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Abstract: Friction occurring in the area of contact between the sheet metal and the tool in sheet
metal forming is one of the factors determining the quality of the surface of the drawpiece and
the formability of the workpiece. Knowledge of the friction conditions allows the optimal forming
conditions to be determined in terms of lubrication and applied pressures. The article presents the
results of experimental studies of friction in EN AW-2024-T3 Alclad sheets using a special device
simulating the sheet–tool contact in the blank-holder area during SMF. The friction tests were carried
out at various pressures, under dry friction, and with the use of typical oils with a wide range of
viscosity. The effect of the friction process parameters on the COF and surface roughness parameters
Rsk and Rku was analysed using analysis of variance. The model F-values imply that the regression
models for all the output parameters were significant. A monotonic decrease in the COF with
an increase in the mean contact pressure and lubricant viscosity was observed for both dry and
lubricated conditions. DELVAC 1340 engine oil with the highest viscosity significantly lowered the
COF. The lubrication efficiency with LAN46 machine oil and LVH22 hydraulic oil showed an upward
trend with an increasing mean contact pressure. In general, friction reduces the value of average
roughness, Ra, and skewness, Rsk. Meanwhile, friction under contact pressures in the analysed range
(4.4–11.7 MPa) causes an increase in kurtosis, Rku.

Keywords: aluminium alloy; deep drawing; friction; sheet metal forming

1. Introduction

External friction is a phenomenon that generally resists the movement of one solid
over the surface of another solid. In sheet metal-forming (SMF) processes, the workpiece is
deformed in a stamping tool by means of stamp movement, or alternatively of a die. High
pressures acting on the sheet material, which has a much lower yield stress than the tool
material, cause a change in the initial topography of the sheet surface [1]. In the case of
stamping components with complex geometry, the local state of stresses and strains changes
during the forming process [2]. In most conventional SMF and incremental sheet forming
(ISF) [3], the occurrence of friction is an undesirable phenomenon and causes increases in
the forming force [4,5], uneven deformation in various zones of the drawpiece [1], reduction
of the tool life [6], and lowering of the quality of the product surface [7,8]. The coefficient
of friction (COF) is the quantitative factor for evaluating friction.

Due to the occurrence of different zones in the drawpiece which differ in the defor-
mation rate and pressure, there are limitations in the determination of the COF value by
commonly used methods. Over the years, a number of tribological tests have been worked
out that are assigned to the simulation of friction conditions in selected regions of the
drawpiece [9]. The strip drawing test is assigned to modelling the friction conditions under
the blank-holder [10]. The bending under tension test simulates the friction conditions on
the rounded edges of the die and the punch [11]. On the other hand, using the drawbead
test, it is possible to determine the resistance of sheet metal displacement through the
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drawbead in the stamping die [12,13]. The abovementioned tests can be performed under
various temperature conditions.

One of the effective and most economical ways to reduce friction in SMF is lubrication.
The most important properties of a lubricant from the point of view of its use in SMF
processes are its viscosity and the resistance of the lubricating film to breaking up under the
influence of high pressures [14]. The lubricant should meet a number of the requirements,
including being easy to apply to the processed metal and the tool, having a high resistance
to normal loads, and being easily removed from the surface of the product [15]. The purpose
of using the lubricant is to reduce the energy losses necessary to overcome friction [16]. In
cold plastic working processes, where the material is subject to high deformation, high
speeds, and intense heat generation, the lubricant also has the task of cooling the tools. For
the lubricant to effectively insulate the rubbing surfaces, it should have good viscosity and
activity, which is the ability to create a protective layer on the friction surface [17]. Due to
the appropriate viscosity, the grease does not leak from the contact point. Highly active and
viscous lubricants provide conditions for mixed or fluid friction conditions [18,19]. During
the deformation process, the lubricant reduces the unit pressure and improves the quality
of the product surface [20–22].

Aluminium sheets exhibit the tendency to adhesive wear manifested by scuffing of the
tool surfaces [23]. Galling is another strong mechanism of adhesive wear often observed in
SMF that develops gradually as the workpiece adheres to the tool surface. This can change
the surface topography of the drawpiece, tool geometry, increase the friction force, and
consequently damage the product [24]. Up to 71% of the maintenance costs of the dies
result from tackling the problem of preventing the scuffing phenomenon [25]. The adhesion
of aluminium on tool surfaces shortens the tool life and reduces product quality [26,27].
Various experimental tests indicate that in the case of forming sheets of aluminium alloy,
adhesive wear is also of great importance, consisting in local adhesion of the surface
asperities in the micro-areas of plastic deformation of the surface layer [28,29]. Friction
tests conducted by Trzepieciński and Lemu [13] on EN AW-5251 aluminium alloy sheets in
the temper O, H14, H16, and H22 have shown that surface textures either act as micro-traps
for capturing wear debris or as micro-reservoirs that enhance lubrication. Xia et al. [30]
tested EN AW-6061-T6 aluminium alloy sheets in the strip drawing test. The results show
that the COF decreases with load and sliding speed. They validated variable COF models
based on the normal load and sliding speed. Dou and Xia [31] performed pin-on-disk
tests on EN AW-5052 aluminium alloy specimens to obtain the mechanism of influence
of various factors on the COF. They found that the COF decreases with an increase in the
normal load. The effects of contact pressure, sliding speed, and initial lubricant volume on
the evolution of the COF and the lubricant breakdown phenomenon were experimentally
studied by Yang et al. [32]. The test material selected was EN AW-7075 aluminium alloy.
A decrease in the initial lubricant volume and increases in contact pressure and sliding
speed accelerated the transition from the low-friction stage to the final breakdown stage,
resulting in a shorter lubricant breakdown distance. Bellini et al. [33] analysed the evolution
of the punch stroke versus COF when forming aluminium-magnesium-silicon 6060 alloy
sheets. The experimental results highlight the dependence of the distance between the
specimen centre and the necking point on the COF value assumed in numerical finite
element-based simulations. Zavala et al. [34] investigated friction and wear effects in EN
AW-1100 aluminium alloy components manufactured by single-point incremental forming.
They concluded that friction between the sheet metal and tool surface plays an important
role in material deformation. Najm et al. [35] tested various friction conditions in single-
point incrementally formed EN AW-1100 aluminium alloy sheets. It was found that the use
of grease instead of coolant oil generates homogeneous hardness values at different points
of the same formed sheet. Recent developments in SMF of aluminium and aluminium alloy
sheets, including in the context of friction conditions and surface roughness, have been
discussed by Trzepieciński et al. [36] and Sigvant et al. [37], as well as Shih and Wilson [38].



Lubricants 2023, 11, 28 3 of 18

In the aforementioned research activities, there were no investigations found on the
frictional properties of EN AW-2024-T3 Alclad sheets processed in sheet metal forming. The
influence of lubrication conditions and normal load on the COF of aluminium-magnesium-
silicon family alloys in SMF processes is still unclear. In this article, the EN AW-2024-T3
Alclad sheets were tested using a specially designed tribological simulator. Strip specimens
were tested under various contact pressures and friction conditions. Analysis of the effect of
the friction conditions on the value of the coefficient of friction, effectiveness of lubrication,
and change in the surface roughness of the metal sheets were also considered using analysis
of variance.

2. Materials and Methods
2.1. Material

The test material was composed of 0.4 mm-thick EN AW-2024-T3 Alclad aluminium
alloy sheets in the T3 temper condition. EN AW-2024-T3 material is one of the strongest
2xxx series alloys, the main alloying elements of which are copper and magnesium. The
corrosion resistance of 2xxx series alloys is not as good as that of most other aluminium
alloys, and therefore these sheet alloys are usually coated with high-purity alloys, typically
Alclad. EN AW-2024-T3 aluminium alloy is widely used in the aerospace industry for
fabrication of airplane skins.

The mechanical parameters of the sheets were determined in a uniaxial tensile test
according to ISO 6892-1:2009 [39] on specimens cut along the rolling direction (0◦) of the
sheet metal. Three specimens were tested, and average values of mechanical parameters
(Table 1) were determined. True stress–true strain curve determined based on the results
of the average K and n values are shown in Figure 1. The basic surface roughness pa-
rameters and profile height (Figure 2) of the as-received surface of EN AW-2024T3 Alclad
sheets were measured using a Hommel-Etamic T8000RC (Jenoptik, Jena, Germany) pro-
filometer. The basic surface roughness parameters of the as-received sheet are as follows:
Ra = 0.461 µm, Rq = 0.549 µm, Rp = 1.10 µm, Rv = 1.18 µm, Rz = 2.28 µm, Rc = 1.04 µm,
Rt = 2.74 µm, Rq = 0.549 µm, Rsk = 0.103, and Rku = 2.06.

Table 1. Basic mechanical parameters of the EN AW-2024-T3 Alclad sheets.

Sample Orientation E, GPa Rp0.2, MPa Rm, MPa A, %

0◦ 73.36 302.5 450.1 16.5
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2.2. Friction Testing Procedure

The friction tests were carried out by the strip drawing test (SDT). The SDT is used
to determine the value of the COF. A friction simulator was designed and manufactured
(Figure 2) for this purpose, and this was mounted in the holders of a uniaxial tensile testing
machine. The test consists in pulling the sheet strip between two counter-samples with a
rounded working surface which has a radius of R = 0.2 m. The counter-samples were made
of 145Cr6 cold work tool steel. The left counter-sample was permanently mounted in the
device. The right counter-sample, on the other hand, was integrated with a handle that
moved horizontally in the body of the friction tester.

The normal (compressive) force, FN, was exerted by a deflected spring, the deflection
of which was applied with a set screw (Figure 3). A polytetrafluoroethylene insert was
placed between the surface of the set screw and the spring to minimise friction. Based on the
spring calibration curve determined using a MultiTest 10-i versatile tensile and compression
tester, the relationship between the deflection and the spring force was obtained in the
form of the equation: FN = 5.0117x − 1.3783 (where x is the deflection of the spring). The
spring calibration was determined for a spring deflection range between 1.5 and 10.5 mm.
This deflection range corresponds to a pressure force in the range between approximately
6.1 and 44.7 N. According to the formulae proposed by ter Haar [40] (Equation (1)) for
determination of the mean contact pressure (MCP) in a strip drawing test with rounded
counter-samples, the range of pressure changes analysed is equivalent to the MCP range
between 4.4 and 11.7 MPa. These pressure values correspond to the pressures arising in the
processes of sheet metal forming [41–44].

p =
π

4
·

√√√√ FN
w ·

2E1E2
E2·(1−ν2

1)+E1·(1−ν2
2)

2πR
(1)

where w is the strip width (w = 18 mm), R is the radius of the counter-sample (R = 200 mm),
E1 and E2 are the Young’s moduli of the counter-sample (E1 = 210,000 MPa) and specimen
(E2 = 70,000 MPa), respectively, and ν1 and ν2 are Poisson’s ratios of the counter-sample
(ν1 = 0.3) and specimen (ν2 = 0.33), respectively.

Strips that were the 18 mm-wide and 260 mm-long (Figure 4), cut along the rolling
direction of the sheet metal, were placed between the counter-samples. After setting the
appropriate normal force, FN, with the help of the set screw, the upper handle of the
testing machine started to move at a speed of 2 mm/min. The value of the tangential force
(tangential force), FT, was recorded using the Zwick/Roell Z100 testing machine. The value
of the COF was determined using Equation (2):

COF =
FT

2FN
(2)
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The studies analysed six levels of the mean contact pressure. The friction tests were
carried out for surface lubrication with the use of three types of oils: LAN46 machine oil,
DELVAC 1340 engine oil, and LHL32 hydraulic oil. Furthermore, dry friction conditions
were analysed. These oils are widely available in the market and are cheap, and therefore
they are commonly used in sheet metal-forming operations. Another criterion for the
selection of the oils was the analysis of the lubrication efficiency of oils with a wide range
of viscosities ranging from 21.9 mm2/s (LAN46) to 146 mm2/s (DELVAC 1340). The basic
physical properties of the oils used are listed in Table 2. Before the friction tests, the surfaces
of the as-received sheet metal were degreased using acetone.

Table 2. Basic physical properties of the oils used.

Oil Kinematic Viscosity η, mm2/s Viscosity Index Density, kg/m3

LAN46 43.9 94 875
LHV22 21.9 321 862.6

DELVAC 1340 146 99 897

The surface topography and basic surface roughness parameters of the surface of the
counter-samples are shown in Figure 5.
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2.3. Analysis of Variance

In a multivariate schema, analysis of variance (ANOVA) checks if multiple input
parameters affect the results of one dependent variable. This article used a polynomial
quadratic regression model. The mean contact pressure and lubricant viscosity were
selected as the independent variables. Viscosity is the basic physical quantity determining
the physical properties of the lubricant [45].

By means of ANOVA, three models were constructed considering the following de-
pendent variables: COF, kurtosis (Rku), and skewness (Rsk). For surface roughness, which
has occasional deep valleys, a non-Gaussian distribution is a better choice [46]. For this
reason, in the ANOVA shown in this paper, the focus is on the Rsk and Rku parameters,
which Sedlaček et al. [47,48] found to be the most important roughness parameters in
terms of tribological behaviour. Mean contact pressure directly influences the value of the
COF [49,50].

The test of significance of the regression model was performed by calculating the F
statistics at the significance level of α = 0.05.

3. Results and Discussion
3.1. Coefficient of Friction

The value of the COF of sheet metal decreases with increasing mean contact pressure
(Figure 6) [31]. This phenomenon is related to the non-linear relationship between the
tangential force (friction) and the pressure force, which has also been confirmed by Dou
et al. [31], Vollertsen et al. [42], and Kirkhorn et al. [43]. Under relatively small pressures,
the contact status of friction pairs changes from relatively larger static friction to relatively
smaller sliding friction. The surface asperities of the relatively softer material of sheet
metal compared to the tool material plastically deform with the friction process. In the
running-in stage, the frictional contact interface becomes less and less rough. Therefore,
the mechanical overlapping of asperities is declining, and the COF decreases.
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Figure 6. Effect of mean contact pressure on the COF.

The rate of change of the COF with MCP was similar for all friction conditions analysed.
DELVAC 1340 oil significantly lowered the COF over the entire range of contact pressures
tested. This may be related to fact that this oil has the highest kinematic viscosity, which
is more than three times greater than that of LAN46 oil and more than six times greater
than that of LHV22 oil. The high viscosity of the lubricant at low sliding velocities does not
significantly affect the internal friction appearing in the oil. On the other hand, the high
value of the oil viscosity makes it difficult to break the lubricating film as a result of the
impact of high pressures on the summits of the tool and sheet surface.

The F-value for the regression model of 23.15 (Table 3) implies that the ANOVA
model for the coefficient of friction is significant. The significant model terms are lubricant
viscosity (A), mean contact pressure (B), and the value of lubricant viscosity squared (A2).
The significance of the terms was estimated based on p-values of less than 0.0500.

Table 3. Results of the ANOVA for COF.

Source Sum of Squares df Mean Square F-Value p-Value Meaning

Model 0.0299 5 0.0060 23.15 <0.0001 significant
A—η 0.0154 1 0.0154 59.85 <0.0001
B—p 0.0102 1 0.0102 39.57 <0.0001
AB 0.0002 1 0.0002 0.8576 0.3667
A2 0.0076 1 0.0076 29.65 <0.0001
B2 3.567 × 106 1 3.567 × 106 0.0138 0.9077

Residual 0.0046 18 0.0003
Cor Total 0.0345 23

The R2-value for the ANOVA model created is about 0.86 (Table 4). The adequacy
precision is greater than 4. Therefore, an adequacy precision of 16.817 indicates an adequate
signal. The predicted R2 of 0.7434 is in reasonable agreement with the adjusted R2 of 0.8280
(Table 4).

Table 4. Fit statistics of the regression model for COF.

Std. Dev. Mean C.V. % R2 Adjusted R2 Predicted R2 Adequacy Precision

0.0161 0.1896 8.47 0.8654 0.8280 0.7434 16.8170

Figure 7a presents a plot for the coefficient of friction with predicted versus experimen-
tal values. Actual values are along a straight line inclined at 45◦ to the axis of the abscissa.
The data are arranged proportionally along the line, which proves a good correlation be-
tween the experimental and predicted values of COF. The analysis is supplemented by the
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normal probability plot of externally studentised residuals also arranged along the straight
line (Figure 7b). The normal probability plot indicated whether the residuals followed the
normal probability distribution [51,52].
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DFBETAS (difference in betas) is a deletion diagnostic where the influence of each
run on a coefficient estimate is measured by deleting each run. Coefficients of DFBETAS
(Equation (3)) were computed separately for each parameter in the regression model.

DFBETAS =
β̂j − β̂j,(−i)√
MSE(i) × cjj

(3)

where β̂j, β̂j,(−i) are the j-th coefficients from the regression model calculated using all data
and without the i-th observation, respectively, cjj is the j-th diagonal element of the (X’X)−1

matrix, and MSE(i) is the mean square error of the regression.
All design points did not have an excessive value outside of the feasible operating

region (Figure 8), limited by ± 3√
n (n is the number of runs in the design).
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The response surface for COF is shown in Figure 9. The response surfaces showed
that there was a monotonic decrease in the COF with an increase in MCP and lubricant
viscosity. The minimum value of COF in the entire range of the MCP values investigated
was observed with an oil viscosity of about 100 mm2/s. Viscosity determines the thickness
and strength of the oil film, which is crucial to reduce friction and keep the metal surfaces
at a distance. Low-viscosity oil has a high tendency to break its lubricating film [53]. In
turn, too high a viscosity of the oil causes greater resistance to the movement of the oil
layers and makes it difficult to properly fill the surface valleys with lubricant [54].
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3.2. Effectiveness of Lubrication

Quantitative results of the effectiveness of lubrication of the oils used are shown in
Figure 10. The quality of a given lubricant in reducing the friction value was determined
using the lubrication efficiency coefficient determined by the relationship:

Effectivenes of lubrication =
µdry − µoil

µdry
·100% (4)

where µdry is the COF determined in dry friction conditions and µoil is the COF determined
in lubricated conditions.
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The lubrication efficiency with LAN46 oil and LVH22 oil showed an upward trend with
increasing mean contact pressure. When using these oils, a local minimum of effectiveness
of lubrication was observed at a pressure of 6.5 MPa. In the first step, there was a reduction
in the height of the asperities of the roughness, but this reduction was too small to create
closed lubricant pockets on the surface. The microscopic lubrication mechanisms induced
by trapped lubricant in pockets of the workpiece surface has been studied by Bay et al. [54].
It was found that the hydrostatic pressure in closed lubricant pockets increases when the
liquid pressure obtained suppresses further pocket deformation.

LAN46 oil has the most uniform tendency to reduce frictional resistance in the entire
range of pressures investigated. This lubricant reduced the coefficient of friction by about
16–27%. After exceeding the pressure of 10 MPa, despite the twice higher viscosity of this
oil as compared to the LHV22 oil, this lubricant decreased the COF value to the smallest
extent. Viscosity defines the internal friction of the oil resulting from the fluid layers
moving relative to each other during flow. In the pressure range between 8.2 and 11.7 MPa,
DELVAC 1340 oil was the most effective in reducing the COF (32–40.5%).

3.3. Surface Roughness Parameters

Changing the surface roughness of the sheet surface is an indispensable process ac-
companying the processes of sheet metal forming. When deforming a sheet of much lower
strength and hardness compared to the tool material, the tool surface asperities cause a
change in the sheet surface topography by flattening and/or roughening phenomena. In
general, the friction reduces the value of average roughness, Ra (Figure 11). The smallest
reduction of the Ra parameter in relation to the as-received sheet surface was observed for
the lubrication conditions with DELVAC 1340 engine oil. The low surface roughness of the
sheet makes the occurrence of closed lubricant pockets more likely. This is confirmed by
the fact that, under the conditions of lubrication with this oil, sufficient pressure was gener-
ated in closed lubricant pockets, enabling the achievement of high lubrication efficiency
(Figure 10).
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Figure 11. Effect of mean contact pressure on the change in mean roughness, Ra.

The average surface roughness (Ra) is not sensitive to small changes in the profile
height [43]. For a surface roughness with occasional deep valleys, a non-Gaussian distribu-
tion is a better choice. The surface, as-received, had positive skewness (high asperities that
protrude above a flatter average). The friction process produces a change of skewness from
positive to negative. This means that the surface has a smoother plateaux and deep valleys.
After an initial decrease in the skewness value, the skewness value began to increase again
towards the positive values after exceeding the pressure of about 6.5 MPa (Figure 12). This
may be related to the increased share of ploughing of the sheet surface by asperities of
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the tool surface. Thus, slim grooves with smooth asperities were formed. As shown by
Sedlaček et al. [55], a surface with negative skewness reduces friction in the presence of a
lubricant. Plateau-like topographies resulted in lower friction [56].
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Table 5 presents the ANOVA results of the skewness (Rsk) at a confidence interval of
95%. The model developed is adequate, and the model F-value of 6.41 implies the model
is significant. Due to the p-value, A, B, and A2 are significant model terms. However,
the product of lubricant viscosity and mean contact pressure (AB) is very close to the
threshold of significance. The difference between predicted R2 and adjusted R2 is less than
0.2 (Table 6). Therefore, this difference is in reasonable statistical agreement.

Table 5. Results of ANOVA for the Rsk.

Source Sum of Squares df Mean Square F-Value p-Value Meaning

Model 0.4643 5 0.0929 6.41 0.0014 significant
A—η 0.1337 1 0.1337 9.22 0.0071
B—p 0.0784 1 0.0784 5.41 0.0319
AB 0.0510 1 0.0510 3.52 0.0769
A2 0.1751 1 0.1751 12.08 0.0027
B2 0.0048 1 0.0048 0.3323 0.5714

Residual 0.2609 18 0.0145
Cor Total 0.7252 23

Table 6. Fit statistics of the regression model for Rsk.

Std. Dev. Mean C.V. % R2 Adjusted R2 Predicted R2 Adequacy Precision

0.1204 −0.6514 18.48 0.6403 0.5404 0.3665 9.5759

Actual values of skewness (Rsk) lie along a straight line inclined at 45◦ to the axis
of the abscissa (Figure 13a). Externally studentised residuals are also arranged along
the straight line (Figure 13b). Both diagrams confirm a normal probability distribution
of the data.
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Figure 13. (a) Predicted versus actual response for the skewness (Rsk) parameter and (b) normal %
probability plot of externally studentised residuals.

DFFITS (difference of fits) measures the effect of the i-th observation on the predicted
value for a point when that point is left out of the regression (Equation (5)). The DFFITS
statistic measures the change in each predicted value that occurs when that response
is deleted.

DFFITS =
Y− Ŷ(−i)

S(i)·leverage
(5)

where S(i) is the standard error estimated without the point in question, S(i) =
√

σ̂2
(−i) (σ̂ is

standard deviation), Ŷ(−i) is the prediction for the point without the point included in the
regression, and Y is the prediction for the point included in the regression model.

All the points in the statistical regression were located between limit lines ±1.53226
(Figure 14). Therefore, all points of the skewness (Rsk) were influential.
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The response surface for skewness (Rsk) is shown in Figure 15. The character of the
response surface implies the existence of a local minimum in the process within the range
of lubricant viscosity and mean normal pressure. A local minimum of the response surface
for skewness exists for MCP p = 4.61 MPa and lubricant viscosity η = 76.16 mm2/s. The
ANOVA model is consistent with experimental results that showed a negative skewness of
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the surface after the friction process. A surface represented by more negative skewness is
always reflected in a lower friction [47]. It was also confirmed by higher values of skewness
of the surfaces tested under dry friction conditions. Under these conditions, the COF was
greater than during lubricated conditions.
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Figure 15. Interaction between lubricant viscosity and mean contact pressure affecting the skewness (Rsk).

Surfaces with a kurtosis of more than 3 indicate many low valleys and high peaks [57].
This condition is met by the surfaces created after the friction process under lubrication
conditions (Figure 16). Plateau-like topographies with small cavities (Figure 17) reflected
a higher kurtosis [56]. In the range of pressures of 4–11 MPa, a trend of stabilisation of
the Rku parameter was observed for the lubrication with DELVAC 1340 and LVH22 oils.
The surface under friction with the use of LAN46 machine oil rapidly increased its Rku
parameter after exceeding the pressure of 8 MPa. The surface roughness parameters Rku
and Rsk are used to describe the surface roughness in mixed and boundary lubrication
regimes. When the parameter Rsk becomes more negative and Rku is increasing, the COF,
in general, tends to become smaller [46].
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mean contact pressure, p = 9.5 MPa.

The model F-value of 8.65 (Table 7) implies that the ANOVA model for kurtosis (Rku)
was significant. Lubricant viscosity (A) and the lubricant viscosity squared (A2) were
significant model terms. The significance of the terms was estimated based on p-values of
less than 0.0500. The coefficient of determination, R2, for the ANOVA model was about
0.7062 (Table 8). The adequacy precision was greater than 4. Therefore, an adequacy
precision of 10.282 indicates an adequate signal.

Table 7. Results of the ANOVA for Rku.

Source Sum of Squares df Mean Square F-Value p-Value Meaning

Model 22.79 5 4.56 8.65 0.0003 significant
A—η 3.63 1 3.63 6.89 0.0172
B—p 1.83 1 1.83 3.47 0.0791
AB 0.1023 1 0.1023 0.1942 0.6647
A2 18.05 1 18.05 34.27 <0.0001
B2 1.77 1 1.77 3.35 0.0836

Residual 9.48 18 0.5268
Cor Total 32.28 23

Table 8. Fit statistics of the regression model for Rku.

Std. Dev. Mean C.V. % R2 Adjusted R2 Predicted R2 Adequacy Precision

0.7258 3.84 18.90 0.7062 0.6246 0.4391 10.282

Similar to the distribution of the predicted versus actual response for skewness and
COF, the actual values for kurtosis (Rku) were also arranged along a straight line in-
clined at 45◦ to the axis of the abscissa (Figure 18a). Externally studentised residuals
were also arranged along the straight line (Figure 18b), confirming a normal probability
distribution of the data. The residuals were not clearly inclined to be linear rather than an
“S-shaped” line.

The response surface for kurtosis (Rku) is shown in Figure 19. There is a clear relation
between response surfaces for kurtosis (Rku) and skewness (Rsk). For the range of changes
in the input parameters that were analysed, the maximum skewness values (Rsk) (Figure 15)
corresponded to the areas of minimum kurtosis values (Rku) (Figure 19). In general, mean
contact pressure affected kurtosis (Rku) to a lesser extent than lubricant viscosity. As the
viscosity of the oil increased, the value of kurtosis (Rku) increased, and after reaching the
maximal value for a viscosity range of about η = 70–75 mm2/s, the kurtosis value decreased
again with increasing pressure.
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4. Conclusions

This article presented the results of friction tests to determine the value of the COF of
EN AW-2024-T3 sheets using the strip drawing test with rounded counter-samples. The
results of experimental research and ANOVA allowed the following main conclusions to
be drawn:

• A decrease in COF was observed with an increase in mean contact pressure and
lubricant viscosity.

• Based on the COF trend line with mean contact pressure, it was found that LAN46
machine oil and LVH22 hydraulic oil with similar viscosity reduced the coefficient of
friction to the same extent in the entire range of contact pressures tested.

• DELVAC 1340 engine oil with the highest viscosity significantly lowered the value of
the COF in the entire range of contact pressures tested.
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• The lubrication efficiency with LAN46 machine oil and LVH22 hydraulic oil showed
an upward trend with increasing mean contact pressure.

• The F-value of all models for COF, Rsk, and Rku analysed implies that the ANOVA
models were significant. Moreover, the predicted R2 was in reasonable statistical
agreement with the adjusted R2. In all models, kinematic viscosity was the most
significant factor (p-values less than 0.0500) affecting the output (explained) parameter.

• Friction reduced the values of average roughness (Ra) and skewness (Rsk). Meanwhile,
friction under contact pressure in the analysed range (4.4–11.7 MPa) caused an increase
in kurtosis (Rku).

• In general, mean contact pressure affected kurtosis (Rku) to a lesser extent than
lubricant viscosity.

Friction occurring in sheet metal forming is one of the main technological parameters
limiting the deep drawing process; therefore, the appropriate selection of a lubricant is one
of the basic tasks for technologists. The coefficient of friction of plastically deformed sheets
should be determined using special tests that represent the friction conditions occurring
in SMF. In this article, a specially designed tribological simulator of the strip drawing test
was used. This made it possible to test sheet metals of various thicknesses under various
pressures and lubrication conditions. The choice of lubricant with a specific viscosity should
depend on the surface roughness of the workpiece and the contact pressures. In addition,
the grade of the sheet metal formed should be considered. Aluminium and aluminium
alloy sheets show a strong tendency to galling. The tests showed that LAN46 and LVH22
oils showed similar lubrication efficiency in the entire range of the mean contact pressures
analysed. However, with increasing the mean contact pressure over 8.2 MPa, the lubrication
efficiency of these oils decreased. The significantly higher-viscosity oil (DELVAC 1340)
retained its beneficial properties in reducing the coefficient of friction over the entire range
of pressures analysed. If the roughness of the sheet metal after the forming process is an
important factor, DELVAC 1340 oil should be used. This lubricant provided the lowest
mean roughness in the pressure range of 8.2–11.7 MPa.
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