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Interface friction at the tool/die-material interface plays a pivotal role in metal plastic processes, significantly
impacting material deformation behavior near the contact surface. This study focuses on understanding friction-
induced deformation, particularly the plastic boundary layer and surface expansion behavior, at the tool/die-
material interface by employing direct in-situ observations, coupled with high-speed imaging and particle
image velocimetry techniques. It proves that interface friction determines the wall-slip behaviors and subse-

quently results in the non-uniform surface expansion distribution. Moreover, our results indicate that the
application of lubricant alters the wall-slip velocity and localized surface expansion by 60% and 76%, respec-
tively, at the contact interface. Based on these observations, a quantitative method for assessing the effectiveness

of lubrication is proposed.

1. Introduction

Tool/die-material interfaces in metal plastic forming processes are
characterized by severe conditions of friction and temperature [1].
These conditions have a pivotal role in bulk deformation, energy con-
sumption and surface quality [2,3]. For example, friction at the
tool-workpiece interface plays an important role in determining the
strain distributions [4] and non-uniform friction stress can result in
uneven strain distribution, leading to the material failure, such as
wrinkling or tearing [5]. In addition, friction between the die and
workpiece is fundamental to the efficiency and quality of the metal
forming process, affecting the formability of bulk material, tool life, as
well as the surface finish of the specimen [6,7].

In such severe interface friction conditions, a phenomenon of ma-
terial flow localization caused by variations in velocity gradients occurs
near the tool/die-material contact interface, significantly impacting
material removal processes and the quality of material forming [8,9]. It
has been reported that this localization of material flow is very similar to
fluid-like boundary layer, for which a fluid is forced to flow over a flat
plate [10,11], whereas the existence of wall-relative velocity at
tool-material interface indicates that traditional no-slip boundary con-
dition may not be well-matched this deformation behavior [12]. The
no-slip assumption at the liquid/solid interface, which has been widely
supported by extensive experimental evidence in macroscopic analyses
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of fluid film lubrication [13], contrasts with microscopic scales where
localized sliding occurs at the interface [14]. This phenomenon, akin to
the slip observed at the tool-material interface, suggests non-uniform
friction conditions along the contact surface [12,15]. The presence of
flow localization and slip conditions at the tool/die-material interface
clearly illustrates the deformation characteristics near the contact
interface arising from interface friction. Therefore, it is essential for
understanding the fundamental friction phenomena to clarify the rela-
tionship between interface friction and deformation behaviors, encom-
passing boundary layer structures.

For example, one of the characteristic deformation phenomena
reflecting the friction condition at the sliding surface is surface expan-
sion of the bulk material. In metal plastic processes, work material un-
dergoes extensive deformation and experiences high surface expansion,
characterized by a significant ratio between the incremental surface area
of the final product and the original undeformed surface area of the
workpiece [16]. This heightened surface expansion exposes chemically
active nascent surfaces, leading to pronounced adhesion at the interface
[17]. Consequently, understanding the behavior of surface expansion
plays a pivotal role in comprehending tribological properties under se-
vere contact conditions. It is also recognized that severe surface
expansion caused by plastic deformation of the workpiece results in
flattening of the asperities on the contact surface, intensifying frictional
traction and significantly altering tribological properties [18]. This often
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results in the transfer of workpiece material onto the tool/die, leading to
damage on specimen surfaces [19]. Our prior study has investigated the
surface expansion behavior of the contact surface and its influence on
interfacial adhesion phenomena. As a result, the distribution of surface
expansion, unevenly distributed along the sliding surface, closely aligns
with that of adhesion force [20]. Although the factors determining the
distribution of surface expansion are still under discussion, investigating
the development of the boundary layer structure might elucidate the
role in how the surface of bulk material expands at the contact interface.
This is because both surface expansion and the plastic boundary layer
result from interface friction under severe sliding contact conditions.

Although the influence of interface friction on deformation behavior,
like boundary layer phenomenon and surface expansion behavior, is
widely acknowledged, quantitative discussions on these matters have
been limited primarily due to the extreme difficulty in quantitatively
investigating deformation behavior at tool/die-material interfaces using
traditional methods [21,22]. Recently, particle image velocimetry (PIV)
has emerged as a method for studying material flow in severe plastic
deformation of metals [23]. This technique has been effectively
employed for in-situ observation of plastic flow in metal deformation
processes, encompassing cutting and forming [24-26]. This innovation
introduces a pioneering approach for directly observing interface phe-
nomena in metal plastic processes. It facilitates the exploration of the
quantitative correlation between interface friction and deformation
field, thereby advancing our understanding of the influence of interface
friction on interface deformation. Such insights enhance our compre-
hension of tribology applications in fundamental machining or forming
processes.

In this study, wedge indentation experiments are conducted as a
model system to clarify the severe flow localization at tool/die-material
interfaces in metal plastic processes. Direct in-situ observations, coupled
with high-speed imaging and particle image velocimetry techniques, are
employed to quantify plastic deformation behavior, including surface
expansion at the contact interface, and compare it with traditional
boundary layer theory. Specifically, the quantitative relationship be-
tween interface friction and interface deformation, namely wall-slip
phenomenon and surface expansion behavior at the interface, is inves-
tigated. Through PIV analysis, the critical factors influencing surface
expansion distribution are explored. Moreover, it examines the effects of
interface friction on boundary layer phenomena and the distribution of
surface expansion, proposing novel quantitative methods for evaluating
lubrication effectiveness during indentation processes.

2. Experimental details
2.1. Experimental setup

Aluminum is a typical metallic material with a wide range of appli-
cations. Additionally, the aluminum undergoes significant deformation
at the interface and exhibits severe adhesion during the indentation
process, facilitating the exploration of the interface friction and defor-
mation field relationship [27]. On the other hand, the observed defor-
mation field near the contact interface during wedge indentation
exhibits remarkable similarities to those observed in various plastic
forming processes, suggesting its applicability across diverse scenarios
[12,28]. Hence, in this study, annealed aluminums (A1050P) were
employed as the workpiece material and wedge indentation experiments
were conducted as a model system to explore the effects of interface
friction on metal deformation. Fig. 1 shows the schematic of the
experimental setup of direct in-situ observations for the indentation. To
observe the plastic flow that occurs inside the material, a plane strain
condition was ensured by clamping the specimen against a thick,
transparent glass block, which restricts out-of-plane deformation. The
specimens were then subjected to indentation at a specific speed (0.1
mm/s) using high-speed steel wedges with apex angles (2a) of 30°. The
material flow was recorded in situ using a high-speed camera, capturing
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Fig. 1. Schematic of the experimental setup for in-situ observations.

images at 125 frames per second and with a spatial resolution of 1.0 pm
per pixel. The image sequences were analyzed by image correlation
using particle image velocimetry (PIV) [29].

Throughout this process, the indentation force in the vertical direc-
tion was measured using a piezoelectric dynamometer mounted under
the material (Fig. 1). Note that the glass block was removed when
measuring the indentation force to eliminate the influence of the friction
between the glass and indenter. Fig. 2 shows an example of the change in
indentation force during experiments at a depth of 1 mm with an
indentation speed of 0.1 mm/s and the equilibrium of forces that act on
the indenter, respectively. As shown in Fig. 2(a), the force demonstrates
a linear increase throughout the indentation process, reaching its peak at
a specific indentation depth. After stopping for 1s, the indenter is
extracted from the specimen. Additionally, the maximum force (F)
represents the resisting force that impedes the indenter from penetrating
and separating the material, resulting from the combined effects of
friction force (Fy) and normal force (F,) (see Fig. 2(b)). Their relation-
ship with the indenter angle can be expressed as:

F
7= Fycosa + F,sina 1)

The friction force at the indenter-material interface acts as the pri-
mary resistance force preventing the penetration of the indenter,
concurrently causing shear deformation at the contact surface. Due to
the symmetrical shape of the indenter, directly measuring the friction
force and normal force separately is unfeasible. Given the relatively
narrow angle of the indenter used in our experiments (@ = 15°), the
normal component of the normal force to the indenter surface is
comparatively small compared to the normal component of the friction
force. Hence, the maximum indentation force value was employed to
assess the magnitude of the friction force in this study.

2.2. Friction distribution along the indenter face

It is expected that the friction stress at the indenter-material interface
exhibits non-uniform distribution along the side face of the indenter
(indenter face) and the friction condition becomes more severe toward
the indenter tip. To verify this hypothesis, indentation experiments were
conducted using both normal and micro-grooved indenters to measure
the indentation force with the indentation depth of 1 mm. Given that the
indentation force, predominantly influenced by the friction force (Fy)
and normal force (F,), is primarily dictated by the former due to the
narrow indenter angle, evaluating the maximum indentation force value
enables the assessment of the magnitude of the friction force in this
study. Fig. 3 shows the observation of a micro-grooved indenter (I-400),
and Table 1 summarizes the micro-grooved indenters used in this study.
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Fig. 3. Observation of single micro-groove (I-400): (a) optical microscope image and (b) 3-D and 2-D profiles.

Table 1

The configurations of the fabricated indenters.
Indenter name L; (um) Ly (um) Depth of groove D (um) X (mm)
1-300 300 500 30 0.4
1-400 400 600 30 0.5
1-500 500 700 30 0.6
1-600 600 800 30 0.7

As shown in Fig. 3, a single micro-groove was fabricated on each side
face of the indenter utilizing femto-second laser technology [30].

Assuming that x is the distance along the indenter face from the
indenter tip and the stress distributed on the indenter face is z(x), the
indentation force (F) and the force generated partially within the area
between L; < x < Ly (F12) when using a normal indenter without micro-
grooves can be expressed as:

—~
()
~

500
400
300 r
200
100

Indentation force [N]

-100
12
Time [s]

—~
O

Mean indentation stress

L,
F= /0 wr(x)dx (2)

Ly
Fi, :/ wz(x)dx 3)
L

Here, L, represents the contact length between the indenter face and the
specimen (see Fig. 2(b)), and w is the width of the specimen. Fig. 4(a)
compares the variation in indentation force over time at an indentation
depth of 1 mm with a speed of 0.1 mm/s for both the normal indenter
and I-300 grooved indenter. The result demonstrates that, att = 3.0 s (D
= 0.3 mm), which corresponds to the moment the bottom of the micro-
groove (L;) begins contacting the material, the indentation force for I-
300 grooved indenter decreases compared to that of the normal
indenter, and this trend continues even when the upper edge of the

120
=
o L
L 80 X
5 X
~ 40 | :
%
0 1 1 1 1
03 04 05 06 07 08

Distance from indenter tip (x) [mm]

Fig. 4. (a) Indentation force for normal and I-300 grooved indenters, and (b) mean indentation stress distribution along the indenter face.
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micro-groove (L) starts to make contact with the material at t = 5.0s.
This confirms that the difference in the maximum indentation force
between the normal and grooved indenters is attributable to their
differing contact conditions. Hence, in the case of the micro-grooved
indenter, where the grooved area L; < x < L, is in a non-contact state
at the interface, F;, becomes 0. Consequently, the indentation force for
the grooved indenter Fgo0. can be described as:

Fgmove =F-2F, (4)
Based on this equation, F;, can be determined as:

F— Fgroove

Fip = 2

5

Therefore, the distribution of the partially generated force along the

indenter face can be estimated by employing indenters with micro-

grooves fabricated at different positions on the side face of the

indenter. The mean stress at the middle point of the micro-groove x;, (x;,

=1L, + (Ly — L1)/2, (see Table 1)) can be calculated using the formula:
Fi F— Fgruovc

7(Xn) = w(L, — Ly) - 2w(Ly — Ly) (6)

Fig. 4(b) shows the relationship between the distance from the
indenter tip (x) and the stress value at x = x;,, i.e., 7(xn), obtained by
using each micro-grooved indenter. As shown in this figure, the local
indentation force, specifically the indentation stress at the material-
indenter interface, increases as the distance from the indenter tip de-
creases. The distribution of mean indentation stress, derived from Eq. 6,
closely mirrors that of the frictional shear stress along the interface due
to the narrow indenter angle. Therefore, these results clearly verify a
linear increase in friction stress along the side face of the indenter to-
wards the indenter tip (Fig. 4(b)). Based on this friction stress distri-
bution, the relationship between interface friction and the plastic
deformation behavior in the vicinity of the interface will be further
discussed in this paper.

3. Results and discussions

3.1. The influence of the interface friction on the boundary layer
phenomenon

Boundary layer phenomena hold significant importance in fluid
mechanics, wherein a thin layer of fluid forms over a solid surface due to
differences in velocity gradients [31]. It has been reported that the
deformation field in the vicinity of severe sliding contact caused the
friction induced retardation of material flow, such as tool-chip interface
in machining process and die/mold-material interface in forming pro-
cess, resembles a fluid-like boundary layer flow [10,11]. To understand
the relationship between the friction condition and plastic boundary
layer structure, wedge indentation experiments were conducted. Fig. 5

Fig. 5. Material flow at (a) t = to, (b)) t =ty +5 s.
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shows the deformation field superimposed by the streaklines obtained
by the PIV analysis. In Fig. 5(a), the initial streak lines U, (n: streakline
number) at t = t; are placed orthogonal to the indenter face, i.e., the X
and Y axes are tangential and normal to the indenter face, respectively.
Fig. 5(b) shows the material flow at t =ty +5 s. The yellow and red
points in these figures correspond to the endpoints of the streaklines and
points on the indenter face tangent to the initial position of the end-
points, respectively. In other words, the gap between red point and
yellow point for each streakline at t =ty +5 s (Fig. 5(b)) indicates the
relative motion between the material and indenter at the interface.

The friction at the interface induces a shear stress tangential to the
bulk material near the indenter surface, which is transmitted to the
workpiece and influences its deformation behavior. As depicted by the
streaklines in Fig. 5(b), the material displacement along the x-direction
gradually diminishes and eventually becomes stationary at a distance
from the indenter face, indicating the existence of velocity gradients of
the bulk deformation. This result shows that the material is dragged by
the interface friction between the indenter and material, which conse-
quently results in the formation of a plastic boundary layer.

The characteristics of this friction-induced deformation are also
evident in the distribution of the velocity in x direction (vy), i.e., velocity
of the material along the indenter face, as shown in Fig. 6. Note that the
velocity field is determined by averaging velocities over 20 consecutive
frames, and v, (x,y) denotes the value of v, at the coordinate (x,y). Fig. 6
(a) confirms that the formation of a steep velocity gradient that consti-
tutes the plastic boundary layer. Also, Fig. 6(b) shows the relationship
between v, and the vertical distance away from the interface (y) at x =
100, 300, 500, 700um, confirming that the deformation is largely
confined to the region close to the indenter face. Additionally, Fig. 6(b)
indicates several aspects of the plastic boundary layer resulting from the
interface friction between the material and the indenter face. Firstly, the
velocity gradient, namely the boundary layer structure, differs
depending on the value of the x-coordinate and a more pronounced
velocity gradient is observed in the area closer to the indenter tip. As
explained in Section 2.2, the friction stress along the indenter face in-
creases linearly toward the indenter tip, suggesting that the boundary
layer structure is determined by the friction condition at the interface.
Specifically, the thickness of the plastic boundary layer increases near
the indenter tip, where friction conditions are more severe. This obser-
vation is consistent with the findings of our previous study [11]. Sec-
ondary, velocity difference exists at the interface between the indenter
and the material, namely, wall-slip occurs at the interface. In Fig. 6(b),
Vwan is the velocity component of the indenter face in the x-direction,
equivalent to vocosa (vo: indentation speed, a: half of indenter angle). As
shown in this figure, the velocity of the material at the interface, i.e.,
vx(x,0), is lower than v,,q, which clearly shows the existence of the wall
slip at the interface and causes the relative motion between the material
and indenter at the interface shown in Fig. 5(b).

In order to quantitatively examine the relationship among interface
friction, boundary layer structure, and wall-slip at the interface, wall-
slip velocity vs(x) is defined as follows:

V5(x) = Var — vi(x, 0) @

Fig. 6(c) shows the distribution of vs(x) along the indenter face,
indicating that v;(x) decreases toward the indenter tip. This decrease
arises from material deformation at the interface caused by friction drag,
where the velocity of the material v,(x, 0) is higher near the indenter tip
due to greater friction stress.

Furthermore, to examine the impact of wall-slip velocity on the
boundary layer structure, the velocity field v (x,y), which is shown in
Fig. 6(b), is normalized based on the following equation:
hary) = 2 BY) Ve () ®

Vwall — v:(x) Vx (X, O)

Fig. 6(d) shows the normalized velocity field v,(x,y) at x = 100,300,
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Fig. 6. (a) Velocity field of the x direction, (b) the relationship between v, and y at different values of x axis, (c) wall-slip velocity distribution and (d) the relationship

between v, and y at different values of x axis (x = 100,300,500, 700um).

500,700um. In contrast to Fig. 6(b), all curves of the normalized velocity
field nearly converge to a single curve, strongly suggesting that the
boundary layer structure is determined by the wall-slip behavior at the
interface. These findings suggest that the interface friction primarily
determines the wall-slip behaviors at the interface, such as wall-slip
velocity or wall-slip amount, which subsequently determines the bulk
deformation of the material, i.e., the plastic boundary layer structure.

Note that the friction-induced plastic boundary layer is very similar
to a laminar fluid boundary layer characterized by steep velocity gra-
dients. However, a distinctive feature of the plastic boundary layer,
overlooked in previous research [11,32], is the wall-slip behavior, which
does not commonly occur in classical fluid mechanics’ boundary layers.
This distinction may be one of the features of the friction-induced plastic
boundary layer, and aids in understanding friction-induced deformation
behaviors, which are crucial for metal forming processes and tribology
applications.

3.2. The relationship between the wall-slip velocity and surface expansion
distribution

Explained in the preceding section, wall-slip behavior is pivotal in
comprehending interface friction and its linked deformation patterns.
Surface expansion stands out as a paramount phenomenon in sliding
contact, exerting a significant influence on interface friction. Specif-
ically, the surface expansion ratio—denoting the ratio between the
original material’s surface area and the area post-deformation—directly
influences the exposure of chemically active nascent surfaces at the
contact interface, which also directly corresponds to the adhesion force
distribution at the interface. Additionally, the surface expansion ratio is
distributed non-uniformly at the interface, and its distribution also
changes as the friction condition at the interface during the deformation
process. Prior research, including study [20], has paid limited attention
to the factors influencing this distribution. Our study seeks to fill this gap
by elucidating the relationship between surface expansion behavior and

the wall-slip phenomenon, and identifying the key factors influencing
the distribution of surface expansion at the sliding contact interface.

Fig. 7 depicts the procedure for obtaining distribution of surface
expansion ratio ¢(x,t) at any given time t. By tracking virtual markers
placed at regular intervals of | on the metal surface (Fig. 7(a)) through
PIV analysis, the position of tracking marker P, from the indenter tip
(x,) and the distance between P, and P, 1 (I + Al, »1) at different time t
during the indentation process can be obtained (Fig. 7(b)). The distance
of midpoints x;, ,.1 between P, and P,;; from the indenter tip, namely
Xn_n+1(t) and the corresponding local surface expansion ratio ¢, ,,;(t) at
the position of point x, ,.1 at given time t are calculated by the
following Eq. (9) and Eq. (10). The distribution of surface expansion
ratio ¢(x,t) is determined based on the local surface expansion ratio
¢n_ns1(t) and local point x,_n41(t), respectively (Fig. 7(c)).

0 (n=0)
X () = (1) + Xni1 (1) (n>0) 7
2
xn(t) +X,,+1(I) -1
Tl T (n=0)
" :M: t I o (10)
SILUR 10 Rl

[

Fig. 8(a) shows images featuring superimposed virtual tracking
markers (spacing 1 = 25.6 ym) at an indentation depth of 5 mm,
demonstrating that the virtual tracking markers successfully visualize
the local surface expansion along the indenter face. Note that, in Fig. 8
(a), the markers are highlighted every five points to clearly show the
movement and positional relationship of each tracking marker. The
tracking markers (P;-Ps), initially placed on the metal surface at regular
intervals (see Fig. 7(a)), demonstrate varied movement, reflecting
different slip conditions along the interface face. Furthermore, Fig. 8(b)
illustrates the surface expansion distribution ¢(x,t) at specific time
intervals—20, 30, 40, and 50 s—corresponding to indentation depths of
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Fig. 8. Distribution of surface expansion ratio: (a) tracking markers with the
depth of 5 mm and (b) surface expansion distribution at different given time t.

2.0, 3.0, 4.0, and 5.0 mm, respectively. Note that the surface expansion
distribution ¢(x,t) was obtained by averaging the data obtained from
four experiments. As depicted in this figure, the surface expansion ratio
varies along the indenter face, and the localization of the surface
expansion in the vicinity of the indenter tip is evident. These results
confirm the non-uniform nature of the surface expansion distribution
along the indenter face and indicate that the localized surface expansion
results in the severe frictional conditions near the indenter tip.
According to Eq. 10, the non-uniform surface expansion distribution
is caused by the difference in the surface expansion deformation
behavior at each two consecutive points along the indenter face at a
given time. This uneven surface expansion distribution is closely linked
to the wall-slip velocity at each point along the interface. To depict the
relationship between surface expansion and wall-slip velocity, a sche-
matic diagram in Fig. 9, illustrating the assumption of the movement of
each tracking point under slip and no-slip conditions, is presented.
Assuming that the tracking points P; (i = 0, 1, 2, ..., n) are plotted on
the metal surface with the regular interval distance [ before indentation

(a)

(Fig. 9(a)) and v;(t) (wall-slip velocity) is the instantaneous velocity of
the tracking marker P; along the indenter face at a given time t. At any
incremental time At, the corresponding wall-slip velocity for each two
tracking markers P, and Pp;; are vy(t+At) and vypi1 (¢ +At).

The “macroscopic” surface expansion ratio over the entire defor-
mation area can be defined as:

AL 1 —sina

¢ T 11

sina
where AL represents the difference between the original surface length
of the undeformed specimen, L, and the surface length after the inden-
tation process (see Fig. 9(b)). Presuming that the contact condition at the
interface adheres to a no-slip condition, i.e., the wall-slip does not occur
at the indenter-material interface, where v;(t) equals to zero, the virtual
tracking point at the metal surface moves integrally with the indenter
(Fig. 9(c)), i.e., microscopic incremental length for each pair of two
tracking markers, Al, remains uniform, and the total Al for all tracking
markers is equal to AL. Under such conditions, the local microscopic
surface expansion ratio ¢, ,(t) for each pair of two tracking markers
P, and P,,; at given time t could be expressed as:

Al (t) Al _ 1 —sina

¢n,n+l(t) J; 1 - (12)

B sina

This implies that in the absence of wall-slip at the interface, the
surface expansion ratio remains consistently uniform across the entire
contact area, maintaining the value consistent with the macroscopic
surface expansion ratio. In other words, any difference in the surface
expansion ratio should be attributed to the wall-slip behavior at the
interface.

On the other hand, assuming that the contact condition at the
interface follows the slip condition (Fig. 9(d)) —a scenario that more
accurately reflects reality—, uneven friction condition at the interface
inevitably results in different interface deformation behavior, causing
changes in wall-slip velocity along the interface. According to Eq. 10, the

Fig. 9. Schematic of (a) initial distribution of tracking points before indentation, (b) macroscopic deformation after indentation, (c) distribution of tracking points
under no-slip condition and (d) distribution of tracking points under slip condition after indentation.
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incremental surface expansion ratio A¢, .., (t) at any incremental time
At for each two tracking markers P, and P,;;could be expressed as:
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in wall-slip velocity for Py-Ps (Fig. 10 (b)). These findings distinctly
illustrate the interrelation and mutual influence among interface fric-

By 1i1(6) = (1 A0) .y (1) = Dt TE B0 BloninD)
o (r + A) — xo(0)] + D (£ + A1) —xi (1)] [T [vo(e) + v (1))d (n=0)
1 B 1 h
= 1At (13)
1480 s ~brlt 80 =50 _ L™ B ) vl

Here, ¢, ,,;(t+At) and ¢, ,,,(t) represent the microscopic surface
expansion ratio for each two tracking markers P, and P,,; at given
time (t+At) and t, respectively. Meanwhile, A¢, ,.,(t) is the incre-
mental value of ¢, ,.,(t) after an interval time of At. This suggests that
the distribution of the surface expansion ratio should be determined by
the distribution of the wall-slip velocity. To illustrate the wall-slip
behavior at the indenter-material interface, the evolution of the dis-
tance from the indenter tip, x, and wall-slip velocity, v;, for each
tracking point (P;-Ps, see Fig. 8) are obtained through the PIV analysis,
as shown in Fig. 10.

As shown in the Fig. 10, during the initial indentation, the tracking
points are close to the indenter tip (Fig. 10 (a)), while exhibiting rela-
tively high wall-slip velocity for each tracking point (Fig. 10 (b)). This
occurrence is due to lower interface friction at the interface resulting
from less fresh surface generated and smaller adhesion at the interface,
manifesting as smaller incremental distance between consecutive points
(Fig. 10 (a)). With the progress of indentation, the friction increases
because of more nascent surface generated, thereby largely increasing
the adhesion force at the interface, corresponding to large incremental
distance of each two consecutive points (Fig. 10 (a)). Consequently, the
wall-slip velocity for P; diminishes and remains nearly constant over
time, even as the distance of P; extends far from the indenter tip. On the
other hand, wall-slip velocity for tracking points P,-Ps decreases
initially at small indentation depths but gradually increases over time
(Fig. 10 (b)), leading to distinct growth trends in distance from the
indenter tip (Fig. 10 (a)).

These differences in the deformation behaviors stem from strain
hardening induced by intense plastic deformation near the indenter tip
as the indentation depth increases. This phenomenon would hinder
further deformation in the vicinity of indenter tip, causing a slowdown
in the increasing distance of P; from the indenter tip (Fig. 10 (a)), as well
as reflecting in an almost constant wall-slip velocity (Fig. 10 (b)). Sub-
sequently, decreased deformability promotes surface deformation in
regions farther from the indenter tip (Fig. 10 (a)), triggering an increase
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tion, wall-slip velocity, and surface expansion distribution.

To verify the relationship between surface expansion distribution
and wall-slip velocity, we compare the local surface expansion ratio
¢n_ne1(t) of several two consecutive tracking markers with different
given time t, calculated through the procedure for obtaining distribution
of surface expansion ratio (see Eq.10), with the integral of wall-slip
velocity ¢, ni1(b) caicutared (5€€ EQ.13), as shown in Fig. 10. Note that At
equals to 2 s in this figure. As demonstrated in Fig. 10, ¢, .., (t)is
highly consistent with ¢, .1 (t) gicuiated> indicating that the distribution
of surface expansion ratio is indeed determined by that of the wall slip
velocity. Fig. 11.

3.3. The influence of lubricants on surface expansion distribution

As discussed in the previous section, interface friction, wall-slip ve-
locity, and surface expansion distribution are interconnected and
mutually influential. Furthermore, the surface expansion distribution
can serve as an indicator of friction force distribution at the contact
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Fig. 10. (a) Distance from the indenter tip and (b) wall-slip velocity v; for each tracking point over time.
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Fig. 12. The comparison of change in the indentation force with and
without lubricant.

interface, potentially offering a quantitative means to assess the impact
of lubricants in sliding contact scenarios.
Fig. 12 shows a comparison of the variation in indentation force over

(a) Dry condition

Qil condition

(b)
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time at an indentation depth of 5 mm, conducted at a speed of 0.1 mm/s,
both with and without the presence of a lubricant. A commercially
available mineral-oil-based lubricant (refer to as *0il’) was employed in
the lubricated condition [33]. The graph distinctly indicates that the
indentation force under the lubricated condition is approximately 20%
lower than that in the dry condition. This substantial reduction suggests
an effective mitigation of interface friction due to the application of the
lubricant. Moreover, Fig. 13 (a) and Fig. 13 (b) are the image of the
30 deg indenter, superimposed with the streaklines at t = tp +5 s, with
and without the lubricant. In these images, yellow and red points
represent the endpoints of the streaklines and points on the indenter face
tangent to the initial position of the endpoints, respectively. Addition-
ally, Fig. 13 (c) presents a comparison of the slip amounts for each
streakline (U;-Us) with and without the presence of oil. The results
clearly show that the lubricant effectively increases the gap between the
red and yellow points, representing the slip amount, at t =t,+5 s,
indicating the decreased interface friction at the interface. These find-
ings are supported by observations of the indenter face after experiments

(c)
400

—_ A
Esof , & 4
= o
é 200 |
Py ° ed
210} o © Y
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0 1 1 1 1
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Fig. 13. The comparison of streaklines at t =ty +5 s under (a) dry and (b) oil conditions and (c) slip amount for each streakline.
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Fig. 15. The distribution of the wall slip velocity with and without lubricants.

(Fig. 14 (a) and (b)), and by the distribution of the wall slip velocity
along the indenter face at t =ty +5 s (Fig. 15), under both dry and
lubricated conditions. Note that, in Fig. 14, the results of the element
analysis at points A and B conducted using the Laser-Induced Breakdown
Spectroscopy [34] are also presented. As shown in Fig. 14 (a) and (b),
pronounced adhesion to the indenter face, identified as aluminum
through the element analysis, is observed in a dry state (Fig. 14 (a)). In
contrast, under the oil condition, minimal or no adhesion occurs (Fig. 14
(b)), indicating that the use of lubricant reduces interface friction. These
variations in the state of interface friction manifest as differences in
wall-slip behavior, with the wall-slip velocity under the lubricated
condition being approximately 60% higher than that under dry condi-
tions (Fig. 15), confirming the significant facilitation of sliding motion at
the interface due to the presence of lubricant. These results decisively
demonstrate the effective reduction of interface friction between the
indenter and the material through the application of a mineral-oil-based
lubricant.

Fig. 16 shows the images featuring superimposed virtual tracking
markers at an indentation depth of 5 mm, with and without the appli-
cation of lubricant, indicating alterations in the material’s deformation
behavior at the sliding contact attributable to the presence of lubricant.
As seen in this figure, under the lubricated condition (Fig. 16 (b)),
substantial wall-slip of the material results in pronounced surface
expansion in the vicinity of the indenter tip. Fig. 17 provides a schematic
diagram illustrating the impact of localization of the surface expansion
at the indenter tip on the surface expansion distribution under the dry
and lubricated conditions. When subjected to the same indentation
depth in both dry and lubricated conditions, the total amount of surface
expansion, AL, remains consistent (refer to Fig. 9(b)). As depicted in

(b) Oil condition

Slip amount

500 pm

Fig. 16. Tracking markers under (a) dry and (b) oil conditions at the depth
of 5 mm.
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Fig. 17, at a given time interval At, the indenter initially contacts
tracking points Py and P;, resulting in corresponding wall-slip velocities
vo and v;. Due to the reduced interface friction in the presence of
lubricant, vy and v; are greater than those under dry conditions. These
larger values of v and v; inevitably amplify the value of ¢(0, t) (refer to
Eq. 10 and Eq. 13), indicating that the surface expansion under lubricant
conditions becomes more localized in the vicinity of indenter tip (Fig. 17
(b)). In other words, it should be possible to quantitatively visualize the
lubricity at the interface by evaluating the degree of concentration of the
distribution of the surface expansion ratio in the vicinity of the indenter
tip.

To quantitatively show the influence of the lubricity on the surface
expansion distribution, Fig. 18 (a) shows the distribution of the surface
expansion distribution ¢(x, t) at the indentation depth of 5 mm, namely
at t = 50s, along the indenter face with and without lubrication. These
results demonstrate a significant increase of almost 76% in the surface
expansion ratio near the indenter tip due to the effect of the lubricant,
confirming that variations in frictional conditions at the interface affect
the distribution of the surface expansion ratio. This insight also in-
troduces a method for quantitative evaluation, moving beyond tradi-
tional qualitative assessments, which commonly employs FEM analysis
to estimate surface expansion ratio or friction tests to evaluate lubricant
performances [19,35].

Moreover, Fig. 18 (b) compares the normalized surface expansion
ratio distribution, ¢,(x,t), was defined as the following equation, with
and without the presence of the lubricant.

Px,1)
$(0.1)

This figure further demonstrates that the surface expansion distri-
bution under the oil condition becomes more localized and less diffused
compared to that under the dry condition. In other words, oil lubricants
reduce interface friction, enabling increased wall-slip velocity between
the indenter and material at the interface in the vicinity of the indenter
tip. This, in turn, triggers pronounced localized surface expansion. To
put it simply, more localized surface expansion ratio in the vicinity of
indenter tip compared to that under dry condition, indicates a higher
wall-slip velocity at the interface, which reflects smaller interfacial
friction.

Based on the discussion above, it may be possible to assess lubri-
cating efficiency of lubricants at the severe sliding contact quantita-
tively, by evaluating the deformation behavior of the material at the
material-indenter interface. The reduction in interface friction attrib-
uted to lubricants promotes an escalation in wall-slip velocity, inducing
highly localized surface expansion near the indenter edge. The charac-
terization of surface expansion distribution, coupled with its correlation
to wall-slip velocity, serves as an effective quantitative assessment of
lubricating effectiveness.

Bu(x,1) = a4

4. Conclusion

Interface friction is fundamental to tribology, which has considerable
impact on the interface phenomena in machining and forming pro-
cessing. This work focuses on the relationship between interface friction
and plastic boundary layer phenomenon, as well as surface expansion
distribution, by using high-speed imaging and particle image velocim-
etry techniques. The key findings and conclusions are summarized as
followed:

(1) Assuming that the maximum indentation force reflects the fric-
tional force between the indenter and the material, the friction
stress along the side face of the indenter increases linearly toward
the indenter tip.

(2) The friction-induced plastic deformation flow observed in the
vicinity of the severe sliding contact is very similar to a laminar
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Fig. 17. The schematic diagram of the influence of wall-slip velocity on surface expansion distribution under (a) dry and (b) lubricant conditions.
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fluid boundary layer, albeit distinct due to the presence of wall-
slip velocity.

The interface friction primarily determines the wall-slip behav-
iors at the interface, which subsequently determines the bulk
deformation of the material, i.e., the plastic boundary layer
structure.

Non-uniform surface expansion distribution results from the dif-
ference in the wall-slip velocity along the sliding surface caused
by the interface friction. Since the surface expansion distribution
also determines the degree of the exposure of freshly generated
nascent surface and subsequently influences interface friction, it
can be said that interface friction, wall-slip velocity, and surface
expansion distribution interact with each other.

Our observation demonstrates that the application of lubricant
greatly influences the deformation behavior at the contact
interface and alters the wall-slip velocity and localized surface
expansion by 60% and 76%, respectively. Therefore, it may be
possible to assess lubricating efficiency of lubricants at the sliding
contact quantitatively, by evaluating the deformation behavior of
the material at the material-indenter interface.
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