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Abstract: This paper presents the formability results of galvanized Zn-Fe-based interstitial-free (IF)
“galvanneal” steel sheets with different degrees of alloying. The Fe content of the Zn-Fe coatings
was determined by titration method and the phase composition of the coatings was determined by
raster electron microscopy with EDX analyzer. A deterioration of the adhesion of the Fe-Zn coating to
the substrate was observed in the pre-alloyed coating. The applied modes of annealing and smooth
rolling after the surface galvanization resulted in a change in the surface microgeometry parameters
Ra and Pc. The suitability of the surface microgeometry of the used Zn-Fe-coated sheets was assessed
using control diagrams and the capability indexes Cpk with respect to the defined specifications.
The coefficient of friction was determined by dry friction cup test, and using Anticorit lubricant and
microtene film as lubricants. With increasing Fe content in the coating, a slight increase in friction
coefficient values was observed—a slight deterioration in formability. The results obtained indicate
that for car body surface parts, the Fe content of the Zn-Fe coating should range from 7% to 12%.

Keywords: analysis; Zn-Fe coatings; cup test; lubricant efficiency; control diagrams; process capabil-
ity; friction forces; coefficient of friction; formability

1. Introduction

The lifespan of a car is largely limited by the lifespan of its body. The car manu-
facturers strive to prevent perforation corrosion for ten years and cosmetic corrosion of
automobile body parts for five years. In order to meet these requirements, materials with
multi-functional coatings based on zinc, tin, aluminum, lead, nickel, chromium, as well
as their combinations with organic coatings, are being developed. Considering the ra-
tio between the fulfillment of car manufacturer specifications and the price, zinc-based
coated steel sheets are irreplaceable among coated steel sheets [1,2]. Improvement of the
anti-corrosion properties of the zinc layer can be achieved by modifying the chemical
composition of the Zn-Al-Mg-based coatings, or by annealing the Zn-Fe-based zinc coating
(GA—galvannealed coatings) [3,4]. The corrosion resistance provided by zinc steel is not
the only requirement that galvanized sheet metal must meet for visible parts of car bodies.
From the point of view of the manufacturability of visible body parts, their formability,
weldability and paintability must be ensured. A pure zinc coating is no longer able to
guarantee this without reservation. During spot welding of zinc-coated sheets, excessive
wear of the welding electrodes occurs [1,2,5]. During pressing, zinc sticks to the contact
surfaces of the pressing tool, resulting in an increase in frictional forces and a deterioration
of formability [2–4]. One of the possibilities for eliminating these negative effects is to
replace the pure zinc coating with multifunctional zinc coatings based on Zn-Fe, Zn-Al-Mg,
etc. In European countries, Hot Dip Galvanized steel (HDG) and Electro Galvanized steel
(EG) are most often used. In contrast, Zn-Fe coatings (Galvannealed steel GA) are more
widely used in the countries of the North American Free Trade Area (NAFTA) [5].

Zn-Fe coatings are obtained by annealing galvanized steel sheets for a few seconds at
a temperature of 500–565 ◦C in a furnace located at the outlet of the galvanizing bath [4].
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The zinc in the coating interfuses with the iron substrate to form several Zn-Fe intermetallic
phases that are layered on the steel substrate. The hardness of Zn-Fe coatings depends
mainly on the iron content and the distribution of Zn-Fe intermetallic phases. Compared
with pure zinc coatings, Zn-Fe coatings are harder, more scratch-resistant, more suitable for
spot welding, more suitable for pressing, more suitable for painting, more cost-effective
(zinc consumption is reduced) and more resistant to corrosion [6–9]. The author draws
attention to some problems related to formability, peeling of Zn-Fe from the substrate
and their corrosion resistance [10]. After annealing not only the % Fe content in the
coating changes, but also the parameters (roughness Ra, number of peaks Pc, etc.) of the
surface texture of the coating after smooth rolling [11,12]. Changes in these surface texture
parameters affect the manufacturability (formability, paintability), as well as the overall
quality of the body surface parts [13]. With the development of the automotive industry,
the demand for cold and hot rolled steel sheets with controlled surface microgeometry,
excellent formability and resistance to corrosion is increasing. In general, the surface of
sheet steel for the automotive industry for visible car parts must be met with a roughness
Ra = 0.6–1.6 µm and with the number of peaks Pc > 50 cm−1 [14]. For example, Škoda Auto
requires a roughness Ra = 1.1–1.6 µm and a minimum number of peaks Pc ≥ 40 cm−1 for
car body panel parts; Ford requires roughness Ra = 1.1–1.7 µm and a minimum number of
peaks Pc ≥ 50 cm−1 and Volkswagen requires roughness Ra = 1.1–1.6 µm and a maximum
number of peaks Pc ≥ 60 cm−1 [14–17].

The texture of the sheet metal surface plays an important role in the manufacture of
the outer car body panels because during forming the lubricant is retained in the craters
(pits) on the surface of the sheet, forming a thin film between the contact surfaces of the
tool and the blank sheet metal. The formed lubricant film reduces frictional forces and
im-proves formability. Formability is the ability of a material to undergo plastic deforma-
tion into the desired shape without defects under certain thermomechanical conditions
(e.g., temperature, friction, deformation, deformation speed). The formability depends
not only on mechanical properties but also on elements of the tribological system (blank
holder—lubricant—blank sheet metal—lubricant—die) when stamping body parts from
metal sheets. A crack in the stamped part occurs at the moment when the total punch
drawing force TPDF exceeds the value of the total punch drawing force required to break
the stamped part Fcrack (Figure 1).

TPDF ≤ Fcrack, (1)
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The total punch force consists of the following force components:

TPDF = FID + FFBH-BS + FBRD + FFBS-SD + FFBS-DR, (2)
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FFBH ∼= FFBH-BS + FFBS-SD, (3)

TPDF = (FID + FFBH + FBDR)eα·CFBS-DR (4)

or
FFBS-DR = TPDF

(
1− eα·CFBS-DR) (5)

Frictional forces FFBH and FFBS-DR increase the TPDF value which is necessary to draw
a stamped part with a diameter of d from a blank sheet metal with a diameter of D0. By
the ratio of the blank sheet metal diameter D0 to the diameter of the punch d, the Limit
Drawing Ratio (LDR) is given [13,18,19]:

LDR =
D0max

d
(6)

where D0max is the maximum diameter of the blank sheet metal from which it is possible to
produce a stamped part without crack with the diameter of the punch d.

LDR is an important indicator of the formability of steel sheets, which is used in
the grading of drawing operations for the production of more demanding rotationally
symmetrical stamped parts [13,20–22]. The issue of friction and lubrication during stamping
operations is analyzed in detail in [23–31]. Several methods have been developed in order
to study friction on the contact surfaces of pressing tools. For example, drawing the sheet
metal strip between the flat jaws combined with drawing the sheet metal strip over the
drawing edge of the die. Another option is to determine CF using a pin-on-disk test, a ball-
on-disc test, or a cup test [13,32–37]. For the prediction of the technological characteristics
of the deep drawing process, the cup test is a more CF-process-relevant determination
approach. With this test, it is possible to model the stress of the contact surfaces during
sheet metal forming. The aim of the scientific research was to implement innovative tools
of the six sigma methodology in order to minimize waste (defective stamped parts) or
to achieve zero waste in the production of stamped parts from metal sheets. Another
contribution is the expression of the coefficient of friction based on the results of the cup
test, which will make it possible to more accurately determine the coefficient of friction
without simplifying assumptions.

2. Materials and Methods

For experimental research, steel sheets from IF steel stabilized with Ti were used, the
chemical composition of which is shown in Table 1. By annealing after galvanizing and
smooth rolling, Zn-Fe coatings with different degrees of alloying and with different surface
textures were obtained. The Fe content of the coating in the materials used was determined
by the titration method, and the phase composition of the coatings was determined by
raster electron microscopy with an EDX analyzer. The individual phases were identified on
the basis of the percentage content of Zn-Fe—Table 2 [2,38].

Table 1. Chemical composition of the base material (weight %).

C Max Mn Max P Max S Max Al Min Ti N Max

0.015 0.20 0.015 0.015 0.02 0.06–0.14 0.006

Table 2. Chemical composition and other properties of the coatings.

Coating Thickness [µm] Fe Volume [%] Alloying
Phase Composition

Phase Microhardness HV
Inside Surface

Zn-Fe (1) 11.6 5.5 No η, ζ, δ η η (52 to 72)
Zn-Fe (2) 7.6 12.6 Yes δ, Γ δ δ (240 to 300)
Zn-Fe (3) 8.0 14.4 Yes δ, Γ δ

Note: η—Zn; ζ—FeZn13; Γ—Fe3Zn10.



Lubricants 2022, 10, 297 4 of 17

The applied modes of annealing and smooth rolling after the surface galvanization
resulted in a change in the surface microgeometry parameters Ra and Pc. The values of
the microgeometry parameters Ra and Pc of the metal sheets used were determined using
the Hommel Tester 1000 device in the direction of 90◦ with respect to the direction of
rolling—Table 3. The values of the mechanical properties were determined in the direction
90◦ with respect to the rolling direction by tensile test on the TIRATEST 2300 device. The ten-
sile test was performed in accordance with standards EN ISO 6892-1:2010, ISO 10275:20220,
and ISO 10113:2020—Table 4. The parameters of the Swift model were determined from
the dependence of the actual stress on the deformations:

σ = K(ϕ0 +ϕ)
n (7)

which are used to describe the mechanical behavior of the material in the simulation of
crash tests of thin-walled body parts and for predicting the formability (manufacturability)
of sheet metal parts by forming technologies [23,39–44].

Table 3. Measured values of roughness Ra, Pc and the calculated values of capability indexes.

Coating
Measured Values Ra and Pc Ford Requirements Cpk,Ra Indexes

Cpk,Pc
IndexRa

[µm]
Pc

[cm−1]
бRa

[µm]
бPc

[cm−1]
Ra

[µm]
Pc

[cm−1] Cpk,USL Cpk,LSL

Zn-Fe (1) 1.38 134 0.07 7.5
1.1 to 1.6 >60

1.54 1.34 5.97
Zn-Fe (2) 1.27 115 0.061 12.8 2.3 0.96 2.97
Zn-Fe (3) 1.12 110 0.034 15.5 5.73 0.2 2.34

Note: Ra—arithmetical mean height, Pc—peak count, бRa—standard deviation of Ra, бPc—standard deviation of
Pc, Cpk—capability indexes.

Table 4. Mechanical properties of coated material.

Coating Rolling
Dir. [◦]

RP0.2
[MPa]

Rm
[MPa]

Ag
[%]

A80
[%]

K
[MPa]

n
[-]

ϕ0
[-]

r
[-]

Zn-Fe (1)
90◦

166 293 27.5 40.7 509 0.215 0.005 2.19
Zn-Fe (2) 175 296 26.7 39.0 514 0.210 0.010 2.02
Zn-Fe (3) 170 294 26.0 38.2 498 0.205 0.010 1.93

Note: RP0.2—yield stress, Rm—ultimate tensile stress, Ag—uniform elongation, A80—total elongation, K—strength
constant, n—strainhardening exponent, r—plastic strain ratio (Lankford’s coefficient), ϕ0—strain offset.

For the experimental determination of CF, a cup test was used, which was carried out
on the Erichsen universal machine. From the blank sheet metal with diameter D0 = 130 mm,
cylindrical stamped parts were drawn by a punch with a diameter of d = 77.2 mm, and
with the die radius rd = 5 mm and the punch radius rp = 5 mm. The stress on the contact
surfaces between the blank sheet metal and the tool was modeled by changing the lubricant
and changing the blankholder force (BHF = 10 kN, 20 kN, 30 kN, 40 kN and 50 kN). The
following lubricants were used in the experiments: Anticorit 3802-39S (kinematic viscosity
η40◦C = 60 mm2·s−1 according to DIN 51 562), microtene film and lubricant-free drawing
(dry friction). The coefficient of friction at the interface of the tool and the blank sheet
metal during dry friction was designated as CFDRY; when using a microtene film as CFMF;
and when using lubricant Anticorit as CFAntic. The drawing was done at the speed of the
punch vpunch = 15 mm·s−1. Before starting the application of the individual lubricants, the
contact surfaces of the tool and of the blank sheet metal were degreased with technical
gasoline. A layer of lubricant (approx. 2 g·m−2) was applied to the surface of the blank
sheet metal from both sides to exclude direct contact between the tool and the blank sheet
metal. The experiments were repeated three times for each BHF and each lubricant. In order
to determine the effect of the change in friction on formability—LDR—an experiment was
carried out in accordance with condition (1). TPDFs were recorded when drawing cylindrical
stamped parts from the blank sheet metal with diameters D0 of 120 mm, 130 mm and
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140 mm. The lubricant Anticorit 3802-39S and a BHF of 10 kN were used in the experiment.
Fcrak was determined using blank sheet metal with a diameter of D0 = 160 mm and a BHF
of 60 kN.

3. Results and Discussion

The degree of alloying is microscopically characterized by the phase composition of
the coating and macroscopically by the total Fe content in the Zn coating. The analyses
of the applied annealing modes after galvanizing show that the pure zinc η phase (Zn,
hcp) was transformed into a Zn-Fe coating, which contains intermetallic phases δ (FeZn10,
hexagonal), ζ (FeZn13, mono-clinic) and Г (Fe3Zn10)—Figures 2–4. It follows that during
annealing after galvanizing, the microstructure of the Zn-Fe coating (1) consisting of
η, ζ and δ phase was formed. This coating microstructure is typical for an unalloyed
coating—Figure 2. The microstructure of the coating of the Zn-Fe material (2), which is
primarily determined by the δ phase and a thin interfacial layer Г, is characteristic in the
case of a fully alloyed coating—Figure 3. Due to volume changes in the δ phase, fine cracks
were observed at the interface of the substrate (blank sheet metal) and the coating and in the
area of a δ layer. These fine cracks may be due to deterioration of the corrosion resistance of
Zn-Fe coatings. Alloyed coatings are harder and more prone to failure by rolling in the area
δ phase than a pure zinc coating. The morphology of the coating of the Zn-Fe (3) material
is formed by a compact phase layer δ and an interphase layer Г—Figure 4. Larger cracks
were observed at the interface between the substrate (blank sheet metal) and the coating,
which progress through the layers δ and Г. As a result, there may be unwanted exposure of
the substrate and deterioration of the corrosion resistance of the Zn-Fe coating [2,6,38].

Lubricants 2022, 10, x FOR PEER REVIEW 5 of 17 
 

 

metal. The experiments were repeated three times for each BHF and each lubricant. In 
order to determine the effect of the change in friction on formability—LDR—an experi-
ment was carried out in accordance with condition (1). TPDFs were recorded when drawing 
cylindrical stamped parts from the blank sheet metal with diameters D0 of 120 mm, 130 
mm and 140 mm. The lubricant Anticorit 3802-39S and a BHF of 10 kN were used in the 
experiment. Fcrak was determined using blank sheet metal with a diameter of D0 = 160 mm 
and a BHF of 60 kN. 

3. Results and Discussion 
The degree of alloying is microscopically characterized by the phase composition of 

the coating and macroscopically by the total Fe content in the Zn coating. The analyses of 
the applied annealing modes after galvanizing show that the pure zinc η phase (Zn, hcp) 
was transformed into a Zn–Fe coating, which contains intermetallic phases δ (FeZn10, hex-
agonal), ζ (FeZn13, mono-clinic) and Г (Fe3Zn10)—Figures 2–4. It follows that during an-
nealing after galvanizing, the microstructure of the Zn–Fe coating (1) consisting of η, ζ 
and δ phase was formed. This coating microstructure is typical for an unalloyed coating—
Figure 2. The microstructure of the coating of the Zn–Fe material (2), which is primarily 
determined by the δ phase and a thin interfacial layer Г, is characteristic in the case of a 
fully alloyed coating—Figure 3. Due to volume changes in the δ phase, fine cracks were 
observed at the interface of the substrate (blank sheet metal) and the coating and in the 
area of a δ layer. These fine cracks may be due to deterioration of the corrosion resistance 
of Zn–Fe coatings. Alloyed coatings are harder and more prone to failure by rolling in the 
area δ phase than a pure zinc coating. The morphology of the coating of the Zn–Fe (3) 
material is formed by a compact phase layer δ and an interphase layer Г—Figure 4. Larger 
cracks were observed at the interface between the substrate (blank sheet metal) and the 
coating, which progress through the layers δ and Г. As a result, there may be unwanted 
exposure of the substrate and deterioration of the corrosion resistance of the Zn–Fe coat-
ing [2,6,38]. 

 
Figure 2. Microstructure of material coating Zn–Fe (1). 

 
Figure 3. Microstructure of material coating Zn–Fe (2). 

Figure 2. Microstructure of material coating Zn-Fe (1).

Lubricants 2022, 10, x FOR PEER REVIEW 5 of 17 
 

 

metal. The experiments were repeated three times for each BHF and each lubricant. In 
order to determine the effect of the change in friction on formability—LDR—an experi-
ment was carried out in accordance with condition (1). TPDFs were recorded when drawing 
cylindrical stamped parts from the blank sheet metal with diameters D0 of 120 mm, 130 
mm and 140 mm. The lubricant Anticorit 3802-39S and a BHF of 10 kN were used in the 
experiment. Fcrak was determined using blank sheet metal with a diameter of D0 = 160 mm 
and a BHF of 60 kN. 

3. Results and Discussion 
The degree of alloying is microscopically characterized by the phase composition of 

the coating and macroscopically by the total Fe content in the Zn coating. The analyses of 
the applied annealing modes after galvanizing show that the pure zinc η phase (Zn, hcp) 
was transformed into a Zn–Fe coating, which contains intermetallic phases δ (FeZn10, hex-
agonal), ζ (FeZn13, mono-clinic) and Г (Fe3Zn10)—Figures 2–4. It follows that during an-
nealing after galvanizing, the microstructure of the Zn–Fe coating (1) consisting of η, ζ 
and δ phase was formed. This coating microstructure is typical for an unalloyed coating—
Figure 2. The microstructure of the coating of the Zn–Fe material (2), which is primarily 
determined by the δ phase and a thin interfacial layer Г, is characteristic in the case of a 
fully alloyed coating—Figure 3. Due to volume changes in the δ phase, fine cracks were 
observed at the interface of the substrate (blank sheet metal) and the coating and in the 
area of a δ layer. These fine cracks may be due to deterioration of the corrosion resistance 
of Zn–Fe coatings. Alloyed coatings are harder and more prone to failure by rolling in the 
area δ phase than a pure zinc coating. The morphology of the coating of the Zn–Fe (3) 
material is formed by a compact phase layer δ and an interphase layer Г—Figure 4. Larger 
cracks were observed at the interface between the substrate (blank sheet metal) and the 
coating, which progress through the layers δ and Г. As a result, there may be unwanted 
exposure of the substrate and deterioration of the corrosion resistance of the Zn–Fe coat-
ing [2,6,38]. 

 
Figure 2. Microstructure of material coating Zn–Fe (1). 

 
Figure 3. Microstructure of material coating Zn–Fe (2). 

Figure 3. Microstructure of material coating Zn-Fe (2).

Lubricants 2022, 10, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 4. Microstructure of material coating Zn–Fe (3). 

It should be noted that for GA coating thicknesses of less than 60 g/m2, no powdering 
occurs. A coating mass of 55 g/m2 or lower will pass most automotive powdering tests. A 
comparison of the measured values shown in Table 2 shows that this condition is fulfilled 
by the alloyed Zn–Fe (2) and the over-alloyed Zn–Fe (3) coating. The Zn–Fe (1) coating 
was unalloyed. Flaking, as a failure of the bond between the steel and the coating, occurs 
during bending/unbending strain, followed by a shear stress on the coating, such as is 
present along the bead in a draw die. It can result from either a weakened coating–steel 
bond (due to over-alloyed coating, or heavy temper rolling), or an increased transmission 
of strain to the coating–steel interface [45]. 

Table 3 shows that the applied modes of annealing and subsequent smooth rolling 
led to a gradual decrease in the surface texture parameters Ra and Pc. The authors noted 
a similar tendency in Refs. [10,46]. The suitability of the investigated Zn–Fe-coated sheets 
was analyzed from the point of view of Ford company specifications for Ra and Pc pa-
rameters using control diagrams and capability indexes of the applied processes. When 
setting the limits in the control diagram, we started from the probability distribution of 
the relevant selection characteristics. The control limits define the range of values for the 
selection characteristics of individual subgroups with a pre-selected probability, provided 
that only random causes of process parameter variability act on the examined process in 
a given period of time. Figure 5 shows control diagrams with measured roughness values 
Ra. The horizontal center line represents the target nominal roughness value Ra (TMVRa = 
1.4 μm, green dot-dashed line) according to Ford company specifications [14–17]. Lines 
representing the upper control limit (UCL—red line), lower control limit (LCL—red line), 
upper warning limit (UWL—orange line) and lower warning limit (LWL—orange line) 
have been added to the graph as follows: UCLୖୟ = TMVୖୟ + ଷሺେିେ) = 1.7 μm, (8) 

LCLୖୟ = TMVୖୟ − ଷሺେିେ) = 1.1 μm, (9) 

UWLୖୟ = TMVୖୟ + ଶሺେିେ) = 1.6 μm, (10) 

LWLୖୟ = TMVୖୟ − ଶሺେିେ) = 1.2 μm, (11) 

USPCLୖୟ = TMVୖୟ + ሺେିେ) = 1.3 μm, (12) 

LSPCLୖୟ = TMVୖୟ − ሺେିେ) = 1.3 μm, (13) 

Areas between UCL = 1.7 μm and UWL = 1.6 μm, or between LCL = 1.1 μm and LWL 
= 1.2 μm, are considered to be risky (unstable) due to high variability of the process pa-
rameters. The area within the range of measured values in the USPCL and LSPCL area is 
considered to be stable and under statistical control [47,48]. Process capability was also 
assessed using the Cpk capability indexes. Capability indexes Cpk,Ra were calculated based 
on the measured average MVRa values and UCLRa specifications and LCLRa of Ra parame-
ters subject to Ford company specifications according to relation (14): 

Figure 4. Microstructure of material coating Zn-Fe (3).



Lubricants 2022, 10, 297 6 of 17

It should be noted that for GA coating thicknesses of less than 60 g/m2, no powdering
occurs. A coating mass of 55 g/m2 or lower will pass most automotive powdering tests. A
comparison of the measured values shown in Table 2 shows that this condition is fulfilled
by the alloyed Zn-Fe (2) and the over-alloyed Zn-Fe (3) coating. The Zn-Fe (1) coating
was unalloyed. Flaking, as a failure of the bond between the steel and the coating, occurs
during bending/unbending strain, followed by a shear stress on the coating, such as is
present along the bead in a draw die. It can result from either a weakened coating–steel
bond (due to over-alloyed coating, or heavy temper rolling), or an increased transmission
of strain to the coating–steel interface [45].

Table 3 shows that the applied modes of annealing and subsequent smooth rolling led
to a gradual decrease in the surface texture parameters Ra and Pc. The authors noted a
similar tendency in Refs. [10,46]. The suitability of the investigated Zn-Fe-coated sheets was
analyzed from the point of view of Ford company specifications for Ra and Pc parameters
using control diagrams and capability indexes of the applied processes. When setting
the limits in the control diagram, we started from the probability distribution of the
relevant selection characteristics. The control limits define the range of values for the
selection characteristics of individual subgroups with a pre-selected probability, provided
that only random causes of process parameter variability act on the examined process
in a given period of time. Figure 5 shows control diagrams with measured roughness
values Ra. The horizontal center line represents the target nominal roughness value Ra
(TMVRa = 1.4 µm, green dot-dashed line) according to Ford company specifications [14–17].
Lines representing the upper control limit (UCL—red line), lower control limit (LCL—red
line), upper warning limit (UWL—orange line) and lower warning limit (LWL—orange
line) have been added to the graph as follows:

UCLRa = TMVRa +
3(UCL− LCL)

6
= 1.7 µm (8)

LCLRa = TMVRa −
3(UCL− LCL)

6
= 1.1 µm (9)

UWLRa = TMVRa +
2(UCL− LCL)

6
= 1.6 µm (10)

LWLRa = TMVRa −
2(UCL− LCL)

6
= 1.2 µm (11)

USPCLRa = TMVRa +
(UCL− LCL)

6
= 1.3 µm (12)

LSPCLRa = TMVRa −
(UCL− LCL)

6
= 1.3 µm (13)

Areas between UCL = 1.7 µm and UWL = 1.6 µm, or between LCL = 1.1 µm and
LWL = 1.2 µm, are considered to be risky (unstable) due to high variability of the process
parameters. The area within the range of measured values in the USPCL and LSPCL
area is considered to be stable and under statistical control [47,48]. Process capability was
also assessed using the Cpk capability indexes. Capability indexes Cpk,Ra were calculated
based on the measured average MVRa values and UCLRa specifications and LCLRa of Ra
parameters subject to Ford company specifications according to relation (14):

Cpk,Ra = min
{

UCL− x
3σ

,
x− LCL

3σ

}
= min

{
CpkU, CpkL

}
(14)

and in the case of Pc, only LCLPc is specified by the Ford company; therefore, the capability
index was calculated according to relation (15):

Cpk,Pc,lower =
x− LCL

3σ
(15)
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where x are measured average values of the roughness Ra and the number of peaks Pc, σ
is the standard deviation.
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In the case of the Zn-Fe (1) coating, the measured Ra and Pc values are within the
range of USPCL and LSPCL—Figures 5 and 6. Cpk,Ra values and Cpk,Pc were greater than
1.33. This means that the Zn-Fe (1) coating formation process is capable of achieving the
specified roughness values Ra and Pc and is under statistical control. In the case of the fully
alloyed Zn-Fe (2) coating, the Ra values in the warning area were in the range of TMV and
LWL—Figure 5—and Pc values were under statistical control—Figure 6. CpkL,Ra values
were less than 1.33 and Cpk,Pc values were greater than 1.33. This means that it is necessary
to take corrective measures, because in production there may be an increase in the risk of
producing sheets that do not conform to the defined specification of the Ra parameter. For
example, it will be necessary to apply continuous roughness measurement and, based on
online information, to optimize the rolling mill settings so that Ra values are achieved in
accordance with the defined specification along the entire width and length of the strip. In
the case of pre-alloyed Zn-Fe coating (3), Ra values were in the range of LWL and LCL and
also beyond the LCL border. CpkL,Ra values were less than 1.33 [47,49] and Cpk,Pc values
were greater than 1.33. In this case, it is necessary to take corrective measures, because the
risk of producing non-conforming products is high.

Another opportunity to improve formability in the process of forming galvanized
sheets is the elimination of friction between the contact surfaces of the tool and the blank
sheet metal. As a result of increased friction on the contact surfaces, scratches, coating cracks
and peeling of the zinc coating occur and the integrity of the base material is damaged.
Friction on contact surfaces can be improved by applying lubricants with additives [50].
Even at increased pressures and temperatures, lubricants with additives are able to form a
thin layer (film) with low CF values on the contact surfaces. The purpose of the designed
experiment was to verify:

• CF is constant, i.e., in the area under the blank holder, and CFBH is the same as on the
drawing edge of the die (CF = CFBH = CFDR);

• CF is not constant, i.e., it changes depending on the used lubricant, pressure on the
contact surfaces, drawing speed, surface morphology of the contact surfaces, etc.
(CFBH 6= CFDR).



Lubricants 2022, 10, 297 8 of 17Lubricants 2022, 10, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 6. Control diagram for the number of peaks Pc. 

Another opportunity to improve formability in the process of forming galvanized 
sheets is the elimination of friction between the contact surfaces of the tool and the blank 
sheet metal. As a result of increased friction on the contact surfaces, scratches, coating 
cracks and peeling of the zinc coating occur and the integrity of the base material is dam-
aged. Friction on contact surfaces can be improved by applying lubricants with additives 
[50]. Even at increased pressures and temperatures, lubricants with additives are able to 
form a thin layer (film) with low CF values on the contact surfaces. The purpose of the 
designed experiment was to verify: 
• CF is constant, i.e., in the area under the blank holder, and CFBH is the same as on the 

drawing edge of the die (CF = CFBH = CFDR); 
• CF is not constant, i.e., it changes depending on the used lubricant, pressure on the 

contact surfaces, drawing speed, surface morphology of the contact surfaces, etc. 
(CFBH ≠ CFDR). 
When designing the experiment, we assumed that if the contact surfaces are sepa-

rated by a continuous CF layer, it should be the same in the area under the blank holder 
and on the draw edge of the die (CF = CFBH = CFDR). Such a condition was modeled using 
microtene film as a lubricant. Lubricant efficiency can be expressed by the PL indicator 
[13]: PL = ౌీూ,ీ౨౯ౌీూ,ై౫ౘ, (16) 

If PL is greater than 1, then the application of a lubricant will achieve a reduction in 
TPDF, a decrease in energy consumption and the number of stamping operations, an in-
crease in LDR, the tool life, and a reduction in the risk of stamped part fracture. 

The obtained results indicate that with increasing BHF, TPDF differences were noted. 
The comparison of the effectiveness of the PL lubricant with respect to the microtene film 
shows that when using the Anticorit lubricant, the PLAntic. values ranged from 0.98 to 0.89 
depending on BHF, and when drawing stamped parts without lubricant, PCDry values 
ranged from 0.92 to 0.83. TPDF was the least sensitive to the change in BHF when using 
microtene film and the most sensitive to the change in BHF with dry friction. Dependen-
cies were constructed from the measured values TPDF and BHF—Figures 7–9. In terms of 
Coulomb’s law of friction, CF is defined by the ratio of the frictional force to the holding 
force: CF = ୌ, (17) 

Thus, the direction of dependence of TPDF on BHF expresses the value of the coeffi-
cient of friction CF—Figures 7–9. However, in the deep drawing process in the area under 

Figure 6. Control diagram for the number of peaks Pc.

When designing the experiment, we assumed that if the contact surfaces are separated
by a continuous CF layer, it should be the same in the area under the blank holder and
on the draw edge of the die (CF = CFBH = CFDR). Such a condition was modeled using
microtene film as a lubricant. Lubricant efficiency can be expressed by the PL indicator [13]:

PL =
TPDF,Dry

TPDF, Lub
(16)

If PL is greater than 1, then the application of a lubricant will achieve a reduction
in TPDF, a decrease in energy consumption and the number of stamping operations, an
increase in LDR, the tool life, and a reduction in the risk of stamped part fracture.

The obtained results indicate that with increasing BHF, TPDF differences were noted.
The comparison of the effectiveness of the PL lubricant with respect to the microtene
film shows that when using the Anticorit lubricant, the PLAntic. values ranged from
0.98 to 0.89 depending on BHF, and when drawing stamped parts without lubricant,
PCDry values ranged from 0.92 to 0.83. TPDF was the least sensitive to the change in BHF
when using microtene film and the most sensitive to the change in BHF with dry friction.
Dependencies were constructed from the measured values TPDF and BHF—Figures 7–9. In
terms of Coulomb’s law of friction, CF is defined by the ratio of the frictional force to the
holding force:

CF =
FF

BHF
(17)

Thus, the direction of dependence of TPDF on BHF expresses the value of the coef-
ficient of friction CF—Figures 7–9. However, in the deep drawing process in the area
under the blank holder, contact occurs from both sides of the blank sheet metal, so that
the CF was calculated as a half of the value of the line direction. At the drawing stage
of DR = 130/77.2 = 1.684 stamped parts from the blank sheet metal with Zn-Fe (01) coat-
ing when using microtene film, the value was CFMF,1 = 0.036 ± 0.005; when using An-
ticorit lubricant, the value was CFAntic.,1 = 0.102 ± 0.005; and when drawing without
using lubricant (dry friction) the value was CFDRY,1 = 0.215 ± 0.005. When drawing
stamped parts from blank sheet metal with a Zn-Fe (2) coating using microtene film,
the value was CFMF,2 = 0.041 ± 0.005; when using Anticorit lubricant, the value was
CFAntic.,2 = 0.115 ± 0.005. When drawing without the use of lubricant (dry friction), the
value was CFDRY,2 = 0.20 ± 0.005. When drawing stamped parts from blank sheet metal
with a Zn-Fe (3) coating using microtene film, the value was CFMF,3 = 0.041± 0.005; when us-
ing Anticorit lubricant, the value of the coefficient of friction was CFAntic,3 = 0.102 ± 0.005;
and when drawing without using lubricant (dry friction) the value was CFDRY,3 = 0.195 ± 0.005.



Lubricants 2022, 10, 297 9 of 17

Lubricants 2022, 10, x FOR PEER REVIEW 9 of 17 
 

 

the blank holder, contact occurs from both sides of the blank sheet metal, so that the CF 
was calculated as a half of the value of the line direction. At the drawing stage of DR = 
130/77.2 = 1.684 stamped parts from the blank sheet metal with Zn–Fe (01) coating when 
using microtene film, the value was CFMF,1 = 0.036 ± 0.005; when using Anticorit lubricant, 
the value was CFAntic.,1 = 0.102 ± 0.005; and when drawing without using lubricant (dry 
friction) the value was CFDRY,1 = 0.215 ± 0.005. When drawing stamped parts from blank 
sheet metal with a Zn–Fe (2) coating using microtene film, the value was CFMF,2 = 0.041 ± 
0.005; when using Anticorit lubricant, the value was CFAntic.,2 = 0.115 ± 0.005. When draw-
ing without the use of lubricant (dry friction), the value was CFDRY,2 = 0.20 ± 0.005. When 
drawing stamped parts from blank sheet metal with a Zn–Fe (3) coating using microtene 
film, the value was CFMF,3 = 0.041 ± 0.005; when using Anticorit lubricant, the value of the 
coefficient of friction was CFAntic,3 = 0.102 ± 0.005; and when drawing without using lubri-
cant (dry friction) the value was CFDRY,3 = 0.195 ± 0.005. 

 
Figure 7. Dependence of the total punch drawing force on the holding force when applying coated 
material Zn–Fe (1). 

 
Figure 8. Dependence of the total punch drawing force on the holding force when applying coated 
material Zn–Fe (2). 

Figure 7. Dependence of the total punch drawing force on the holding force when applying coated
material Zn-Fe (1).

Lubricants 2022, 10, x FOR PEER REVIEW 9 of 17 
 

 

the blank holder, contact occurs from both sides of the blank sheet metal, so that the CF 
was calculated as a half of the value of the line direction. At the drawing stage of DR = 
130/77.2 = 1.684 stamped parts from the blank sheet metal with Zn–Fe (01) coating when 
using microtene film, the value was CFMF,1 = 0.036 ± 0.005; when using Anticorit lubricant, 
the value was CFAntic.,1 = 0.102 ± 0.005; and when drawing without using lubricant (dry 
friction) the value was CFDRY,1 = 0.215 ± 0.005. When drawing stamped parts from blank 
sheet metal with a Zn–Fe (2) coating using microtene film, the value was CFMF,2 = 0.041 ± 
0.005; when using Anticorit lubricant, the value was CFAntic.,2 = 0.115 ± 0.005. When draw-
ing without the use of lubricant (dry friction), the value was CFDRY,2 = 0.20 ± 0.005. When 
drawing stamped parts from blank sheet metal with a Zn–Fe (3) coating using microtene 
film, the value was CFMF,3 = 0.041 ± 0.005; when using Anticorit lubricant, the value of the 
coefficient of friction was CFAntic,3 = 0.102 ± 0.005; and when drawing without using lubri-
cant (dry friction) the value was CFDRY,3 = 0.195 ± 0.005. 

 
Figure 7. Dependence of the total punch drawing force on the holding force when applying coated 
material Zn–Fe (1). 

 
Figure 8. Dependence of the total punch drawing force on the holding force when applying coated 
material Zn–Fe (2). 
Figure 8. Dependence of the total punch drawing force on the holding force when applying coated
material Zn-Fe (2).

Lubricants 2022, 10, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 9. Dependence of the total punch drawing force on the holding force when applying coated 
material Zn–Fe (3). 

This comparison shows that during dry friction, the smallest value of CF was record-
ed when drawing stamped parts from blank sheet metal with a Zn–Fe (1) coating and 
largest with a Zn–Fe (3) coating. However, it should be noted that the differences in the 
values of the CF friction coefficients when drawing stamped parts from blank sheet metal 
with Zn–Fe (2) and Zn–Fe (3) coatings were within the ±0.005 measurement variance. 
From the evaluation of the TPDF dependency guidelines on the BHF force, the coefficient 
of friction appears to be constant both in the region below the blank holder as well as on 
the drawing radius. In order to verify this tendency, an analytical relation of the depend-
ence of CF was derived depending on the BHF force or blank holder pressure. The ana-
lytical expression of CF was based on the difference TPPF,i measured at BHFi and TPDF,ref 
measured at the reference value BHFref: Tୈ,୧ାଵ − Tୈ,୰ୣ = ሺF୍ୈ + 2 · CF · BHF + Fୖୈ)eେా − ሺF୍ୈ + 2 · CF ·BHF୰ୣ + Fୖୈ)eେా, (18) 

and after modification we get: eେా = ౌీూ,శభିౌీూ,౨ଶ·େాౄ·ሺୌିୌ౨), (19) 

If we start from the assumption that CF = CFBH = CFBR and the contact angle of the 
drawing edge is α ≈ 90°, then after adjusting Equation (20) we get: CF · eେ ଶ⁄ = ౌీూ,శభିౌీూ,౨ଶ·ሺୌశభିୌ౨), (20) 

Expression CF · eେ ଶ⁄  ≈ CF · ሺ1 + CF π 2⁄ ) ≈ CF · ሺ1 + 1.16CF) ≈ CF + 1.16CF2  was 
due to simplification of the calculation of the coefficient of friction described by the expo-
nential regression model in the form CF · eେ ଶ⁄ ≈ 1.847CF1.177. Then, after substitution 
into Equation (20) and modification, we get: CF = ට ౌీూ,శభିౌీూ,౨ଷ.ଽସሺୌశభିୌ౨)భ.భళళ , (21) 

Using the relation (21), the values of the friction coefficients were calculated from the 
measured forces, which are listed in Table 5. 

Table 5. Calculated values of friction coefficients according to relation (21). 

Material 
Blankholder 
Force BHF 

[kN] 

Coefficient of 
Friction 
CFAntic. 

[-] 

Coefficient of 
Friction CFmf. 

[-] 

Coefficient of 
Friction CFDry. 

[-] 

Pressure  
under the 

Blank Holder 
[MPa] 

Figure 9. Dependence of the total punch drawing force on the holding force when applying coated
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This comparison shows that during dry friction, the smallest value of CF was record-ed
when drawing stamped parts from blank sheet metal with a Zn-Fe (1) coating and largest
with a Zn-Fe (3) coating. However, it should be noted that the differences in the values
of the CF friction coefficients when drawing stamped parts from blank sheet metal with
Zn-Fe (2) and Zn-Fe (3) coatings were within the ±0.005 measurement variance. From the
evaluation of the TPDF dependency guidelines on the BHF force, the coefficient of friction
appears to be constant both in the region below the blank holder as well as on the drawing
radius. In order to verify this tendency, an analytical relation of the dependence of CF was
derived depending on the BHF force or blank holder pressure. The analytical expression
of CF was based on the difference TPPF,i measured at BHFi and TPDF,ref measured at the
reference value BHFref:

TPDF,i+1 − TPDF,ref = (FID + 2·CF·BHF + FBRD)eαCFBR − (FID + 2·CF·BHFref + FBRD)eαCFBR (18)

and after modification we get:

eαCFBR =
TPDF,i+1 − TPDF,ref

2·CFBH·(BHF− BHFref)
(19)

If we start from the assumption that CF = CFBH = CFBR and the contact angle of the
drawing edge is α ≈ 90◦, then after adjusting Equation (20) we get:

CF·eCFπ/2 =
TPDF,i+1 − TPDF,ref

2·(BHFi+1 − BHFref)
(20)

Expression CF·eCFπ/2 ≈ CF·(1 + CFπ/2) ≈ CF·(1 + 1.16CF) ≈ CF + 1.16CF2 was
due to simplification of the calculation of the coefficient of friction described by the expo-
nential regression model in the form CF·eCFπ/2 ≈ 1.847CF1.177. Then, after substitution
into Equation (20) and modification, we get:

CF = 1.177

√
TPDF,i+1 − TPDF,ref

3.694(BHFi+1 − BHFref)
(21)

Using the relation (21), the values of the friction coefficients were calculated from the
measured forces, which are listed in Table 5.

Table 5. Calculated values of friction coefficients according to relation (21).

Material
Blankholder
Force BHF

[kN]

Coefficient of
Friction CFAntic.

[-]

Coefficient of
Friction CFmf.

[-]

Coefficient of
Friction CFDry.

[-]

Pressure under
the Blank Holder

[MPa]

Zn-Fe (1)

10 - - - 2.27
20 0.123 0.052 0.133 4.56
30 0.100 0.045 0.161 6.84
40 0.090 0.040 Fracture 9.12
50 0.088 0.037 - 13.68

Zn-Fe (2)

10 - - - 2.27
20 0.131 0.046 0.119 4.56
30 0.110 0.049 0.151 6.84
40 0.100 0.038 Fracture 9.12
50 0.097 0.041 - 13.68

Zn-Fe (3)

10 - - - 2.27
20 0.149 0.052 0.124 4.56
30 0.120 0.053 0.148 6.84
40 0.108 0.060 Fracture 9.12
50 0.107 0.051 - 13.68
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From the calculated friction coefficients (Table 5), it follows that (CFBH 6= CFDR)
changes depending on the used lubricant and BHF force or pressure on the contact surfaces.
From the point of view of use in numerical simulations of cold forming processes, the
dependences of CF on the blank holder pressure are more informative than on BHF. The
pressure depends on contact force and surface area. The pressure under the blank holder
was calculated from BHF and the contact area under the blank holder at the point of time
when TPDF reached its maximum value. TPDF reached the maximum value at the moment
when the flange diameter was 118 mm and the contact area was 4387 mm2. From the
measured and calculated data, the dependence of CF on the pressure of the blank holder
was projected—Figure 10.
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Figure 10. Dependence of the coefficient of friction on the pressure of the blank holder when using
Anticorit lubricant.

The contact pressure on the die radius is several times larger than under the blank
holder [6]. From the measured values, prediction relations were determined by regression
analysis and, with their help, the tendency of CF at higher pressures was marked with a
dot-dashed line in Figure 10.

Figure 10 shows that CF values increased slightly with increasing % of Fe content in
the coating. This tendency is opposite to that reported by the authors of [50,51]. We assume
that this may be related to the roughness Ra and the hardness of the coating. A glossier
and harder surface with fewer peaks or pits cannot retain the required amount of lubricant
on the contact surfaces [15].

Frictional force decreases with decreasing roughness value Ra, which was confirmed
in [52]. Similar studies have been carried out [51–54]. The results of these authors show
that with an appropriate choice of surface roughness Ra, it is possible to reduce friction,
improve formability and wear resistance.

It follows from the relations (4) that, as a result of the increase in friction, the value
of TPDF also increases and then the value of LDR decreases; that is, the formability of the
material deteriorates—Figure 11 [16,18–22].

If a layer of lubricant is applied to the contact surface of the blank sheet metal and
the surface of the tool, which continuously separates the contact surfaces, then a reduction
in TPDF and an increase in the LDR value is achieved (improvement of material forma-
bility). At the same time, the created layer of lubricant also prevents the softer material
(blank sheet metal) from sticking to the contact surfaces of the tool and, consequently,
the formation of grooves on the surface of the stamped part. Dependencies were con-
structed from the measured TPDF for blank sheet metal diameters D0 120 mm, 130 mm
and 140 mm—Figure 12. From condition (1), after substituting the measured Fcrack forces
at which the stamped parts from metal sheets broke, and the regression equations for the
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TPDF required to pull out the stamped parts—Figures 7–9—were derived the following
relationships for individual materials:
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Zn-Fe (1)

Fcrack ≤ TPDF = 1.3871 ∗ D 0max − 130.11 => D0max =
77.2 + 130.11

1.3871
= 149 mm (22)

then LDR after substituting into Equation (6) will be:

LDR =
149
77.2

= 1.93 (23)
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Zn-Fe (2)

Fcrack ≤ TPDF = 1.4514 ∗ D 0max − 140.21 => D0max =
77.2 + 140.21

1.4514
= 149 mm (24)

then LDR after substituting into the Equation (6) will be:

LDR =
149
77.2

= 1.93 (25)

Zn-Fe (3)

Fcrack ≤ TPDF = 1.4613 ∗D 0max − 138.53 => D0max =
77.2 + 138.53

1.4613
= 147 mm (26)

then LDR after substituting into the Equation (6) will be:

LDR =
147
77.2

= 1.904 (27)

The comparison of the calculated D0max and LDR shows that the material Zn-Fe (3)
recorded lower values for the given characteristics of formability. However, it can be
stated that no significant effects of the change in Fe content in the coating on formability
were recorded.

The forming behavior of GA-coated steel sheets depends on the distribution of inter-
metallic phases in the coating: the ζ-phase is formed in the range from 6 to 6.5% Fe and the
δ-phase is formed in the range from 7 to 10% Fe [55]. With increasing temperature or an-
nealing cycle time increases, the iron content in the Zn-Fe coating and δ-phase and Г-phase
are growing at the expense of ζ-phase. The presence of the ζ-phase means that the coating
is unalloyed. The ζ-phase is a soft phase and occurs on the outer surface of the coating.
During pressing, there is a risk that it will stick to the die and there will be an increase in
friction on the contact surfaces between the tools and the die. A softer coating is stuck to
the surface of the pressing tool, and during pressing grooves are subsequently formed on
the surface of the drawn part. The ζ-phase is brittle and grows at the substrate–coating
interface. Cracks in the Zn-Fe coating propagate through the Γ/δ interface. Therefore, it
is necessary to use GA coating parameters as well, so that the proportion of ζ-phase and
brittle Г-phase on the Zn-Fe coating surface is minimized.

Figure 13 shows the dependence of the roughness Ra on % Fe content in the coating.
The obtained results indicate that the technology used can produce a fully alloyed Zn-Fe
coating with an Fe content in the range of 5.5 to 9% with a target roughness value of TMVRa
1.4–0.1 µm, and with Fe content in the range of 5.5 to 12.6% with a target value of TMVRa
1.4–0.2 µm. For alloyed coatings with an Fe content in the range of 5.5% to 12.6%, only very
fine cracks were recorded, which should not significantly impair the corrosion resistance.
For a coating with an Fe content greater than 14%, it is assumed that larger cracks will
form in the coating. There may be peeling of the coating, unwanted exposure of the base
material and deterioration of the corrosion resistance of the Fe-Zn coating. The amount of
iron on the surface and the distribution in the coating is a function of the galvanic annealing
parameters (mainly the chemical composition of the bath and the duration of the galvanic
annealing at a given temperature). The iron content of the coating affects the hardness of
the coating and consequently the interaction with lubricants and contact surfaces of the
tool. Hard GA coatings have greater tendency to crush when in contact with tool surfaces,
especially when moving over the edge of the die.
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4. Conclusions

This paper presents the possibilities of improving the formability of coated steel sheets
based on Fe-Zn with a content of 5.5%, 12.6% and 14.4% Fe in the coating. If Fe content in
the Zn-Fe coating lies within 7% to 12%, δ phase with very fine cracks appeared primarily,
which should not significantly worsen the corrosion resistance. The applied modes for the
Zn-Fe (1) coating are capable of achieving roughness values from Ra 1.2 to 1.4 µm and
Cpk,Pc values were greater than 1.33. The increased content of Fe in the Fe-Zn coating did
not significantly affect the change in TPDF or the performance indicators of PL lubricants.
By re-alloying the coating, its adhesion to the base material (substrate) worsens. The results
obtained indicate that it is not appropriate to evaluate CF by regression analysis from
the TPDF dependence directive at BHF in terms of Coulomb’s law. The derived analytical
relationship allows CF to be predicted based on the cup test results as a function of the
contact pressure when using a lubricant. CF determined using a derived relationship
indicates that the CF is not constant but varies depending on the contact conditions at the
interface of the tool and blank sheet metal. For stamping operations, acceptable values
are CF ≈ 0.1. It should be noted that GA coatings are sensitive to the thickness of the
lubricating film; therefore, the lubricant with a film thickness of 1.5 ± 0.3 g/m2 must be
distributed as evenly as possible over the entire surface area of the sheet metal. In the press
shops of the automotive industry, film with a thickness of 0.6–0.8 g/m2 is applied [56,57].
In subsequent research, attention will be focused on the texture of the sheet metal surface,
and verification of applied friction models in numerical simulation programs for cold sheet
metal forming processes.
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22. Evin, E.; Ábel, M.; Vinaš, J.; Tkáčová, J.; Antoszewski, B. Tribological characteristics of stamping dies with coatings. Mechanika

2013, 2, 129–137. [CrossRef]
23. Choudhury, I.A.; Lai, O.H.; Wong, L.T. PAM-STAP in the simulation of stamping process of an automotive component. Simul.

Model. Pract. Theory 2006, 14, 71–81. [CrossRef]
24. Adnan, I.O. Zaid. Effect of Different Lubricants on Deep Drawing of Galvanized Steel. Int. J. Sci. Eng. Res. 2017, 8, 1584.
25. Mohan Krishna, K.; Kumara Swamy, M. Prediction of Draw Ratio in Deep Drawing through Software Simulations. Int. Refereed J.

Eng. Sci. (IRJES) 2014, 3, 24–29.

http://doi.org/10.3390/coatings6020024
http://doi.org/10.17973/MMSJ.2016_11_2016135
http://doi.org/10.12776/ams.v20i2.298
http://doi.org/10.1007/s11665-014-1086-5
http://doi.org/10.1016/j.promfg.2019.02.169
http://doi.org/10.1016/j.wear.2008.12.106
http://doi.org/10.3103/S0967091209080178
http://www.topocrom.com/content/pdf/Baosteel_BAC_Topocrom.pdf
http://www.topocrom.com/content/pdf/Baosteel_BAC_Topocrom.pdf
http://doi.org/10.3390/ma13051223
http://doi.org/10.3390/met11030493
http://doi.org/10.1590/S1678-58782008000400004
http://doi.org/10.3390/app11199235
http://doi.org/10.7862/rm.2013.12
http://doi.org/10.1016/j.simpat.2005.04.002


Lubricants 2022, 10, 297 16 of 17

26. Hou, J.; Wang, B.; Xu, D.; Cui, L.; Sun, J. Effect of Surfactants on the Corrosion Protectability of Calcium Phosphate Conversion
Coatings on Duplex StructuredMg-8Li (in wt.%) Alloy. Coatings 2022, 12, 1182. [CrossRef]

27. Karupannasamy, D.K.; Hol, J.; de Rooij, M.B.; Meinders, T.; Schipper, D.J. Modelling mixed lubrication for deep drawing processes.
Wear 2012, 294–295, 296–304. [CrossRef]

28. Roizarda, X.; Pothiera, J.M.; Hih, J.Y.; Monteila, G. Experimental device for tribological measurement aspects in deep drawing
process. J. Mater. Process. Technol. 2009, 209, 1220–1230. [CrossRef]

29. Shisode, M.; Hazrati, J.; Mishra, T.; de Rooij, M.; ten Horn, C.; van Beeck, J.; van den Boogaard, T. Modeling boundary friction of
coated sheets in sheet metal forming. Tribol. Int. 2021, 153, 106554. [CrossRef]

30. Wu, W.; Zhao, C.; Cao, M. Effect of ultrasonic and low frequency vibrations on friction coefficient at die radius in deep drawing
process. J. Manuf. Process. 2021, 71, 56–69. [CrossRef]

31. Xia, J.; Zhao, J.; Dou, S.; Shen, X. A Novel Method for Friction Coefficient Calculation in Metal Sheet Forming of Axis-Symmetric
Deep Drawing Parts. Symmetry 2022, 14, 414. [CrossRef]
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