surface [2,12,19].

Figure 3. SEM–EDS surface elemental composition of as-coated GA steel sheets as a function of
nominal LP coating weight.
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This classification is comparable with the functional divisions of thin lubricant layers,
ultrathin inorganic films, organic dry films, and lubricant-treated GA/GI steel sheets
reported by Sakurai et al. [12], Sugimoto et al. [13], Nakajima et al. [27], and Huang
et al. [9,28]. In the present study, the coating-weight classification was used not as a simple,
convenient categorization, but as an experimental framework for examining whether
surface friction, interfacial electrical contact, and chemical reactivity change stepwise with
increasing LP coating weight.

2.3. Evaluation of Friction Coefficient and Cup-Drawing Formability

The interfacial lubrication behavior as a function of LP coating weight was quantified
using the friction coefficient, which represents shear resistance at the die–sheet inter-
face [8,19,29–31]. In studies of lubricant films on automotive GA-coated steel sheets, flat
sliding tests, strip draw tests, and draw-bead-based tests are commonly used [8,24,30]. In
the present study, the local interfacial shear behavior associated with changes in LP coating
weight was evaluated using an in-house single-sided sliding friction tester developed at
the Hyundai-Steel R&D Center (Dangjin-si, Republic of Korea), as shown in Figure 4. ISO
22462:2020 [32] specifies a test method for measuring and comparing the frictional prop-
erties of hot-dip galvanized, lubricated, and resin-coated steel sheets under identical test
conditions and is therefore consistent with the purpose of the present study. Friction tests
were conducted at 23 ◦C and 50% RH. A constant load of 600 N was applied during the test,
and the average contact pressure calculated based on a contact area of 30 mm2 was 20 MPa.
The sliding speed was fixed at 0.2 m/min to compare LP-induced changes in interfacial
shear resistance under a controlled sliding condition, rather than to reproduce the full range
of sliding speeds encountered in industrial stamping [8]. Five repeated measurements were
performed for each LP coating weight condition, and the average value was used as the
representative friction coefficient for that condition. The forming response was evaluated
using a cup-drawing test system (Chongro Scientific Co., Ltd., Seoul, Republic of Korea).
The blanks used in the test were prepared as circular specimens with a diameter of 110 mm,
and forming was performed at room temperature using a standard cup-drawing die [33,34].
The punch speed was set to 5 mm/s, and the blank holding force (BHF) was increased
stepwise. Five repeated tests were performed under each condition, and the maximum
BHF immediately before fracture at the wall or corner region was defined as the limit
BHF [35,36]. This test was used as an experimental indicator for comparing the effect of the
surface friction state induced by changes in LP coating weight on material inflow and local
fracture resistance. Mean values were used to compare trends across LP coating weights,
and small differences between adjacent coating-weight conditions were interpreted with
consideration of the measurement dispersion.

 

Figure 4. Single-sided sliding-type friction test apparatus used for friction coefficient measurements.
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2.4. Evaluation of Resistance Spot Welding Characteristics

RSW tests were performed using a resistance spot welding system (Chowel Co.,
Ltd., Ansan-si, Republic of Korea) to evaluate the effect of LP coating weight on the
electrical contact states at the electrode–sheet and sheet–sheet interfaces [16,17,37]. Because
the RSW behavior of galvanized and galvannealed steel sheets is strongly affected by
interfacial contact resistance, current distribution, coating morphology, and local heat
input, the spot weld current range and resistance–time product were used as representative
indicators of interfacial electrical behavior [5,37,38]. Cu–Cr alloy electrodes were used for
welding, and the electrode tip diameter was set to 6.0 mm. The electrode force was fixed
at 250 kgf (approximately 2.45 kN) [18,39–42], and the welding current was applied using
an alternating-current mode. The welding time was set to 14 cycles, corresponding to
approximately 0.23 s at 60 Hz. The reference welding current was set to 8.5 kA, and the
allowable current range for each LP coating weight condition was evaluated by varying
the current stepwise around this value [38,40,42].

The current range was defined as the difference (∆kA) between the allowable mini-
mum and maximum currents [43]. The lower current limit corresponded to unstable nugget
formation or weld strength below the acceptance criterion, whereas the upper current limit
corresponded to the onset of spatter or expulsion. Dynamic resistance was converted into
mΩ and integrated over time to obtain the resistance–time product in mΩ·s. This value
was used as a comparative indicator of the interfacial electrical and heat-input response
induced by differences in LP coating weight under the same welding condition [38,43].

2.5. Evaluation of Residual LP After Degreasing and Phosphate Coating Formation

To evaluate the effect of changes in LP coating weight on surface accessibility during
degreasing and phosphate coating formation, a surface pretreatment sequence commonly
applied to automotive coated steel sheets was implemented at laboratory scale [4,6]. Pre-
treatment performance was assessed based on the amount of LP remaining on the surface
after degreasing and the nucleation and crystal growth behavior of the coating after phos-
phating [2,4,19]. Alkaline degreasing was performed using an alkaline aqueous degreasing
agent (Samyang Chemical Industries Co., Ltd., Yangsan-si, Republic of Korea) [4]. The
degreasing solution was prepared under conditions including a nonionic surfactant, and
the operating concentration was maintained at 5 g/L. The solution pH was controlled at
11.5 ± 0.2, and the treatment temperature was controlled at 50 ± 2 ◦C. Specimens were
immersed in the degreasing solution for 5 ± 0.5 min, and mechanical stirring at 100 rpm
was applied during treatment. After degreasing, the specimens were rinsed twice with
deionized water at 30 ◦C, with each rinsing step set to 2 min. After rinsing, the specimens
were naturally dried at room temperature and then used for subsequent phosphating
or residual LP evaluation. These conditions were used as a laboratory-scale reference
condition for comparing LP removability and accessibility to surface active sites under
identical pretreatment conditions, rather than as a direct reproduction of a specific produc-
tion paint-shop line [4,6]. After degreasing and rinsing, Zn-based tricationic phosphating
was performed. The phosphate solution was prepared with Zn2+, Mn2+, and Ni2+ concen-
trations of 7–9 g/L, 1.5–2.5 g/L, and 0.3–0.7 g/L, respectively, and the pH was maintained
at 6.5 ± 0.1 using a Na2HPO4/NaH2PO4 buffer system [4]. The treatment temperature
and time were set to 25 ± 1 ◦C and 3 ± 0.3 min, respectively. The phosphate solution was
applied by spraying, and the spray pressure was maintained in the range of 40–60 psi [4,6].
After phosphating, the specimens were rinsed twice with deionized water at 30 ◦C and
dried in a circulating oven at 80 ◦C for 10 min. The degreasing–phosphating conditions
used in this study were defined as a bench-scale pretreatment protocol for comparing the
relative effect of LP coating weight on residual LP after degreasing and phosphate coating
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formation under identical experimental conditions, rather than as a direct reproduction of
all operating variables in a continuous industrial paint-shop line. In alkaline degreasing,
LP removal behavior can be affected by treatment temperature, treatment time, agitation
conditions, and surfactant chemistry. In phosphating, phosphate nucleation and crystal
growth are governed by bath chemistry, spray impingement, pH, treatment temperature,
and the accessibility of active sites on the Zn surface. Therefore, the increase in residual LP
and the occurrence of phosphate no-growth regions observed under high-coating-weight
conditions should be interpreted not as a direct reproduction of production-line defects,
but as comparative indicators showing that a residual LP layer can reduce surface reactivity
under the same laboratory-scale pretreatment conditions. In the SEM observations, regions
where phosphate crystals were not continuously formed were defined as no-growth re-
gions. Active-site blocking by a residual organic barrier is therefore presented as a possible
surface-reaction mechanism consistent with the SEM observations and residual LP results,
rather than as chemically resolved direct evidence of a specific blocking mechanism.

Residual LP after degreasing was converted into the residual amount per unit area
(mg/m2) using the mass difference in the specimens before and after degreasing [13]. The
phosphate coating formation behavior was observed by scanning electron microscopy
(SEM), and the analysis focused on phosphate crystal formation, uniformity of crystal dis-
tribution, and occurrence of local no-growth areas [2,4]. SEM observations were performed
at the same magnification and in identical representative regions, and local no-growth
areas were defined as surface regions in which phosphate crystals were not continuously
observed. This method was used as an experimental basis for comparing the effect of
changes in LP coating weight on accessibility to active sites on the Zn surface, as well as
phosphate nucleation and crystal growth.

2.6. Forming Simulation Conditions and Evaluation Variables

A forming simulation was performed using the commercial finite element method
(FEM) software PAM-STAMP 2024.0 (ESI Group, a part of Keysight Technologies, Rungis,
France) to evaluate how the experimentally determined LP-dependent friction coefficients
influenced the local deformation behavior of a representative automotive outer-panel com-
ponent [34,35,44]. The simulation was used as an auxiliary analytical tool for quantitatively
comparing the effect of differences in surface friction conditions on the local deformation
field and final shape response during forming [8,45].

As shown in Figure 5, the forming simulation model was constructed based on the
geometry of a fender component that can represent automotive outer-panel forming, and
a four-tool system consisting of die, blank, punch, and binder was applied [46–48]. The
mechanical properties of the 340 MPa GA-coated steel sheet used in the experiments were
applied to the blank material, and the blank thickness was set to 0.7 mm. The blank size
was defined to include an allowance region of approximately 20–30% relative to the com-
ponent boundary so that sufficient material inflow could occur during forming [48,49]. The
blank holder force was set to 100 tonnes (approximately 980 kN), considering the forming
condition of the fender component [47,48]. The press speed was set to 300 mm/s. Shell
elements based on an implicit formulation were used for element modeling, and 11 integra-
tion points per element were applied to evaluate stress and strain through the thickness
direction [48,50,51]. Adaptive mesh refinement was applied to ensure analysis accuracy in
the die shoulder and corner regions with large local deformation gradients, and the mesh
refinement level was set to five [34,50]. Material behavior was defined using an anisotropic
hardening model based on the Hill48 yield criterion [52]. The true stress–true strain curves
were input based on the tensile test results described in Section 2.1. After forming was com-
pleted, springback analysis was performed, and the analysis procedure was configured to
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sequentially reflect the drawing–trimming–restriking–springback stages [51]. The friction
coefficients measured for each LP coating weight condition were used as input values and
maintained as constants throughout the analysis [30,31,45,53].

Figure 5. Stamping simulation model using experimentally measured friction coefficients as
input parameters.

The simulation results were evaluated mainly in terms of thickness reduction contours
and dimension distortion contours [47,50]. Thickness reduction was analyzed with a
focus on the maximum thinning ratio at the die shoulder and corner regions [54], and
dimension distortion was defined as the maximum displacement (mm) relative to the
reference geometry after forming and springback [50,55,56]. This simulation was conducted
as a comparative analysis to isolate the relative effect of LP-dependent friction coefficient
changes on local thinning. Although the Hill48 yield criterion was applied to account for
planar anisotropy, the friction coefficient measured for each LP condition was applied as a
constant input throughout the analysis. Therefore, the FEM results should be interpreted
as an auxiliary comparison of the relative influence of LP-dependent friction states on
local thinning, rather than as an absolute prediction of springback or dimensional accuracy
under production forming conditions incorporating pressure- and velocity-dependent
frictional behavior.

3. Results
3.1. Change in Friction Coefficient with LP Coating Weight

The change in friction coefficient as a function of LP coating weight is shown in
Figure 6. Under the no-coating or extremely low-coating conditions, the friction coefficient
was highest, at approximately 0.163. As the LP coating weight increased, the friction
coefficient rapidly decreased in the range of approximately 50–300 mg/m2, reaching a
minimum value of approximately 0.130. Thereafter, the friction coefficient increased again
in the high-coating-weight regime and reached approximately 0.145 near 1000 mg/m2. The
results in Figure 6 show a non-monotonic relationship between LP coating weight and fric-
tion coefficient. A distinct decrease in friction coefficient was observed when moving from
the low-coating-weight regime to the intermediate-coating-weight regime [31], whereas a
re-increase in friction coefficient was confirmed in the high-coating-weight regime. The av-
erage friction coefficient obtained for each LP condition was subsequently used as an input
value for the forming simulation. Because the re-increase in the high-coating-weight regime
was smaller than the initial friction reduction, this trend was interpreted as a comparative
response and evaluated together with the dispersion of repeated measurements.
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Figure 6. Variation in friction coefficient as a function of LP coating weight.

3.2. Change in Cup-Drawing Limit BHF with LP Coating Weight

The change in the limit BHF with increasing LP coating weight in the cup-drawing
test is shown in Figure 7. Under the no-coating or low-coating-weight conditions, the limit
BHF was approximately three tonnes. As the LP coating weight increased, the limit BHF
increased rapidly and reached a maximum of approximately 26 tonnes. The increase in the
limit BHF was pronounced during the transition from the low-coating-weight regime to
the intermediate-coating-weight regime. Above approximately 416 mg/m2, the increase
in the limit BHF became gradual, and the overall response exhibited an increase followed
by saturation. The results in Figure 7 indicate that changes in LP coating weight affect the
forming limit in cup drawing [33,34].

Figure 7. Variation in cup-drawing limit blank-holding force as a function of LP coating weight.

3.3. Changes in Resistance Spot Welding Current Range and Resistance–Time Product with LP
Coating Weight

The RSW test results are shown in Figure 8. As the LP coating weight increased, the
spot weld current range decreased from approximately 3.5 kA to approximately 1.5 kA.
In contrast, the resistance–time product obtained by integrating dynamic resistance with
respect to time increased from approximately 1.68 mΩ·s to 1.77 mΩ·s. In Figure 8, oppo-
site trends were observed: the current range narrowed and the resistance–time product
increased as the LP coating weight increased. These results indicate that LP coating weight

https://doi.org/10.3390/surfaces9030063

https://doi.org/10.3390/surfaces9030063


Surfaces 2026, 9, 63 10 of 17

affected the interfacial electrical response under the same welding conditions [18]. The
current range, defined as the difference between the minimum and maximum currents, was
narrower in the high-LP coating weight regime. Because the absolute change in resistance–
time product is relatively small, this parameter is interpreted together with the concurrent
narrowing of the weld current range rather than as a standalone measure of weld quality.

Figure 8. Variation in spot weld current range and resistance–time product as a function of LP
coating weight.

3.4. Residual LP After Degreasing and Phosphate Coating Formation Behavior

Residual LP after degreasing and phosphate coating formation behavior are shown
in Figures 9 and 10. Under low-coating-weight conditions, residual LP after degreas-
ing remained at a low level. In contrast, under high-coating-weight conditions above
approximately 550 mg/m2, residual LP after degreasing increased. SEM observations
confirmed local regions in which phosphate crystals did not grow continuously under
high-coating-weight conditions. The schematic illustration in Figure 10 shows that the
degreasing–phosphate coating formation behavior may differ between thin-LP and thick-LP
conditions [2,19]. In particular, under the thick-LP condition, surface regions corresponding
to no-growth areas were found to occur.

Figure 9. Residual LP after degreasing and SEM observations of phosphate coating formation as a
function of LP coating weight.
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Figure 10. Schematic illustration of LP-controlled degreasing and phosphate coating formation:
(a) thin LP and (b) thick LP.

3.5. Forming Simulation Results Incorporating Experimentally Measured Friction Coefficients

The forming simulation results obtained by applying experimentally measured friction
coefficients as FEM input values are shown in Figures 11 and 12. Under the µ = 0.16 condi-
tion, the maximum thickness reduction in the transition and corner regions of the fender
geometry was approximately 23.1%. Under the µ = 0.13 condition, thinning decreased to
approximately 13.9%, whereas under the µ = 0.145 condition, thinning increased again to
approximately 18.4%. Dimension distortion remained within approximately 2 mm under
all friction conditions. Figure 12 presents an integrated comparison of the relationships
among LP coating weight, friction coefficient, thickness reduction, and dimension distor-
tion [24,28,31]. Thickness reduction changed distinctly with the friction coefficient, whereas
the variation in dimension distortion was relatively limited.

Figure 11. Forming simulation results obtained using experimentally measured friction coefficients:
(a) µ = 0.16, (b) µ = 0.13, (c) µ = 0.138, and (d) µ = 0.145.
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Figure 12. Integrated relationship among LP coating weight, friction coefficient, thickness reduction,
and dimension distortion.

4. Discussion
The central finding of this study is not simply that LP coating weight affects individual

process performance of automotive GA-coated steel sheets, but that a single change in
surface state branches into mechanical, electrical, and chemical interfacial responses [9–12].
The LP acts as a lubricating layer that reduces shear resistance at the die–sheet interface
during forming, while functioning as a resistive interfacial layer that alters the electrical
contact state at the electrode–sheet and sheet–sheet interfaces during RSW [16–18]. In
addition, during degreasing and phosphating, the residual organic layer may restrict the
accessibility of reactive species to active sites on the Zn surface. Therefore, LP coating
weight can be interpreted, within the limits of the present measurements, not as a simple
coating amount or auxiliary process variable but as a surface-governing parameter that
simultaneously influences multiple interfacial responses on GA-coated steel sheets [9].

The non-monotonic change in friction coefficient is consistent with a change in the in-
terfacial contact state as LP coating weight increases: direct asperity contact is likely reduced
in the intermediate range, whereas excessive LP in the high-coating-weight range may in-
troduce additional shear resistance associated with film non-uniformity and lubricant-layer
deformation [11,19]. The friction condition in this study is closer to controlled surface-
contact sliding under relatively high contact pressure than to a fully developed high-speed
hydrodynamic lubrication regime. From a contact-mechanics viewpoint, coating/layer
thickness, stiffness, rough-surface contact, and surface anisotropy can significantly influ-
ence real contact area and frictional response [57–60]. Therefore, the re-increase in friction
in the high-coating-weight regime is interpreted as being consistent with additional shear
resistance within a mixed interfacial sliding state, rather than as direct evidence of an elas-
tohydrodynamic lubrication transition. Because LP morphology and thickness distribution
were not directly quantified in the present analytical scope, this interpretation is framed as
a contact-mechanics-based explanation consistent with the observed trend rather than as a
quantified lubrication-regime transition [8,57–60].

The cup-drawing and FEM results indicate that the LP-induced friction state is re-
flected mainly in the local deformation field. The increase in limit BHF represents improved
material inflow in the flange region caused by reduced shear resistance at the die–sheet
interface, rather than a universal improvement in all forming responses [34]. The satura-
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tion of BHF beyond the intermediate-coating-weight regime further indicates that friction
reduction alone cannot continuously improve component-level shape response [13]. In
this study, local thinning or fracture margin was therefore treated as the primary forming-
related response to LP coating weight, whereas dimension distortion was interpreted as
a coupled outcome of structural stiffness, material hardening, residual stress, and spring-
back [47,51,56].

In RSW, increasing LP coating weight produced a response opposite to the form-
ing response because the governing interfacial quantity changed from shear resistance
to electrical contact area and current density. A reduced direct metal-to-metal contact
state is beneficial for forming, but in RSW, the same surface condition can increase con-
tact resistance and concentrate local heat input [16,17,38]. Therefore, the increase in the
resistance–time product indicates a larger contribution of interfacial dynamic resistance
under the same current condition, while the narrowed current range indicates a reduced
allowable welding window. Thus, the formability–weldability relationship is better de-
scribed as a process-specific bifurcation of the same surface state rather than as a simple
performance trade-off. The resistance–time product was used as an integral indicator of the
dynamic electrical response during RSW. In this study, this parameter was interpreted to-
gether with the weld current range to compare LP-induced changes in interfacial electrical
behavior, rather than as a standalone weld-quality metric. Accordingly, nugget geometry,
weld strength, failure mode, expulsion occurrence, and detailed dynamic-resistance curve
morphology were regarded as complementary quality descriptors that can further support
the interpretation of weld quality, but they were not used as primary criteria in the present
comparative analysis.

The pretreatment results provide the surface-chemical basis for defining the upper
side of the LP coating weight window. Residual LP after degreasing can reduce access to
Zn surface active sites where phosphate nucleation begins. Because phosphate coating
formation proceeds through nucleation on the metal surface followed by crystal growth,
local coverage by residual organic species can delay or suppress reaction initiation even
when the surrounding surface remains reactive [2,4,6]. Below the proposed operating win-
dow, insufficient lubricant coverage limits friction reduction; above this range, excessive
LP accumulation increases residual LP after degreasing and promotes electrical and chem-
ical surface-response penalties. The no-growth regions observed after phosphating are
consistent with limited access of reactive species to Zn surface active sites due to residual
organic layers. However, within the analytical scope of the present study, these regions
are interpreted as surface-reaction non-uniformities inferred from SEM observations and
residual LP trends, rather than as chemically resolved direct evidence of a specific organic
blocking species or mechanism.

In this study, the proposed operating window was defined using threshold-based
process responses rather than a single best-performance point. No single response variable
was used alone to determine this window. Rather, the 300–550 mg/m2 range was defined
by jointly considering the friction/BHF response, retention of the RSW process window,
the onset of increased residual LP after degreasing, and the occurrence of phosphate no-
growth regions. The lower boundary corresponds mainly to the transition from insufficient
lubrication to a stable low-friction and improved cup-drawing response, whereas the upper
boundary corresponds to the combined onset of weldability narrowing and pretreatment
non-uniformity. Therefore, this range should be interpreted as a balanced surface-state
window in which the LP layer provides sufficient lubrication for forming while avoiding
excessive deterioration of weldability and phosphate reactivity under the present test
conditions, rather than as a universal production acceptance limit.
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Overall, the present study should be regarded as a controlled comparative analysis
of LP coating weight effects rather than as a complete reproduction of industrial forming,
welding, and pretreatment conditions. The friction test used a single controlled sliding
condition; the degreasing–phosphating response was evaluated using a bench-scale pre-
treatment protocol, AFM/XPS/EDS characterization of the LP layer, and residual organic
species were not included in the primary analytical matrix, and LP-dependent friction coef-
ficients were applied as constant FEM inputs. These scope boundaries do not weaken the
comparative trends observed within the same LP coating weight series; instead, they define
the level at which the proposed operating window can be interpreted before validation
under production-relevant process windows.

5. Conclusions
This study analyzed how LP coating weight on automotive GA-coated steel sheets

simultaneously changes surface friction, interfacial electrical contact, and degreasing–
phosphate reactivity. Within the present experimental framework, LP coating weight acted
as a surface-state variable that jointly changed the die–sheet contact state, the electrode–
sheet electrical contact condition, and the accessibility of active sites on the Zn surface.

The friction coefficient did not decrease monotonically with increasing LP coating
weight. In the intermediate-coating-weight regime, interfacial shear resistance decreased
owing to the increased contribution of the LP lubricating layer. However, in the high-
coating-weight regime, the friction coefficient increased again, which may be associated
with lubricant-layer shear resistance, local film non-uniformity, and redistribution of
asperity-scale contact. This non-monotonic behavior provides the physical basis for opti-
mizing LP coating weight within the present experimental scope.

Changes in the surface friction state were directly reflected in the cup-drawing limit,
BHF, and FEM-based thickness reduction. Under low-friction conditions, material inflow
improved, and local thinning was reduced, whereas changes in dimension distortion
were limited to approximately 2 mm. This indicates that the LP mainly acts as a surface
factor controlling the local deformation field and thinning behavior, while the global shape
response is jointly determined by structural and material models.

In RSW, the current range decreased and the resistance–time product increased with
increasing LP coating weight. These results show that the LP can act as a resistive interfacial
layer that changes the electrical contact state. Under high-coating-weight conditions,
residual LP after degreasing increased, and local no-growth regions of the phosphate
coating were observed. This behavior is consistent with the possibility that residual organic
species restrict access to active sites on the Zn surface and thereby hinder phosphate
nucleation and crystal growth. Accordingly, LP coating weight governs not only surface
friction but also the initiation conditions of chemical pretreatment reactions.

Within the scope of the present laboratory-scale framework, an LP coating weight of
approximately 300–550 mg/m2 is suggested as a surface-controlled operating window in
which reduced surface friction, a retained weldability window, and maintained phosphate
reactivity can be balanced concurrently. This range should not be regarded as a universal
optimum, but as an operational surface window derived by balancing formability, the
RSW process window, and phosphate reactivity under the present experimental conditions.
These findings indicate that LP coating weight should be treated as a functional interfacial
design variable for automotive coated steel sheets, rather than as a simple lubricant appli-
cation amount, because the same surface layer governs frictional, electrical, and chemical
responses in different downstream processes.
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