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ABSTRACT

Accurate and quantitative evaluation of friction is of fundamental interest for materials science and man-
ufacturing. Driven by the trend towards miniaturization, micro metal forming techniques with character-
istic forming dimensions approaching a few microns have developed rapidly over the past two decades.
In contrast, the assessment of microscale friction is lagging. Here, we present a novel test, compression
molding and demolding test (CMDT), to assess stiction and friction at the microscale. CMDT was con-
ducted via in-situ instrumented molding and demolding of an Al specimen with cylindrical tool steel
and Ti alloy punches. High-rate data acquisition enabled direct measurements, for the first time, of micro-
scale stiction and friction forces during disengagement between the punches and the molded Al under
dry contact conditions. Stiction and friction stresses were then deduced and analyzed. The average fric-
tion coefficient was estimated by combining the cavity expansion model and finite element method anal-
ysis. Examinations suggest that punch geometry and surface finish, together with the accuracy of
estimating the sidewall contact pressure, influence the obtained friction coefficient values. CMDT exhibits
merits such as high operation simplicity and measurement accuracy and offers an alternative approach to

providing new experimental evidence for a range of microscale friction problems.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Friction is intricately intertwined with modern materials man-
ufacturing processes, including metal forming operations [ 1] which
possess advantages of high throughput and low cost. Metal form-
ing techniques are characterized by large plastic strains and dis-
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tinct relative motion between the forming tools and the deformed
materials. Consequently, friction occurs at tool/material contact
surfaces and significantly affects forming load, the surface quality
of formed parts, and tool life [2]. Friction conditions are also impor-
tant input parameters to models for simulating metal forming pro-
cesses [3-5]. Friction is influenced by many factors, including tool
materials, contact conditions, and surface finish, and is generally
deemed difficult to quantify even in mature macroscale manufac-
turing processes [6].

The development of new friction tests has always been a focus
of research [7-11]. Prevailing experimental methods for assessing
friction in macroscale metal forming operations include the ring
compression test (RCT) [7,9,12], the double cup extrusion test
(DCET) [13], or combined forward and backward extrusion test
(CFBET) [14], upsetting sliding test (UST) [15], and sliding com-
pression test (SCT) [10]. RCT, DCET, and CFBET are indirect
approaches, i.e., assessment of friction is accomplished by compar-
ing experimentally measured dimensional changes of the loaded
specimen with outputs of elastoplastic finite element analysis
assuming different frictional characteristics. The measured geo-
metric properties are the inner diameter changes before and after
compression, the heights of extruded upper and lower cups, and
the forward extruded rod length and backward extruded cup
height in RCT, DCET, and CFBET, respectively. The limitations of
these indirect friction tests are twofold: 1) it is difficult to precisely
capture the specimen profile after testing, especially when severe
inhomogeneous deformation occurs, which is common at large
plastic strains [9]; 2) the assumed input parameters to generate
the calibration curves may not fully reflect actual testing condi-
tions [7]. UST and SCT are two commonly used direct methods in
which friction coefficients are determined by measurement of
the compression force and the tangential force [16].

Driven by the trend towards miniaturization, the last two dec-
ades have witnessed rapid development in micro metal forming
techniques with characteristic forming dimensions ranging from
millimeters to microns [17-20]. In contrast, the development of
microscale friction testing is lagging significantly. Attempts to
measure friction in micro metal forming operations have largely
been limited to miniaturizing macroscale compression- or
extrusion- based testing protocols, e.g., by conducting DCET tests
with specimen diameter decreasing from a few mm down to ~ O.
5 mm [21]. The disadvantages of macroscale friction assessment
persist and are exacerbated when attempting to miniaturize such
tests. On one hand, such miniaturized friction tests become
increasingly difficult to execute and less accurate as the character-
istic specimen dimension decreases to the sub-mm scale or smal-
ler. For example, UST is performed on wires and its usability is
limited. On the other hand, the external size of specimens may
influence the friction conditions in micro forming, making micro-
scale friction evaluation more complicated. For instance, Tiesler
and Engel reported that friction increased significantly with
decreasing specimen size in micro-compression, micro-extrusion,
and micro-drawing tests with oil lubricants, which they rational-
ized with an open and closed lubricant pockets model [22,23]. Fur-
thermore, experimental data on friction under dry contact
conditions are limited [24,25]. The paucity of appropriate micro-
scale friction tests and experimental data impedes an in-depth
understanding of the mechanical response and deformation behav-
ior in micro metal forming operations, thus limiting further devel-
opment of micro metal forming techniques [26]. Therefore,
devising new friction tests for micro metal forming processes is
of significant scientific and engineering interest.

In this paper, we present in detail a novel approach to evaluat-
ing dry contract friction at the micron scale, namely, the compres-
sion molding and demolding test (CMDT). CMDT is a two-stage
process, as displayed schematically in Fig. 1. In the compression
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molding process, a microscale non-deforming cylindrical punch is
compressed into a metallic specimen (Fig. 1(a)), reaching a pene-
tration depth D at a compression load L, and in the process creating
punch/specimen sidewall contact (Fig. 1(b)). The subsequent
demolding process involves a sliding contact between the punch
and the specimen sidewall surfaces. Measurement of the pullout
force, F, thus allows for direct measurement of the friction force,
since Fr=(-1) F during punch pullout (Fig. 1(c)). Friction stress, 7,
can then be computed by knowing the punch sliding distance, D..
A friction coefficient f can then be determined if the punch/speci-
men sidewall contact pressure g, is known (Fig. 1(d)), assuming
that the Coulomb’s law of friction holds [24]. In what follows, we
will report the results and analysis of CMDT performed on an Al
sample using microscale cylindrical punches made of tool steel
and a Ti alloy.

2. Experimental procedures

Instrumented CMDTs were carried out in-situ an FEI Quanta3D
FEG Dual-Beam scanning electron microscope/Ga* focused ion
beam (SEM/FIB) instrument using a NanoMechanics NanoFlip
nano/micro mechanical testing system. Cylindrical micro punches
were fabricated out of a commercial tool steel rod with a bulk
hardness of HRC 60 and a commercial Ti-6Al-4 V alloy (Ti64) using
established Ga* FIB lathe milling procedures [27]. Fig. 2(a) shows
one finished tool steel punch with a radius R of 4.635 pum and a
length of ~ 12 pm. As evident in Fig. 2(a), the finished punch pos-
sesses a flat top surface and a sharp transition from the flat top to a
smooth and straight cylindrical sidewall. Fig. 2(b) shows one fin-
ished Ti64 punch with a radius R of 4.93 pum and a length
of ~ 14 um, with similar morphological features. Finished punches
were mounted onto the NanoFlip actuator and used to mold
a (110) oriented single crystal Al specimen.

The actual molding and demolding process was controlled by
the NanoFlip instrument in a force-controlled mode. The entire
experiment was divided into an approach segment, a molding seg-
ment, and a demolding segment. In the approach segment, the
punch was placed in front of the Al specimen at a distance
of ~ 2 um, then driven by the NanoFlip actuator to approach the
specimen surface, with the displacement of and load on the punch
measured continuously at a rate of 100 Hz. The NanoFlip instru-
ment detected contact between the punch and the specimen sur-
face through contact stiffness changes. Once contact was
detected, the instrument transitioned into the molding segment.
In the molding segment, the punch load was increased at a con-
stant rate of 0.5 mN/s until a preset maximum load was reached
while punch displacement and load were measured continuously
at a rate of 200 Hz. Once the maximum load was reached, the
instrument transitioned into the demolding segment without
holding. In the demolding segment, punch load was decreased at
a constant rate of 0.5 mN/s until the punch was 2000 nm away
from the specimen surface, completely disengaged. Two videos in
the Supplemental Materials section, entitled “approach and mold-
ing segments” and “demolding segment”, give a visual illustration
of these two processes, respectively.

A typical configuration of the tool steel punch after demolding,
together with the hole created within the Al specimen, is shown in
Fig. 2(c). No deformation of the punch was observed after multiple
molding runs. The typical morphology of molded micro holes in
the Al specimen is illustrated in Fig. 2(d). The molded hole is seen
to possess a flat bottom, apparently straight sidewall, and a sharp
sidewall to bottom transition. The morphology of the bottom sur-
face is identical to that of the unmolded specimen top surface, con-
sistent with the expectation that the specimen top surface region
in contact with the punch travels down with the punch without
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Fig. 1. A schematic illustration of the compression molding and demolding test (CMDT).

relative motion in a “dead plug” fashion [19]. Striations along the
axial direction of the hole are apparent on the sidewall surface,
indicative of relative motion between the punch and the molded
hole along the axial direction during the molding/demolding pro-
cess. Similar observations were made when the Ti64 punch was
used.

The actual process of disengagement between the punch and
the Al specimen was observed to occur so rapidly that a data acqui-
sition rate of 200 Hz was incapable of capturing a sufficient
amount of punch displacement and load data. Therefore, the rate
of punch displacement and load measurement was set at 200 Hz
in the initial portion of the demolding segment and increased to
10 kHz in the final portion of the demolding segment using the
DataBurst data-acquisition capability of the NanoFlip instrument.

The experimentally observed rapid punch disengagement pro-
cess means that the NanoFlip actuator, on which the punch is
mounted, experiences significant velocity and acceleration during
punch pull-out. Therefore, significant dynamic forces may be pre-
sent during disengagement. A short exposition of how the NanoFlip
instrument obtains the actual reaction force due to punch contact
with the specimen is thus in order. The NanoFlip actuation system
is designed to approximate a simple harmonic oscillator, allowing
only one dimension of motion, x, relative to a neutral position x = 0.
At any time, the forces acting on the actuator satisfy

Fe +mg = Kx + Cx + mx + R, (1)

where F. is the system-induced electromagnetic actuation
force, mg is the gravitational force, K is the effective stiffness of
the springs supporting the actuator column, C is the effective
damping of the actuator, m is the effective actuator mass, R. is

the reaction force due to contact of the punch with the specimen,
and x, %, and X are respectively the position, velocity, and accelera-
tion of the mass. In practice, these forces are measured by referenc-
ing to their values at initial punch/specimen contact, at which
point the forces are

Fec + mg = Kx,, (2)

the damping, inertial, and reaction forces being negligibly small
at initial punch/specimen contact. To know the forces acting on the
punch relative to the contact point, Eq. (2) is subtracted from Eq.
(1) and rearranged to solve for the quantity of interest, namely
R.. This yields

Re = (Fe — Foc) — K(x — X.) + CX + m&. (3)

This reaction force delivered by punch/specimen contact, R,, is
reported as the “punch load”, L. In most experiments, the damping
and inertial terms in Eq. (3) are negligible because the actuator
velocity and acceleration are small. But in the current experiments,
the punch motion as it is withdrawn from the molded specimen is
such that all terms in Eq. (3) are relevant.

The load is zero when the indenter loses contact with the spec-
imen, R, = L = 0. That the value calculated by the right-hand side
of Eq. (3) under non-contact conditions is in fact zero, or very
nearly so, is a verification of the validity of the simple harmonic
oscillator model for the actuator system, the model parameter val-
ues (K, C, and m), and the determination of the initial punch/spec-
imen contact (F, X.). Conversely, any deviation from zero of the
right-hand side of Eq. (3) under punch/specimen non-contact situ-
ations reveals limitations in modeling the dynamics of the actuator
system. In the present set of experiments, the values of the simple-
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Fig. 2. Microscale instrumented molding/demolding of a single crystal Al specimen by cylindrical punches: (a) a sideview of the FIB-milled cylindrical tool steel punch with a
diameter of 9.27 um and a length of ~ 12 um; (b) a 52° tilted view of the FIB-milled cylindrical Ti64 punch with a diameter of 9.86 pm and a length of ~ 14 um; (c) a 15° tilted
view of the same tool steel punch and the formed hole in the Al specimen; (d) a 35° tilted view of a typical micro hole in the Al specimen molded by the tool steel punch.

harmonic oscillator model parameters are determined through
prior calibration by the instrument manufacturer.

3. Results
3.1. Compression molding/demolding processes

Results of a typical CMDT run on the single crystal Al specimen
with the cylindrical tool steel punch are illustrated in Fig. 3. Fig. 3
(a) shows the measured punch load, L, vs. time, t, in the upper
panel, and the derivative dL/dt vs. t in the lower panel. Positive
and negative L values denote a compressive and a tensile load on
the punch, respectively. Arrows labeled 1 through 4 denote in

sequence instants when the loading segment started, when the
unloading segment started, when the 10 kHz high-rate data-
acquisition began, and when separation between the punch and
the molded Al specimen occurred (a large peak in dL/dt). The
approach, molding, and demolding segments are represented by
the time sequence before arrow 1, between arrows 1 and 2, and
after arrows 2, respectively. During the approach segment,
—25 5 <t < 0s, L values hovered around zero, with |L| < 1 puN. In
the molding segment, the maximum compression load, Ly, Was
set to be + 39 mN, as marked by arrow 2. In the demolding seg-
ment, the transition from data taking at a rate of 200 Hz to
10 kHz, marked by arrow 3, led to an appreciable change in the
noise floor of dL/dt, due to the much shorter data-taking time step.
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Fig. 3. A typical microscale instrumented Al molding/demolding experiment with the tool steel punch: (a) load L vs. time t (upper panel) and dL/dt vs. t (lower panel); (b)
expanded views of L vs. t in the range of —25 s <t < 150 s, with L and dL/dt displayed respectively in upper and lower panels; (c) expanded views of L vs. t and in the range of
162.1050 s < t < 162.1300 s, with L and dL/dt displayed respectively in upper and lower panels.
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Arrow 4 marks the instant when dL/dt exhibits a significant peak.
The actual demolding event, as explained in more detail below,
occurred close to the instant marked by arrow 4. Unloading in
the demolding segment brought L from + 39 mN to ~ — 0.886
mN before punch/specimen separation occurred, indicating that a
tensile pull was necessary for the punch to disengage from the
molded specimen.

Fig. 3(b) plots expanded views of the same L vs. t data shown in
Fig. 3(a), before the actual punch/specimen disengagement
occurred. The dL/dt plot shown in Fig. 3(b) displays clearly the
loading and unloading rates of 0.5 mN/s in the molding and
demolding segments, respectively. Fig. 3(c) plots expanded views
of the same L vs. t shown in Fig. 3(a), close to the actual event of
punch/specimen disengagement. Prior to the peak in dL/dt, the
punch load stayed relatively constant at ~ — 0.886 mN, i.e., the
punch was subjected to a tensile pull. Within a duration of
0.7 ms, from t = 162.1105 s to t = 162.1112 s, this tensile pull, |
L|, decreased from 0.877 mN to 0.114 mN. In the next 0.7 ms, from
t=162.1112stot=162.1119 s, |L| decreased at a slower rate from
0.114 mN to 0.004 mN. After that, L values and the corresponding
dL/dt values hovered around zero, indicating a complete punch/
specimen disengagement.

Fig. 4(a) displays the corresponding measurement of punch dis-
placement, D, vs. t in the upper panel, while the lower panel shows
the derivative dD/dt vs. t, with D > 0 and D < 0 implying respec-
tively that the punch is below and above the original specimen’s
surface. The approaching displacement rate was 100 nm/s (before
arrow 1). At the point of punch/specimen contact, D was set to be
zero (arrow 1). Once the molding segment commenced, D
increased slowly in the beginning when the material’s response
is largely elastic. As L continued to increase, D increased faster with
time as extensive plastic deformation occurred. At the end of the
molding segment, L = +39 mN, the largest D value was 6267 nm
(arrow 2). The inset displays in more detail the demolding segment
before actual punch/specimen disengagement occurred. Unloading
punch compression from + 39 mN to ~ 0 mN brought a corre-
sponding change in D value from 6267 nm to 6140 nm: a depth
decrease of 127 nm. As the demolding segment continued, L chan-
ged further from ~ 0 mN to ~ — 0.886 mN with a corresponding
change in D value from 6140 nm to 6128 nm, a further decrease
in depth of 12 nm. The entire 139 nm displacement occurred with-
out relative punch/specimen motion. Thus D = 6128 nm should
represent the molding depth D,4y.

Fig. 4(b) plots expanded views of the same D vs. t data shown in
Fig. 4(a), before the actual punch/specimen disengagement
occurred. The average dD/dt value in the approach segment, before
arrow 1, is consistent with the set punch displacement rate of
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100 nm/s. At arrow 3, the increase in the noise floor of dD/dt is
again coincident with the data acquisition rate transition from
200 Hz to 10 kHz. Fig. 4(c) plots expanded views of the same D
vs. t data shown in Fig. 4(a), close to the actual event of punch/
specimen disengagement. Within a duration of 0.7 ms, from
t=162.1105 s to t = 162.1112 s, where the rapid decrease in |L|
was observed, D changed from 6128 nm to 5988 nm, and the
punch traveled a distance of 140 nm at an average speed of
200 nm/ms. In the next 0.7 ms, from t = 162.1112 s to
t = 162.1119 s, where |L| decreased at a slower rate from 0.114
mN to 0.004 mN, D changed from 5988 nm to 5008 nm, and the
punch traveled a distance of 980 nm at an average speed of
1400 nm/ms. From t = 162.1119 s to t = 162.1300 s, D exhibited
a damped oscillatory behavior with significant amplitudes: first
decreasing from 5008 nm to one peak displacement of 376 nm,
then increasing again to another peak displacement of 2912 nm,
followed by two additional oscillations with further diminished
amplitudes with peak displacements of 1887 nm and 2141 nm.
The maximum actuator speeds associated with these oscillations
are ~ 2400 nm/ms, ~1100 nm/ms, ~430 nm/ms, ~120 nm/ms,
respectively.

3.2. Stiction and friction measurements

Fig. 5(a) replots the tool steel punch dataset shown in detail in
Figs. 3 and 4, in terms of the measured punch load and the calcu-

lated nominal compression pressure, p = L/ (nRz), as a function of

the molding depth D during the entire CMDT run. The molding por-
tion of the L vs. D curve is qualitatively in agreement with previous
instrumented microscale molding experiments, i.e., the L-D curve
exhibits a rapid initial rise in L with increasing D when the speci-
men molding response is largely elastic, followed by a bend-over
after which L increases more slowly with increasing D when large
scale plastic deformation occurs within the molded specimen
[17,28]. Fig. 5(b) shows an expanded view of the portion of the tool
steel punch L-D curve where actual punch/specimen disengage-
ment occurred, shown in Fig. 5(a) within the dashed red square.
Recall that stiction, or static friction, refers to the phenomenon
that a force is required to initiate relative motion between two
contacting bodies at rest [29], we state that the maximum tensile
load, |L|, experienced by the punch before relative punch/specimen
motion was initiated, yields a measure of the stiction force. In
other words, the measured tensile load at the maximum molding
depth is the stiction force. As indicated by the black arrow in
Fig. 5(b), the stiction force, F;, is 0.886 mN at D, = 6128 nm. Once
the stiction is overcome, the steel punch travels a short distance,
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ADg, of 140 nm (from 6128 nm to 5988 nm), accompanied by a sig-
nificant drop in [L| value from 0.877 mN to 0.114 mN. The corre-
sponding data segment is within the blue circle in Fig. 5(b).

Recall that friction, or kinetic friction, refers to the phenomenon
that a force is required to keep two contacting bodies in relative
motion [29], we state that the decreasing |L| values while the
punch was pulled out of the specimen after stiction was overcome
yield a measure of the friction force, F; associated with the punch/
specimen sliding contact, i.e., |L|= F. Therefore, the measured
punch response curve within the load range of 0.114 mN > || >
0.004 mN and the displacement range of
5988 nm > D > 5008 nm, is dominated by friction between sidewall
surfaces of the punch and the molded hole. The sliding distance, D,
is 980 nm. The data segment conforms well to a linear fit, as indi-
cated in Fig. 5(b) by the red line fitting the data points.

Fig. 6 presents a CMDT dataset generated using the Ti64 punch
with L. set at 41 mN. It is clear that the dataset exhibits features
completely analogous to those described in Fig. 5. Thus, for the
Ti64 punch experiments, only the results are presented without
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showing the detailed data analysis steps as shown for the tool steel
punch experiments in Figs. 3, 4, and 5.

3.3. Sliding distance assessments

Fig. 7(a) shows a schematic illustration of the punch demolding
process based on the detailed exposition of the data shown in
Figs. 3, 4, 5, and 6: 1) stiction is overcome in a short distance,
ADs, with a concomitant tensile load drop; 2) |L| then decreases
to zero over a sliding distance or contact distance, D, within which
sliding friction between the punch sidewall surfaces and the
molded specimen dominates; 3) the intercept value on the D axis
from the linear fit, Int, where |L| becomes zero denotes the point
of complete punch/specimen disengagement.

Two series of CMDT experiments were carried out: a total of 21
independent CMDT runs using the tool steel punch and a total of
25 independent CMDT runs using the Ti64 punch on the same sin-
gle crystal Al specimen with varying L. values. All raw datasets,
i.e.,, Lvs. tand D vs. t, are qualitatively similar to the data shown in
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Fig. 6. An instrumented Al molding/demolding dataset obtained using the Ti64 punch: (a) L vs. D during the entire molding and demolding cycle; (b) an expanded view of the
demolding data portions highlighted in the red dashed rectangle in (a). The dashed blue line in (b) gives a visual guide to the zero-load level. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The punch demolding process: (a) a schematic illustration of the entire demolding process: AD;, D, and Int denote the punch travel distance over which stiction was
overcome, the distance over which the punch/specimen sidewalls were in sliding contact, and the depth at which the punch became free (load became zero), respectively; (b)

ADg VS. Diax; (€) Do/Dinax VS. Dimax- The dash lines in (b) and (c) are guides to the eye.

Figs. 3 and 4, and processed in the same way. Fig. 7(b) plots mea-
sured ADg values vs. Dp,q, for both the tool steel and Ti64 punch
cases. It is evident that ADs shows a slight increase as Dpay
increases. Despite the data scatter, 4D, for the Ti64 punch appears
to be higher than that for the tool steel punch at the same molding
depth. For all cases, AD;s is < 160 nm, indicating ADs; < Djqx holds
true for all data points displayed in Fig. 7(b). Fig. 7(c) plots the ratio
of D¢/Dinax VS. Dinax. This ratio, viewed from the results of a total of
46 independent molding/demolding measurements, is seen to be
approximately a constant, ~0.2, over a large range of D;,qx values.

During punch/specimen disengagement, the cylindrical punch
would be expected to maintain sidewall contact with the molded
hole through the entire molding depth if the punch is shaped like
a geometrically perfect cylinder. This is contrary to the data shown
in Fig. 7(c) that the contact depth is significantly less than the
molding depth. As shown in Figs. 3 and 4, the fact that the punch
reentered the hole to a depth of 2912 nm during the free oscillation
after disengagement without encountering a reaction force from
the specimen is also consistent with contact loss at D < 5000 nm.
These observations suggest that the actual tool steel and Ti64
punches possess slight tapers instead of having perfect cylindrical
shapes, even though such tapers are hard to perceive from images
shown in Fig. 2. Furthermore, D /D,,.x values from the tool steel
punch case largely overlap those from the Ti64 punch case, sug-
gesting that the taper existing in the tool steel and Ti64 punches
is similar, which can be attributed to the same FIB milling proce-
dure for punch fabrication.

4. Discussion
4.1. Stiction stress evaluation

According to the schematic of the demolding process shown in
Fig. 7(a), the measured stiction force F; can be converted to a nom-
inal stiction stress,

R | B— (4)
TR + 27tRD 0x

Here we assume that full top/bottom and sidewall contact
between the punch and the molded material is in effect before stic-
tion is overcome. Fig. 8 plots this nominal stiction stress as a func-
tion of the corresponding nominal maximum compression
pressure, given by

L
Pmax = % . (5)

The nominal stiction stress increases with increasing P in
both cases and possesses close values at Pqx < 540 MPa. As Ppax
increases further to over ~ 570 MPa, the nominal stiction stress
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Fig. 8. The nominal stiction stress vs. the maximum compression pressure on the
punch.

for the Ti64 punch increases above that for the tool steel punch,
exceeding 8 MPa while all stiction stress values for the tool steel
punch stayed below 6.2 MPa.

The stiction phenomenon has been intensely studied in the con-
text of microelectromechanical systems (MEMS) devices fabricated
by surface micromachining [30]. Failure of surface micromachined
devices results when suspended microscale polycrystalline silicon
(polySi) structures stick to and unable to separate from the silicon
substrate due to adhesion [31]. For polySi, apparent work of adhe-
sion, W4, has been measured using a cantilever beam array (CBA)
technique to range from 10 pJ/m? to 20 mJ/m?, depending on sur-
face chemistry and topography [32]. A W4 value of 56 mJ/m? was
also measured by the CBA technique for polySi microstructures
with oxide coated surfaces [33]. In addition to MEMS devices,
another instance where quantitative measurements related to stic-
tion are performed is the evaluation of single asperity contact
using scanning force microscopy. For example, an atomic force
microscope (AFM) can be used to monitor the situation when a
sharp tip with radius ranging from 10 to 100 nm is brought to con-
tact with a surface. The critical force needed to pull the tip off the
surface yields a measure of the work of adhesion [34]. Jiang and
Turner used AFM measurements to yield a W,4 value of ~ 50 m]J/
m? between an ultra-nanocrystalline diamond (UNCD) tip and a
PMMA (polymethylmethacrylate) surface. An effective adhesive
stress, gp, was also obtained by extracting an adhesion range
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parameter hyg, With op = Wyg4/hgg. For the UNCD/PMMA contact, the
extracted op value is ~ 20 MPa [35]. While both the CBA and the
AFM methods deal with separation of two surfaces along approxi-
mately the normal direction, it is noted that overcoming stiction in
the present punch/specimen contact situation involves normal
separation between the punch top surface and the molded hole
bottom surface as well as shear motion between the sidewall sur-
faces of the punch and the molded hole. Further, the actual contact
area between the punch and the molded hole will not be the nom-

inal contact area, <7IR2 + ZnRDmax), as the punch does not possess

a geometrically smooth surface. Rather, we expect that the actual
contact area to increase as Pnq increases, as is well known for
rough surfaces in contact [3,24]. The increase in the nominal stic-
tion stress shown in Fig. 8 as P,,qx increases thus seems reasonable.
The range of nominal stiction stress values, 2 ~ 8 MPa, also appears
reasonable in view of the CBA and AFM measurement values cited
above. In addition, the fact that the stiction stress is higher for the
Ti64 punch at P,,qx > 570 MPa is consistent with the expectation of
Ti having a stronger chemical affinity with Al as compared to Fe, as
judged by ranking the maximum heat of formation in Ti- and Fe-
aluminides [36].

4.2. Evaluation of friction stress and friction coefficient

During the demolding process after stiction has been overcome,
sliding friction between the punch sidewall and the molded mate-
rial dominates. As shown in Fig. 1, the pull-out force F sensed by
the instrument provides a direct measure of the friction force,

(-DF =Ff (6)
The Coulomb’s law of friction states that
Fr =f Fa, (7)

where f is the friction coefficient. Dividing both sides of Eq. (7)
by the contact area 2nRD., we have

i :fO'r,7 (8)

where o, is the normal stress applied on the punch sidewall
surface by the molded specimen or the contact pressure, and Ty is
the friction stress (see Fig. 1). As the contact area is 2nRD,, the fric-
tional force during punch pull-out is

(—=1)F = 1:27RD, (9)
From Eq. (9), the friction stress is obtained,
-1 dF

Eq. (10) indicates that the friction stress can be measured from
the slope of the measured pull-out force vs. punch displacement
curve. It is noted that the negative signs in Egs. (6), (9), and (10)
reflect the fact that, according to our sign convention, the punch
pull-out force F is negative and the frictional force, opposing the
pull-out, is positive. In fact, the data segment dominated by fric-
tional sliding between the punch sidewalls and molded hole con-
forms well to a linear fit, as indicated by the red lines shown in
Fig. 5(b) and Fig. 6(b). Take the tool steel punch case as an example,
the negative of the fitted slope in Fig. 5(b) is 1.07 x 10 mN/nm.
Given R = 4.635 pm, this dataset thus yields a 7y value of
3.7 MPa. Recognizing that ¢, may be a function of D, the tr value
extracted from a linear fit to this data segment should be viewed
as a value averaged over the entire punch/hole contact distance.

Fig. 9(a) shows values of the frictional slope, (-1)dF/dD, as a
function of the maximum compression pressure P, together
with its conversion into an average friction stress 15, for both the
tool steel punch and the Ti64 punch data series. 77 is seen to
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increase with increasing Ppax in both cases. At Ppgy < 540 MPa, 75
values for the Ti64 punch are either close to those for the tool steel
punch or slightly higher, by ~ 30%. At Prma > 570 MPa, tf values for
the Ti64 punch exhibit larger scatter, but exceed those for the tool
steel punch significantly, 8 ~ 14 MPa for the former vs. < 6 MPa for
the latter. The higher average friction stress for the Ti64 punch is
again consistent with the expectation that Ti64 having a stronger
interaction with Al as compared to tool steel.

According to Eq. (8), to obtain an average friction coefficient f
from the tydata shown in Fig. 9(a) requires that the average normal
stress or contact pressure g, be known. At this moment we are not
aware of an elasto-plastic solution to this problem. In its absence,
we turn to the classic problem of quasi-static expansion of spher-
ical and cylindrical cavities in an infinite medium to obtain an esti-
mate of the punch contact pressure [37]. The cavitation pressures
for expansion of a small spherical cavity (Ps) or cylindrical cavity
(P;) in an infinite medium of elastic-perfectly plastic solid are given
by Hill [37] as, respectively,

2Y E

PS:?{lJrln(iB(]iU)Y)}, (11
Y V3E

P, _ﬁ{1 +m<(5 _40)y)}7 (12

where E, v, and Y are respectively Young’s modulus, Poisson’s
ratio, and yield stress. Taking reasonable materials parameters cor-
responding to Al, E =70 GPa, v = 1/3, and Y = 100 MPa, we have P ~
4.57Y = 457 MPa, P, ~ 3.93Y = 393 MPa, and (P - P.)/P. ~ 16%.
Values of P and P, calculated from Eqs. (11) and (12) are in reason-
able correspondence with the lower end of the presently measured
Prax Vvalues, ~470 MPa, corresponding to a Dy Vvalue
of ~ 2000 nm. The increase in Ppg at higher Dy,q, values, 470 -
610 MPa, can be understood as a manifestation of strain hardening,
which is absent from derivations of Egs. (11) and (12) assuming
elastic-perfectly plastic response. More recent solutions of the
quasi-static cavity expansion problem yielded cavitation pressures
largely in agreement with Hill’s solution. For example, the solution
of the cylindrical cavity expansion problem by Masri and Durban
[38] gave

Y V3E
pc_ﬁ{mﬂ(([lzlw)}, (13)

instead of Eq. (12). The difference in p. values calculated from
Egs. (12) and (13) in the present case is ~ 1%. As pointed out by
Hill, the cavitation pressure provides an estimate of the maximum
resistive pressure in deep punch penetration into a quasi-infinite
medium, which does not differ greatly with differing punch shape
[37]. The reasonable correspondence between calculated cavita-
tion pressure and measured values of P, offers a justification
for taking the latter as an estimate of the contact pressure between
the punch and the molded Al near the end portion of the punch,
while the punch is under the maximum compression load.

Fig. 9(b) plots the ratio 7f/Pmax VS. Pmax. For the tool steel punch
data series, values of 74Ppqx Stay relatively constant at ~ 0.65%
within the P, range of 470-580 MPa and increased slightly
to ~ 0.8% at Pyqx of ~ 610 MPa. For the Ti64 punch data series, val-
ues of 7f/Pmax stayed above ~ 0.75% within the Ppqy range of 490-
560 MPa and increased to > 1.5% at Pp,qx > 580 MPa. The higher 7/
Ppax Value for the Ti64 punch as compared to the tool steel punch
again highlights the stronger interaction Ti64 has with Al It is
worth noting that the average contact pressure after complete
unloading of the compression load, but with the punch still embed-
ded within the Al specimen at the maximum molding depth, is
expected to be different from that when the punch is still under
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Fig. 9. Friction characteristics deduced from Al molding/demolding datasets: (a) the frictional slope and the average friction stress vs. Ppq for the tool steel punch and the

Ti64 punch; (b) the ratio between the average friction stress and Ppqyx VS. Prax.

the maximum compression load. Specifically, the average sidewall
contact pressure between the cylindrical punch and the molded
specimen after complete unloading is expected to be smaller than
the average contact pressure under the maximum compression
load. Therefore, the effect of the compression unloading process
on the sidewall contact pressure is considered next.

4.3. Friction coefficient estimation through finite element method
(FEM) simulations

In the preceding section, we argued that the measured value of
Pax can be taken as an estimate of the punch/specimen contact
pressure when the punch is under the compression load L.« To
the best of our knowledge, neither an analytical solution nor a
FEM solution exists for the sidewall contact pressure when a cylin-
drical punch is pushed into an elasto-plastic solid and then com-
pletely unloaded. To estimate the effect of compression
unloading on the sidewall contact pressure, we assume that the
compression unloading process is completely elastic. Accordingly,
elastic FEM simulations were performed using the commercial
code Abaqus® [39].

A cylindrical object with geometry conforming to the tool steel
punch or the Ti64 punch was embedded into a large block approx-
imating a semi-infinite medium, with the top surface of the cylin-
der flush with the medium top surface. The cylinder and the
medium, approximating respectively the punch and the Al speci-
men, were assumed to be elastically isotropic. Axisymmetry was
assumed. The boundaries between the cylinder and the medium
were assumed to be perfectly bonded. Values of Young’s modulus,
E, and the Poisson’s ratio, v, for the tool steel punch, the Ti64
punch, and the aluminum matrix are given in Table 1. Due to rota-
tional symmetry in the system geometry as well as loading and
boundary conditions, the FEM simulations were conducted in a
two-dimensional axisymmetric framework. The XYZ Cartesian

Table 1
Isotropic elastic properties used in elastic FEM simulations.

Part Young's modulus E (GPa) Poisson’s ratio v
Cylinder 1 (tool steel) 210 0.3

Cylinder 2 (Ti64) 113 0.37

Medium (Al) 70 0.33

coordinate system was transformed to a cylindrical coordinate sys-
tem of rdz, and stress components were extracted from the FEM
solutions.

The process of punch elastic unloading is viewed as a cylinder,
embedded within and flush with the top surface of the semi-
infinite medium, subjected to two loads on the cylinder top sur-
face: one of a compression pressure Pp,q, and the other of a tensile
traction of the same magnitude. The cylinder sidewall contact
pressure or the radial stress component o, at the cylinder sidewall
surface is the quantity of interest. We again approximate the aver-
age sidewall contact pressure < g, > resulting from the compres-
sion load by Pnq, in accordance with the cavity expansion
model. The < g, > value due to the tensile traction of the cylinder
top surface is calculated from the elastic FEM simulation. Accord-
ing to the principle of superposition, the average cylinder sidewall
contact pressure at zero surface load should be an algebraic sum of
P.ax and the elastic < g, > value due to the tensile traction on the
cylinder top surface.

As shown in Fig. 10(a), the system was constrained at the bot-
tom along the Y direction in the Cartesian coordinate system or
the Z direction in the cylindrical coordinate system. Also, the exter-
nal load was applied as a traction distributed uniformly over a cir-
cular region on the top left of the aluminum half-space where the
punch surface was located. In addition, the axis of symmetry was
located on the left boundary, as shown in Fig. 10(a). The entire sim-
ulation system was a square with 500 units of length in both X and
Y directions, and the cylinders had 10 units of length in radius with
depths adjusted to the values used in the experiments, such that
the ratio of the cylinder depths over their diameters were kept
the same as those in the experiments. To capture the stress con-
centrations and gradients more accurately around the cylindrical
punch/half-space boundaries and the regions under the load, the
structured mesh generation was biased toward these regions such
that a finer mesh was obtained around the punch, as illustrated in
Fig. 10(b) and (c). Eight-node biquadratic axisymmetric quadrilat-
eral elements were employed in the finite element mesh, as quad-
ratic elements are suitable for problems with discontinuity in the
primary field (or the gradients of the primary field) and problems
in which it is highly likely to have regions with stress concertation
[40]. Considering different depth over radius ratios for the cylindri-
cal punches used in the experiments and doing convergence anal-
ysis to find the sufficient number of elements, 99,231 to 157,552
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Fig. 10. Setup and boundary conditions related to elastic FEM simulations of cylindrical tool steel and Ti64 punches embedded in an aluminum half-space: (a) geometry,
loading condition, and boundary condition; (b) a finite element mesh used for the axisymmetric bi-material system; (c) a magnified image of the area indicated by the red
rectangular frame shown in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

number of elements were utilized to obtain FEM solutions for the
punches with different sizes, e.g., for the cylindrical punch with
the largest embedded depth, 157,552 elements were used.

While the matrix half-space extends to infinity in theory, in
practice however, a finite sized punch/half-space simulation sys-
tem has to be chosen. To ensure that the finite size of the simula-
tion does not disturb significantly the stress field in the region of
interest, i.e., the region around the punch/half-space boundary,
the setup shown in Fig. 10 was used to compare the FEM solution
(with the minimum number of 99,231 elements) to the Boussinesq
solution for the distribution of stresses in a half-space resulting
from a uniform surface compression load [41], when the direction
of the load shown in Fig. 10(a) was reversed and the elastic prop-
erties of the cylindrical punch region were set to be identical to
those of the matrix. The result of the FEM solution is depicted in
Fig. 11(a) against the Boussinesq solution for the vertical stress,
0, in the cylindrical coordinate system on the axis of symmetry.
The results were presented for the vertical stress normalized by
the applied uniform pressure versus the depth H measured from
the top surface of the half-space normalized by the radius of the
circularly loaded area R. As evident from Fig. 11(a) and (b) and
regarding the Saint-Venant's principle, the FEM solution is in excel-
lent agreement with the analytical Boussinesq solution up to an
H/R ratio of 20, which is far away from the regions of interest with
respect to the cylindrical punches’ radii and depths. Therefore, the
stress field in the regions of interest should not be affected due to
the limited size of the simulation. It should also be noted that the
errors that are increasing after an H/R ratio of 20 in Fig. 11(b) are
related to the very small stress magnitudes shown in Fig. 11(a), and

10

they will not affect the solution in the region of interest around the
cylindrical punch/half-space boundary. In addition, in Fig. 11(c),
contours of vertical stress or bulbs of pressure for vertical stress
beneath the uniformly loaded circular area have been provided,
and it can be observed that the FEM solution reproduces well the
Boussinesq bulbs of pressure [41].

For each FEM simulation, a uniform tensile traction correspond-
ing to the Pp,q value needed to achieve D, was applied to the top
surface of the cylinder, resulting in a pull of the cylinder out of the
medium. To extract the average sidewall radial stress, or < ¢, >,
values from the FEM result, only the bottom 20% of the depth of
the embedded punch was considered. Specifically, the column of
elements associated with the cylindrical punch located at the
punch/half-space boundary were considered. The < o, > values
were obtained from averaging o, at integration points over the
elements contributing to the bottom 20% of the punch depth.
Detailed simulation geometries and resulting outputs are listed
in Table 2. We take the value of |Py,qx + <0,+>| as an estimate of
the punch/matrix sidewall contact pressure after complete com-
pression unloading, i.e., g, &~ |Pmax + <0,+>|. It is noted that averag-
ing only the bottom 20% of the cylinder height to obtain < g, > is in
accordance with the experimental observations shown in Fig. 7(c).
The value of 75/, was taken as an estimate of the average friction
coefficient, f. A plot of f vs. Ppq is shown in Fig. 12. The values of f
are only slightly increased as compared to values of 7;/Ppqy: staying
at ~ 0.01 for the steel punch case and reaching ~ 0.02 for the Ti64
punch case at P4, over 550 MPa.

To the best of our knowledge, the present results represent the
first direct friction force measurement and friction coefficient esti-



B. Zhang, R. Namakian, X. Zhang et al. Materials & Design 212 (2021) 110207

11

1

8

0.9

ol
]

50 DO
p

e
S

[
o

ol
o

FEM
©- Analytic

Normalzied 0,

oodoojeo

o
»

Error in Normalzied o;; (%)
hoanoa3R8RELEEEBRIABR

o
w

e
~

=3

by
mnc(mc

P

%'rrnx T o = e e e e e -10 ]

10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
HR

o

o
o

(C) S, S22 ’
(Avg: 75%) /
— 31.348E+00 4
-+ 8.945E+00
-13.458E+00
-35.862E+400
-58.265E+00
-80.668E+00
-103.072E+00
-125.475E400
-147.878E+00
-170.282E+400
-192.685E+00
-215.088E+00
-237.491E400 .
-259.895E400
-282.298E+00 T
-304.701E+00
-327.105E+00
-349.508E+400
-371.911E400
-394.314E+00
-416.718E+00
-439,121E+00
-461.524E+00
-483,928E+400
— -506.331E+00 g

™ —

Max: 31.348E+00 T—

T

T

T

Fig. 11. (a) Comparison between the FEM solution and the analytical Boussinesq solution for vertical stress or o, profile on the axis of symmetry; (b) errors in the FEM

solution as compared to the analytical Boussinesq solution for vertical stress or ., profile on the axis of symmetry; (c) contour of vertical stress or bulbs of pressure for
vertical stress beneath the uniformly loaded circular area.

Table 2 25 T T T T T T T
Elastic FEM simulation geometries and result outputs
- - = Tool steel punch E

Cylinder 1 (tool steel punch) § e Ti64 punch
Applied surface  Embedded punch depth Radial stress averaged over the “‘_2'0 i 7
tensile traction  over punch diameter bottom 20% of punch depth g
Piax (MPa) Dimax (Lm)/(2R) (1m) <G> (MPa) ‘©
47437 0221 122.61 E“-E‘ i T
504.02 0.291 97.67 ]
533.67 0.381 70.68 g {
563.32 0.510 42.53 B1olk -
578.14 0.648 43.65 E i{ s E . } :|;
607.79 0.943 4.45 g
Cylinder 2 (Ti64 punch) T * [
471.71 0.251 119.24 EO05} b
497.92 0.346 95.08 E
524.13 0.470 68.56
537.23 0.532 58.20 0.0 I N P, I S S
550.33 0.697 36.19 460 480 500 520 540 560 580 600 620
563.44 0.829 24.84 Max compression pressure, P, (MPa)
576.54 1.008 14.91
589.64 1.099 11.66

Fig. 12. The estimated average friction coefficient f vs. Pyax.

mate under dry contact conditions in micron scale metal forming
operations. The estimated average friction coefficient is 0.01-
0.02, comparable with values from macroscale friction tests with
lubricants. For instance, friction coefficient, measured by Groche
et al. using six established macroscale tribological tests with lubri-
cants, varied within a range of 0.02 to 0.07 [16]. Generally, friction

coefficients under dry conditions tend to be higher than that with
lubricants. One data point was given by Wang et al., who found a
friction coefficient of 0.15 in dry metal forming using Al specimen
and a DLC coated tool [24]. Given that the punches used in the pre-
sent CMDT experiments possessed rather smooth surfaces, the low
value of friction coefficient obtained here may be ascribed in part
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to a much reduced surface roughness resulting from the FIB milling
fabrication process [27]. The presence of a slight taper in the cylin-
drical punches as evidenced by data shown in Fig. 7(c), albeit an
indirect one, may further contribute to the low apparent friction
coefficient.

4.4. CMDT method assessment

Limitations of the present set of load-controlled measurements
should be noted. As shown in Fig. 3(c), that |L| values after
t = 162.1119 s do not remain identically zero, while the actuator
was executing rapid oscillations of significant amplitudes, gives
an indication of the efficacy and limitations of the actuator dynam-
ics model when it is moving at significantly higher speeds and
accelerations as compared to typical indentation experiments,
e.g., speed < 0.4 nm/ms as shown in Fig. 4(b). Such limitations
notwithstanding, we believe that the present datasets, measured
for both the tool steel punch and the Ti64 punch, are physically
sound and do provide sufficient details to elucidate the actual
punch disengagement processes. In the future, the load-
controlled loading/unloading mode used in the present work can
potentially be switched to a displacement-controlled mode for
more stable and accurate measurements.

The present work demonstrates that CMDT offers a new method
to measure stiction and friction in microscale metal forming oper-
ations with a number of advantages. The first advantage lies in its
simplicity of operation. CMDT involves merely a microscale cylin-
drical punch and can be easily performed in situ an SEM. Its high
precision in force measurements constitutes the second advantage,
especially over scaled-down versions of macroscale friction mea-
surements mentioned in the introduction. The third advantage lies
in its wide applicability. For instance, the diameter of cylindrical
punches is adjustable over a wide range, from tens of microns to
submicron, offering the potential of generating new and direct
experimental evidence of specimen size effect on microscale fric-
tion, either with lubricants or under dry contact conditions.

It is also worth noting that the present CMDT approach stands
to be improved in at least two aspects. First, the presence of a slight
taper in the cylindrical punches resulting from the FIB milling pro-
cedure limits the extent of punch/specimen sidewall contact. It is
therefore highly desirable to develop an alternative punch fabrica-
tion protocol that would result in a geometrically more ideal cylin-
drical punch. Second, the model of cavity expansion in an infinite
medium was used in the absence of an elasto-plastic solution,
which increases the uncertainties in the friction coefficient estima-
tion. Thus, the development of new models to better address the
contact conditions between the cylindrical punch and the molded
specimen would be most helpful [42]. Both aspects await future
investigation.

5. Conclusions

In this work, we present an alternative method, CMDT, to mea-
sure and analyze stiction and friction in microscale metal forming
operations. The main conclusions are summarized as follows:

(1) Instrumented microscale molding and demolding of a single
crystal Al specimen with cylindrical tool steel and Ti64
punches were conducted in-situ an SEM. Stiction and fric-
tion forces during punch/specimen disengagement were
measured. The present measurements, to the best of our
knowledge, represent the first direct measurement of stic-
tion and friction forces under dry contact conditions for
microscale metal forming operations.
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(2) Average stiction and friction stresses were deduced from
raw stiction and friction forces and were observed for both
tool steel punch and Ti64 punch to increase as the maximum
compression pressure increased. Stiction stress values (2-
8 MPa) are consistent with previous results from CBA and
AFM measurements. Friction stress measured for the Ti64
punch is higher than that for the tool steel punch.

(3) Sidewall contact pressure between the cylindrical punch and
the molded aluminum was estimated by combining the cav-
ity expansion model and elastic FEM simulations. The esti-
mated average friction coefficient is 0.01-0.02, a relatively
low value due potentially to a combination of the rather
smooth punch surfaces with the presence of a slight taper
on the punch. Ti64 punch presents a higher average friction
coefficient as compared to that for the tool steel punch.

(4) CMDT possesses advantages such as high operation simplic-
ity, high measurement precision, and wide applicability, and
offers an alternative approach for quantitative assessment of
friction in a variety of microscale metal forming problems.
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