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Abstract

Direct replication of microscale patterns onto metal surfaces by compression molding with
patterned dies is used to fabricate metal-based structures for microsystem applications. Micron
scale plasticity governs both the mechanical molding response and the geometric fidelity of
replicated patterns. Microscale molding replication offers a technologically relevant example in
which various plasticity size effects manifest themselves and control the effectiveness of the
fabrication process.

Microscale compression molding of a single-crystal Al specimen was studied by combining
experimentation with conventional and strain gradient plasticity finite element simulations. In the
single-punch molding configuration, single rectangular punches with different widths and lengths
were used. In the double-punch configuration, two identically-dimensioned rectangular punches
with a spacing in between were used. Under single-punch molding at the micron scale, both the
absolute punch width as well as the length-to-width ratio affected the characteristic molding
pressure. Under double-punch molding, both the measured characteristic molding pressure and the
material flow to fill the gap between the two rectangular punches exhibited a significant
dependence on the spacing to punch-width ratio and—when this ratio was fixed—on the absolute
spacing between punches. The present study elucidates the impact of plasticity size effects on the
efficacy of pattern replication by molding at the micron scale.
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Introduction

Fabricating surface patterns at nano/micro dimensions offers a means for achieving
structures with potential usage in wide ranging technological applications, including
photonic devices [1], electronic devices [2], micro chemical reactors [3], and micro heat
exchangers [4]. This paper deals with the understanding of how plasticity size effects
influence the fabrication of microscale patterns on metal surfaces.

From the early 1980s to the present time, two different techniques for replicating micro/nano
scale patterns onto solid surfaces from pre-fabricated dies have been devised and studied. In
LiGA microfabrication (Lithographie, Galvanoformung, Abformung) [5], microscale
imprinting with electrodeposited Ni dies is used to impart intermediate surface patterns onto
a thick polymeric resist supported on a backing plate, followed by metal electrodeposition
into patterned recesses on the resist. In nanoimprinting lithography (NIL) [6], a
nanostructured hard die is pressed into a thin layer of polymeric resist on a substrate to
impart intermediate nanoscale surface patterns on the resist, followed by reactive ion etching
into the substrate. Common to both LiGA and NIL, creation of the intermediate surface
pattern proceeds by pressing a patterned hard die into polymeric materials above their glass
transition temperatures, causing viscous flow into die recesses. Formation of nano-/micro-
scale patterns occurs after cooling to below the polymer glass transition temperature
followed by demolding.

In contrast to LIGA and NIL, a final microscale pattern can be transferred directly onto
metal surfaces by compression molding with structured hard dies. Such direct microscale
pattern replication by molding have been demonstrated in Al [7], Cu [8], and Ni [9]. Direct
molding replication creates patterns on metal surfaces in high throughput and forms the
basis for fabricating metal-based microscale structures usable in various micro devices, e.g.,
microchannel heat exchangers with significant cooling powers [10] and complex geometries
[11]. In direct molding replication, formation of the desired final microscale surface pattern
involves plastic flow of metals into die recesses under compression, without the need for an
additional processing step. The mechanical response of the molded material and the
geometrical fidelity of the replicated pattern are both controlled by micron scale plasticity.

Plastic deformation at small length scales, from ~1000 pm to sub-um, has been intensely
researched in the past two decades, revealing both strain-gradient and non-strain-gradient
related size effects. Significant and non-monotonic dependence of flow stress on size has
been observed on metallic specimens with external sizes ranging from ~1000 pm and above
to ~1 um and below [12]. With strain gradients, significant strengthening has been observed
when strain gradients are imposed by the deformation geometry, such as in torsion of thin
wires [13] and bending of thin foils [14]. Without strain gradients, significant strengthening
has also been observed in axial compression of pillars when their diameters decrease from
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~40 um down to ~0.2 um [15]. In contrast, softening was observed in uniaxial compression
tests on specimens with characteristic dimensions ranging from ~3000 pm down to ~200 pm
[12,16,17]. Distinct from the simple deformation geometries such as wire torsion, foil
bending, and pillar compression, microscale molding replication in metals offers a
technologically relevant example involving complex plastic flow, where micron scale
plasticity of metals assumes a controlling role in determining the effectiveness of the
fabrication technique. Formation of nano/micro scale surface patterns through compression
of hard dies into metal surfaces can also be a part of other small scale metal forming
operations, such as progressive microforming [18].

Mechanical response and geometrical fidelity of the replicated pattern to the original die are
of central importance in microscale pattern replication by molding. One particular concern
in molding replication is whether the material being molded is able to completely fill the die
recesses during the molding process, especially when multiple recesses are of different
dimensions. One case in point is shown in Fig. 1(a), which displays a typical result of
elemental Al after being molded with a micron scale patterned Si die, containing a one-
dimensional periodic array of long rectangular punches. As shown in Fig. 1(a), the height of
Al flow into the recesses between individual Si punches is far less than the total punch
displacement into the molded Al piece. To exaggerate, the entire Si die appeared to have
sunk into the molded Al as if a solid piece, with little material flowing up to fill the gaps
among individual Si punches. Such a result of compression molding is evidently not
satisfactory when the goal is to imprint in parallel multiple geometrical features onto the
surface of the molded piece. To our knowledge, this phenomenon, although clearly relevant
to fabrication of surface patterns by molding replication, has not been properly understood,
especially when the characteristic dimension goes to the micron scale.

In this paper, we provide new data and a better understanding of material’s response to
microscale compression molding by a hard die containing protrusions/recesses of different
dimensions. To study the degree of die filling achieved, a simplified deformation geometry
was chosen: a single-crystal Al specimen was compression molded by tool steel dies in the
form of two parallel rectangular punches of hominally the same dimensions separated by a
spacing between them (see Fig. 1(b)). In this geometry, dubbed “double-punches”, we have
systematically varied the punch width, w;, and spacing, s. Detailed experimentation is
accompanied by conventional and strain-gradient plasticity finite element (FE) simulations.
In what follows, Section 2 describes the procedures for experimentation and simulation.
Section 3 presents the major results and a discussion, and Section 4 gives a summary.

2. Procedures for experimentation and simulation

An FEI Quanta3D FEG Dual-Beam scanning electron microscope/focused ion beam (SEM/
FIB) instrument was used to fabricate two series of rectangular strip punches in a tool steel,
with a bulk hardness of ~HRC60. Commercially available 1 mm diameter tool steel rods
were mechanically polished at one end to reduce its diameter to 50-100 pm. The final
cutting step was accomplished on the FIB instrument, using a Ga* ion beam current of 1 nA
to polish the top and sidewall surfaces of each punch. A series of single, rectangular, strip
punches were first cut, with values of their widths, w; of ~13 um, ~8 um, ~4 ym, ~2 um, and
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~1 um. The length of each punch, L, was at least 3w, such that compression molding with
these punches can be considered to occur under approximately plane-strain conditions. The
morphology of FIB-cut single rectangular punches is illustrated in Section S1 of
Supplemental Materials.

A number of double-punches were then cut. The dimensions of several different series of
double-punches are summarized in Table 1, where srepresents the spacing between two
rectangular punches of the same nominal dimensions, wrepresents the width of each
rectangular punch, and L represents the length of each rectangular punch. We define a
parameter A as the ratio §/wand another parameter a as the ratio L/w. Table 1(a) shows the
dimensions of five double-punches. Each double-punch has the same sof ~2 um, with w
decreasing from ~17.0 um to ~4.2 um, such that A varies from 0.12 to 0.48. Table 1(b)
shows the dimensions of another four double-punches, keeping A fixed at ~0.20, while
varying the absolute dimensions of sand wproportionally. As sincreases from ~1.0 pm to
~4.5 um, wincreases correspondingly from ~5.0 um to ~22.5 um. Table 1(c) shows the
dimensions of six double-punches, keeping wfixed at ~5 pm and varying s from ~1.0 ym to
~7.5 um, with A increasing correspondingly from 0.20 to 1.5. Table 1(d) shows the
dimensions of another three double-punches, with varying wand s values and corresponding
A values increasing from 1.0 to 2.2. Figure 1(b) shows an SEM image of one typical double-
punch, with L ~67 um, w~22.5 pm and s~4.5 um. Through images shown in Supplemental
Materials Section S1 and Fig. 1(b), together with similar ones not shown, FIB-cut tool steel
single and double punches are seen to possess straight edges, sharp corners, and relatively
smooth sidewalls.

The so-fabricated single-punches and double-punches were then used to conduct
instrumented compression molding on one <110> oriented, single-crystal Al specimen
(MTS Systems Corp., Knoxville, TN), polished to a mirror finish. All compression molding
experiments were carried out on a Nanointenter XP system (MTS Systems Corp., Knoxville,
TN), in a displacement-controlled mode. In all molding runs, the displacement rate was set
to 10 nm/sec. Each molding experiment was repeated at least 4 times at room temperature.
Raw molding response data consisted of the total compression force, 7, vs. the total punch
displacement, Ay, Because Ay includes a load frame stiffness contribution, separate
calibration runs were made to determine the actual punch penetration into the Al specimen,
A, following previously published procedures [19]. Further details on the conversion of raw
P-Agora CUrves to P-A curves are shown in Section S1 of Supplemental Materials.

Repeat P-A curves obtained at each punch width were averaged together. The nominal
contact pressure, p, was obtained by normalizing the total force 2 by the nominal contact
area. The indentation depth, 4, was normalized by the punch width. For single- and double-
punch molding, nominal contact areas were taken as Lxwand 2x Lxw, respectively.
Similarly, punch widths were taken as wand 2w for single- and double- punch molding,
respectively. For single-punch molding, the conversion from P-A curves to p-A/w curves,
with p=P/(Lxw), enables quantitative comparison of molding response data obtained from
punches of different dimensions [19, 20, 21]. For double-punch molding, the conversion P-4
curves to p-A/2w curves, with p=P/(2x Lxw), achieves a similar normalization. All the
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molding response curves obtained from single- and double- punch compression were
processed following the same procedure outlined above.

The present molding experiments measure the total molding force A and do not generate any
direct information on the friction between the punch and the molded material. Presently
prevailing methods for assessing friction in macroscale metal forming, such as the ring
compression test (RCT) [22] and the double cup extrusion test (DCET) [23], are indirect and
becomes increasingly difficult to execute as the characteristic dimension of forming
operations decreases to the sub-mm and micron scales. In this work, the influence of friction
on the material’s response to single- and double- punch molding was not evaluated, although
we note that all molding experiments were conducted under dry contact conditions and the
friction between the punch and the molded Al is not expected to vary.

Because of the single crystal nature of the Al specimen, it is of interest to inquire whether
the measured molding response using the long rectangular strip punch depends on the in-
plane orientation of the punch long axis. Multiple sets of molding runs were performed
using one single rectangular strip punch, rotating the in-plane orientation of the punch long
axis. As detailed in Section S1 of Supplemental Materials, the in-plane orientation of the
punch long axis had a minimal effect on the molding response of the single-crystal Al
specimen. Further experimentation showed that the in-plane orientation of the punch long
axis also had a minimal effect on the molding response and morphology of molded features
in the double-punch case. This apparent in-plane isotropic molding response, together with
the fact that all single- and double- punch molding experiments were conducted on the same
{110} face of the Al crystal, suggests that crystal anisotropy is not the dominant factor
controlling the observed material response in the present microscale single- and double-
punch molding experiments. Consequently, in the associated modeling work, isotropic
conventional and strain-gradient plasticity FE simulations were conducted and an explicit
consideration of crystal anisotropy was not taken.

Morphological examinations of molded features were carried out using the same FEI
Quanta3D FEG SEM/FIB instrument. Atomic force microscopy (AFM) was also used for
quantitative measurements on molded features. An Agilent Technologies 5500 Scanning
Probe Microscope was operated in an intermittent contact mode, typically referred to as an
AC mode, with a scan range of 15 um x 15 ym at 512 x 512 pixels and a scan rate of 0.5 Hz.
Specimens were imaged in air at room temperature and humidity. Tapping-mode silicon
cantilever probes (NanoSensors type PPP-RT-NCHR) were used, with a nominal resonance
frequency of 330 kHz, a nominal constant force of 42 N/m, and a curvature radius of less
than 10 nm. Image processing and analysis were carried out using Gwyddion 2.53 and
consisted of a background correction. Additional optical profilometry (OP) measurements
were carried out on a Bruker GTK series optical profilometer. Raw OP data were processed
by the Vision64 map software.

FE simulations of both single- and double- punch molding, including both 3D and 2D
(plane-strain) cases, were performed with conventional plasticity (CP) and strain-gradient
plasticity (SGP) models. For clarity, the FE simulations performed are summarized in Table
2. The model setup and mesh geometries are shown in Fig. 2. For 2D (plane-strain) double-

Int J Mech Sci. Author manuscript; available in PMC 2021 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

punch simulations, a mesh shown in Fig. 2(a) was used with symmetric boundary conditions
applied in the x-direction to reduce the computational cost. Symmetric boundary conditions
were also applied to the bottom surface. In these simulations, the punch width was kept
constant at w= 46.75 um, while the other parameters such as A and the intrinsic material
length scale parameter (/) were varied (see Table 2(a)). The corners of the punch have a fillet
size of r=2.0 um to help the implicit simulations converge. Coarse mesh with element size
of ~200 um was created away from the punch, while fine mesh was created near the punch.
The size of the simulation cell is 1400 um on all sides. A convergence study has been
performed using a 2D plane-strain double punch case with A = 2.2 to determine the
appropriate size of the fine elements. As shown in Section S2 of Supplemental Materials,
starting with a mesh size of A; = 6.4 um near the punch, the element size has been
incrementally halved (Ax = A/2", where K=2"and nis a non-negative integer) to
investigate the error convergence behavior of the simulations. The error is quantified by the
terminal load experienced by the punch at a penetration depth of 4= 8.6 um, using the
terminal load for K= 64 as a reference. The error convergence is achieved when K= 8, to a
value of < 0.03%. The corresponding element size, Ag = 0.8 um was used for all 2D plane-
strain simulations. For 3D simulations, an even smaller mesh size of A=0.5 um was used.
An additional convergence study on the uniform implicit “timestep” has also been performed
for 2D simulations with the strain gradient plasticity model, with further details given in
Section S2 of Supplemental Materials. As listed in Table 2(b), for the 3D single-punch
simulations, three single-punches with different aspect ratios were modeled, maintaining w2
=5.5 um. In 3D double-punch simulations, another three aspect ratios were considered,
maintaining w= 5.5 um. There was a fillet of 7= 2 um on all edges of the punch in contact
with the specimen. In these 3D simulations (see Figs. 2(b) and 2(c)), to conserve
computational resources, only a quarter of the actual loading geometry was modeled. In x
and zdirections, symmetric boundary condition was applied to all lateral surfaces, while in y
direction, symmetric boundary condition was applied only to the bottom surface. The top
loading surface in yywas left free. The size of the 3D simulation cell was 1500 um on all
sides. For 2D simulations, the element type used was 8-node biquadratic plane strain
quadrilateral with reduced integration (ABAQUS designation CPE8R). For 3D simulations,
the element type used was 10-node quadratic tetrahedral (ABAQUS designation C3D10).

The simulations were performed using ABAQUS®. In addition to CP simulations, an SGP
model [24] was applied to 2D plane-strain simulations via the UMAT developed by
Martinez-Pafieda et al. [25]. According to the adopted SGP model, the flow stress at a given
plastic strain (£P) and effective plastic strain gradient (7°) is given as,

O flow = Urerfz(gp)+l’7p, @

where #” = 0.5 n{’jknf’jk with the plastic strain gradient tensor defined as

n{’jk = s{}(,j + efk’i - e{)j’k, and /is the intrinsic material length scale. In Eq. (1),
N
)

Oref = oy(Eloy)™ and f(eP) = (P + oy/E)" such that the conventional power hardening law

N
p . .
6= o‘y(l + %) is recovered when /= 0. The /parameter is also a measure of the
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material’s sensitivity to the existence of strain gradients. Here, oy is the yield stress, AVis the

strain hardening exponent, and £'is the Young’s modulus. Setting /= 0, the choice in the
values of material parameters given in Table 3 results in the flow stress — plastic strain
relation shown in Fig. 2(d) under a gradient-free condition.

According to Huang et al. [24], the /parameter for FCC metals is given as

2
= 18ﬂ2(L) b, @

Oref
where gis an empirical coefficient with a value between 0.3 to 0.5, s the shear modulus,
is the magnitude of the Burgers vector (6= 2.86 A for Al). According to the parameters
given in Table 3, /=12 um for Al with Btaken as 0.5. In SGP FE simulations, a parametric
study on /was performed, with varying /values of 0, 0.25, 1, 3, 5.9, 11.8, and 17.7 um. For
CP FE simulations, the flow stress — plastic strain relation shown in Fig. 2(d), with
material’s parameters given in Table 3 and /taken as 0, was used as the input for simulating
the material’s plastic response.

3. Results and discussion

3.1 Mechanical size effect in molding with single long rectangular strip punches

Figure 3(a) summarizes the averaged compression molding response curves, p-A/w;, obtained
from the single-crystal Al specimen with single long rectangular punches with widths w
decreasing from ~13 um to ~1 pm. All measured p-A/wv curves are qualitatively similar, with
an initial section in which p increases sharply with increasing A/w; followed by a “knee”
after which p increases more slowly in an approximately linear fashion as A/w increases
further. The molding response curves at wvalues of 13 pm, 8 ym, and 4 ym are almost on
top of each other. As wdecreases further from 4 um to 1 um, the p-A/w curves become
stiffer, indicating that p has an explicit and significant dependence on w; contrary to
conventional continuum mechanics expectations and indicative of the presence of a
significant mechanical size effect. To better quantify the mechanical size effect as the width
of the single punch decreases, the pvalue at A/w= 0.25 was taken as the characteristic
molding pressure, p,, and plotted as a function of win Fig. 3(b). The so-obtained
characteristic molding pressure remains relatively flat at w> 4 ym, and increases
significantly as wdecreases from 4 pm to 1 pym. The findings summarized in Fig. 3 is
consistent with previous experimental observations [19]. To eliminate possible
complications associated with this mechanical size effect in single punch molding, in
subsequent double-punch molding runs, individual punches were fabricated with w close to
or above 4 um.

As expected, FE simulations with conventional plasticity model could not capture the effects
of varying the absolute punch width, w. Instead, a dependence of the mechanical response
on the punch aspect ratio was captured. Figure 4(a) shows the results of CP FE simulations,
which show that p depends on the punch aspect ratio, a = L/w. Figure 4(a) shows that p
decreases as a increases and that, when a is greater than ~2, the effects of a diminish. Since
a > 3 was maintained in all experiments, this precludes the possibility that the dependence
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of p.on w, shown in Fig. 3(b), arises from variations in a. It is noted that the effect of a on
the contact pressure, shown in Fig. 4(a), is a manifestation of the corresponding variation in
the stress tri-axiality underneath the punch. As a measure of the stress tri-axiality, Fig. 4(b)
shows the distribution of pressure (p= -1/3 oj) on the x-y plane as well as along the y~axis.
A lower a value corresponds to a significantly higher pressure immediately below the
punch. This higher pressure translates to the stiffer p-A/4v curve observed when a = 1.

3.2 Double-punch molding: mechanical response and incomplete die filling

Figure 5 summarizes experimental double-punch molding response curves, p-4/2w,
measured using double-punches described in Table 1. All the molding response curves are
qualitatively similar to those obtained from single-punch molding, i.e., each curve includes
an initial section where p increases rapidly with increasing 4, followed by an abrupt turn-
over after which pincreases more slowly with further increases in 4. Specifically, Fig. 5(a)
summarizes the molding response curves obtained using the series of double-punches
described in Table 1(a), with a constant spacing s of ~2 um, while the width of the individual
rectangular punch wvaried from 17 um to 4.2 um. The value of A = s/wvaried
correspondingly from 0.12 to 0.48. Figure 5(a) shows nearly identical molding response
curves at A of 0.12 and 0.15. As A increases further, the molding response curves become
stiffer, i.e., a clear increase in pis observed. Figure 5(b) shows the p-4/2w curves obtained
using the series of four double-punches described in Table 1(b), with a constant A of 0.2,
while schanged from 1.0 pm to 2.0 um, 3.2 um, and 4.5 um. The molding response curves is
seen to depend on the absolute value of s. pincreases as sdecreases from ~4.5 ym to ~2 ym.
The p-A/2w curves for sequals 1.0 pm and 2.0 um are nearly identical, and significantly
exceed those for sof 3.2 um and 4.5 um. Figure 5(c) shows the molding response curves
obtained from the three double-punches described in Table 1(c), with a constant wof ~5 um
and changing svalues of 1.0 um, 1.5 yum, and 2.4 pm, and corresponding A values of 0.20,
0.29 and 0.48. It is evident that the response curves exhibit a similar trend as shown in Fig.
5(a), namely, pincreases with increasing A.. Figure 5(d) shows the molding response curves
using the other three double-punches described in Table 1(c), with a constant wof ~5 pm
and changing svalues of 3.50 um, 5.2 um, and 7.5 um, and corresponding A values of 0.67,
1.0, and 1.50. Now a clear and opposite trend can be observed, that p begins to decrease as A
increases further. Figure 5(e) summarizes the molding response curves obtained from
another three double-punches described in Table 1(d), with A varying from 1.0 to 2.2. A
similar trend as shown in Fig. 5(d) was observed, in that p decreases as A increases, and the
molding response curves corresponding to A of 1.8 and 2.2 are almost on top of each other.

The characteristic molding pressure for double-punch molding is again defined by taking (or
extrapolating) the measured p value at (to) 42w = 0.25. It should be noted from Table 1 that
the double-punches have different length-to-width ratios, a = L/w; with a values ranging
from ~3.0 to ~6.5. To better understand the effect of a on the molding response, three
additional double-punches, with the same w~7.2 ym, §~3.6 um, and A = 0.5 but varying a
values of ~5.6, ~4.4, and ~3.3, were fabricated and then used to conduct molding
experiments. Table 4 lists the specific punch dimensions, and their corresponding SEM
images are shown in Section S3 of Supplemental Materials. Figure 6(a) shows the molding
response curves obtained using the three double-punches described in Table 4, with four
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repeat molding runs conducted with each punch. The molding response curves at a ~3.3 are
stiffer as compared to those at a ~4.4 and ~5.6. Figure 6(b) plots as a function of a the
corresponding characteristic molding pressure, p,, again by taking measured p values at
A72w=0.25. The error bars stem from averaging p. values obtained from repeat molding
runs. Figure 6(b) shows that p, values approach a constant at a values of ~4.4 and ~5.6,
~407 MPa, whereas at a ~3.3, the p,value is ~430 MPa, ~5% higher than those
corresponding to a > 4. Corresponding FE simulations (described in Table 2(b)) using CP
confirm the trend observed in the experiments, as shown in Fig. 6(c). A significant reduction
in the pressure-depth response is witnessed when a increases from 2 to 4.36 (Aa of 2.36).
From a = 4.36 to a = 7.33 (Aa of nearly 3), the resulting variation in the pressure-depth
response is substantially less. The softened responses associated with the larger a values are,
at least in part, also due to the change of stress tri-axiality beneath the punches.

Figure 7(a) plots all measured double-punch characteristic molding pressure values, p,, as a
function of A=s/w. To eliminate the influence of the punch aspect ratio on p. values, p,
obtained from double punches with a > 4 were multiplied by a factor of 1.05, assuming that
the same punch aspect ratio effect on p,, described in Fig. 6(b), applies to other double-
punch molding results with different wand svalues. Error bars on p,again stem from
averaging results from repeat molding runs. The four black data points in the “s=2um” data
group are obtained from the molding response curves shown in Fig. 5(a). The p,value at 1
~0.12 is ~370 MPa and changes little as A increases from 0.12 to 0.15. It then jumps to ~395
MPa at A ~0.20, and continues to increase to ~423 MPa at A ~0.31 and ~442 MPa at A
~0.48. The five red data points in the “w=5um” data group correspond to the molding
response curves shown in Figs. 5(c) and 5(d). The measured characteristic pressure increases
from ~395 MPa to ~450MPa as A increases from 0.20 to 0.48. Moreover, at each A value,
this characteristic pressure is close to the corresponding data points in the “s=2um” data
group. The p. value decreases, after reaching a maximum value of ~450 MPa, to ~425 MPa
at A =1.5. The three dark green data points in Fig. 7(a) in the “A1>1.0" data group come from
molding response curves shown in Fig. 5(e). The p. value reduces gradually as A increases
from 1.0 to 2.2. One magenta data point at A =0.5 is obtained from the aforementioned
additional double-punch with w~7.2 um, $~3.6 um, and a ~3.3.

Focusing on the four blue data points in the “A=0.20" data group in Fig. 7(a), obtained from
the molding response curves shown in Fig. 5(b), the two points with p.~395 MPa largely
overlap the black and red data points in the “s=2um” and “w=5um” data group, while the
other two blue data points lie below with lower characteristic pressures. Because wvalues in
these double-punch sets were deliberately chosen to eliminate possible mechanical size
effects due to single punch molding, as exhibited in Fig. 3(b), the measured p, variation at a
constant A of 0.2 from ~350 MPa to ~395 MPa, a change of ~13%, can only be attributed to
variation in the absolute spacing between two punches, s. In other words, the measured
characteristic pressure for double-punch molding is not only A dependent, but also s
dependent at a constant A when sbecomes sufficiently small. According to conventional
continuum mechanics, mechanical response to molding by a long double-punch set should
depend only on the relative size of sand w i.e., A, but not on the absolute value of s. This
presently observed dependence of p,on sat a constant A thus signifies a different
manifestation of mechanical size effect as the characteristic molding dimension approaches
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the micron scale: in this instance, the controlling size is the gap between two punches, even
when the width of the individual punch is sufficiently large so a mechanical size effect is not
evident in single-punch molding.

Corresponding to the experimental results shown in Fig. 7(a), 2D plane-strain FE
simulations of double-punch molding with both CP and SGP (described in Table 2(a)) were
performed, with results shown in Fig. 7(b). Both 2D CP and SGP simulations used an
identical punch width of w=46.75 um and, when A varies from 0.12 to 2.2, correspond to $
values of 5.61 um to 102.85 um. As a confirmation of the correctness of the FE simulations,
the characteristic molding pressure predicted by SGP FE at /=0 um reproduces the
predictions made by CP FE. It is apparent that the p, value from both CP and SGP FE
simulations exhibits a monotonically increasing trend with increasing A. The p. value
increases faster with increasing A as the intrinsic material length scale parameter /is
increased. The saturation of p, at higher A values is also delayed with increasing / In all FE
simulations, the experimentally observed peak in p.at A of ~0.5, shown in Fig. 7(a), was not
present, suggesting an origin for this peak other than SGP. Exact mechanism responsible for
this observed peak in p,is not understood at this moment.

Besides the measured mechanical response in double-punch molding, as summarized in
Figs. 5 and 7 including a mechanical size effect manifestation, the phenomenon of
incomplete die filling is also evident in the micron scale double-punch molding experiments.
Figures 8(a), 8(b), and 8(c) show SEM images of three imprints made on the single-crystal
Al specimen, arising from molding using the double-punch shown in Fig. 1(b), with w=
22.5 ym and s= 4.5 um. The three imprints were made at indentation depths of ~3.5 um,
~8.8 um, and ~11.8 um, respectively, as measured from the edge heights of the three
imprints. All three imprints have flat bottoms, sharp corners, and clean sidewalls. Fine
features present on the bottoms of the imprints mimic the features on the punch top surfaces
generated during the FIB cutting process, shown in Fig. 1(b). From Fig. 8(a), it is evident
that the height of Al flow into the gap between the two punches fell far short of the entire
indentation depth, and only a long shallow bump was formed along the gap location. This
incomplete gap filling persisted as A increased, as evident in Figs. 8(b) and 8(c). End effects
are present, most evident in Fig. 8(c), which shows that the height of the long bump, 4, is the
largest at the two ends of the double-punch, and approaches a constant near the center
portion where the condition of plane-strain is best satisfied.

To better quantify these observations, AFM measurements were conducted over 15 pm x 15
um scan areas. The AFM scan areas were placed respectively in the centers of the imprints
shown in Figs. 8(a)-8(c), as indicated schematically by the red square shown in Fig. 8(a).
Corresponding topographic AFM images are shown in Figs. 8(d), 8(e), and 8(f), presented in
2D top views. The corresponding height profiles, taken along line scans perpendicular to the
long bumps, are shown respectively in Figs. 8(g), 8(h), 8(i) and yield a value of the bump
height / for each indentation depth A. Table 5 summarizes these results, and shows that even
with a more than three-fold increase in 4, the ratio of bump height at the center of the
imprint to the indentation depth or the gap filling ratio, A#/4, remains at 10% or below.
Phenomena similar to what is shown in Fig. 8 were observed with other microscale double-
punches with A < 0.20, indicating that the Al specimen molded by two long rectangular
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punches separated by a gap behaves—in effect—as if it were compressed by a single punch
with a width of 2uAs. As indicated in the introduction, such incomplete die filling is
detrimental to the technical goal of simultaneously replicating multiple patterns by molding.

To quantify the degree of gap filling in double-punch molding when the gap dimension s
increases from the micron scale to the mm scale, a much larger tool steel double-punch was
fabricated by wire electrical discharge machining (EDM), with w~2 mm, s~0.4 mm, and /
~8 mm. Figure 8(j) shows an SEM image of one imprint made in a large grain
polycrystalline Al specimen, as the single-crystal Al specimen was too small for this
particular double-punch. An incomplete gap filling was also observed in this case,
qualitatively similar to the microscale case shown in Figs. 8(a)-8(i). Figures 8(k) and 8(1)
show results of optical profilometry (OP) measurements in areas schematically designated as
1and 2 in Fig. 8(j). Figure 8(k) shows the height of the bump along the gap location is /=
145 pm. The indentation depth A was obtained from the OP measurements shown in Fig.
8(1) to be 230 um. Additional molding runs using this double-punch were performed, with
results summarized in Table 5. Examination of entries in Table 5 reveals that the degree of
gap filling, A4, is significantly higher at the mm scale as compared to that at the micron
scale, with the average value of all /A entries for the macroscale case, ~0.50, higher than
the average for the microscale case, ~0.09, by ~5.5. Noting that A = 0.2 for both the micron
and mm scale double-punches, the present results on gap filling, summarized in Fig. 8 and
Table 5, offer another manifestation of the mechanical size effect: a substantially less degree
of material flow occurs to fill the gap between two punches at the micron scale as compared
to the mm scale, at identical relative dimensions, i.e., identical A.

The SEM images of three double-punches described in Table 1(c), with wof ~5 um and
varying sof 1.0 um, 3.5 um, and 5.2 um, are given in Section S3 of Supplemental Materials.
Double-punch molding runs performed with these three double-punches illustrate the
influence of s and A on the degree of gap filling during double-punch molding. SEM images
of imprints created on the single-crystal Al specimen are shown respectively in Figs. 9(a),
9(b), 9(c). As shown in Fig. 9(a), at s~1.0 um and A = 0.2, the molded Al did not fill the gap
between the two punches, forming only a long bump at the gap location with the bump
height < 10% of the punch indentation depth, consistent with the results shown in Fig. 8. As
sincreases to 3.5 pym and A to 0.67, Fig. 9(b) shows that the bump height increased to ~60%
of A, more substantially but still not completely filling the gap. As sincreases further to 5.2
um and A to 1.0, the Al flow into the gap between two punches reaches almost 100% of 4,
as shown in Fig. 9(c). Contrasting results shown in Fig. 9(c) with the micron scale double-
punch case shown in Fig. 8, the degree of gap filling during double-punch molding is seen to
depend not only on the absolute dimension of s, but also on the value of 1.

The incomplete filling of the gap between the two punches at small A is not unique to small
scases. Indeed, 2D simulations with CP and SGP at /= 0 um (described in Table 2(a)) also
reveal incomplete filling at small A, as evidenced by the magenta curves shown in Figs.
9(d)-9(f). Without a strain gradient contribution, the incomplete filling originates in part
from the interaction between the stress fields generated by the two neighboring punches. To
illustrate, Fig. 10 plots the stress distribution below double-punches with different A=s/,
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according to the plane-strain isotropic elastic solution for a single rectangular long punch of
width 2a as given by Ref. [26] (as shown in Fig. 10(a)):

_ 2ny (x — 1) i,
Gx —a\/a —t[x—t +y2]
oy= — ZPy‘ f dt,
71'2 —a \/m[(x — t)Z + y2]2 (€)]

= v(oy + 7)),
(x—1)

2Py/ dt
\/a —t[x—t +y2]

where Pis the load per unit length in the direction perpendicular to x-and y-axis, xand y
are the coordinate of a material point beneath the punch, ¢is the integration variable over the
punch width (from -a to a), and v is the Poisson’s ratio (assumed to be 0.3 in this work). The
units for length, load, and pressure are 10 um, 0.1 N, and 1 GPa, respectively. The solution
for the elastic stress distribution below a double-punch was obtained by superimposing two
single-punch solutions.

As shown by Figs. 10(b)-10(e), the shear stresses 7y, generated by the two adjacent corners
of the two punches are opposite in sign. As the stress fields of the two punches couple, the
resultant shear stresses cancel to some extent. As a result, the resultant von Mises stress in
the region between two closely-spaced punches is substantially lower than that in the regions
near the external punch corners, as shown in Figs. 10(f)-10(i). This reduced von Mises stress
in the gap region therefore reduces the driving force for plastic deformation of the material
between the two punches, contributing to incomplete gap filling.

The strain gradient plastic response of materials does, however, substantially add to the
incomplete gap filling at the micron scale. According to SGP, materials harden in the
presence of strain gradients. As shown in Figs. 9(d)-9(f), the increase in the intrinsic
material length scale parameter /significantly exacerbates the incomplete gap filling. A
complete simulation data set on the fill ratio (A#/4) vs. 1 at A = 8.6 pm and w= 46.75 pm has
been provided in Fig. 11(a). It appears that the degree of gap filling starts to deteriorate as
the /parameter approaches the absolute gap spacing s. For instance, at s=5.61 um (A =
0.12, Fig. 9(d)), a reduction in the fill ratio by ~50% (/A from 0.138 to 0.064) is achieved at
/=5.9 um; at s=54.23 pm (A = 1.16, Fig. 9(e)), this (reduction of /A by ~ 50%, i.e. from
0.988 to 0.434) happens when /= 17.7 um; at s=102.85 um (A = 2.2, Fig. 9(f)), this
reduction of fill ratio by ~50% is expected to occur at /> 17.7 pm. This is consistent with
experimental observations shown in Fig. 8 and Table 5. On the contrary, the punch width w
has a similar but inversed effect on the fill ratio. To illustrate, data shown in Fig. 11(a) is
interpolated and presented in a contour plot in Fig. 11(b). Each of the four probing arrows
aj as az and agzrepresent data corresponding to constant values of §//=0.66, 2.06, 3.49,
and 5.02, respectively. Along the arrows, w//decreases monotonically from infinity to 2.64.
It is evident that, at any given &/ the fill ratio significantly increases as w//decreases (i.e., as
wapproaches /).
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3.4 Additional remarks

The plastic response of materials at small length scales has been the subject of intense study
since the 1990s. Numerous papers have since been published on the theory, modeling, and
simulations of strain gradient plasticity and dislocation dynamics and their relevance to
plastic deformation at small scales. The experimental studies, while also abundant, have
largely concentrated on a few deformation geometries, including wire torsion, foil bending,
pillar compression, and Berkovich indentation. It is believed that the present experimental
configuration of micron scale molding by rectangular punches provides an example
involving complex plastic flows that is distinct from the ones listed above, against which
small scale plasticity theories/models can be tested. The present micron scale molding
example is not as relevant to dislocation-source-limited plastic response, as studied
extensively in micro/nano sized pillar loadings [27, 28]. One kind of mechanical size effect
is expressed by the surface layer model, which states that a layer next to the specimen free
surface possesses a diminished flow stress as compared to that of the specimen interior [16].
This is also not as relevant to the present single- and double- punch molding experiments as
plastic flow occurs predominantly within the material interior and not close to a free surface.
We believe that the present experiments provide a good test case for SGP model and
simulations. As such, it is hoped that the substantial amount of new data presented in this
paper will be valuable for calibration/validation of new SGP models.

To the best of our knowledge, the present study documents two new experimental
manifestations of plasticity size effects: 1) the dependence of the characteristic molding
pressure o, on the absolute gap size sand punch width wat identical relative punch
dimensions A=s/; 2) the dependence of material flow to fill the gap between two punches
on the absolute gap dimension sat identical A.

From the perspective of SGP, the absolute length scale effects originate from the relative
relation between s, w;, and / In the limit when both s//and w//approach infinity, the
macroscopic conventional plasticity is recovered. As s//and wi/approach unity, significant
size effects ensue. In other words, the effects of variables s, w; and /on the materials
response during the punch molding process is not completely independent. Rather, only two
out of the three variables are independent. In the present set of experiments, size effects have
been assessed by systematically varying sand w (while ensuring L is large enough such that
no spurious effects arise due to the punch aspect ratio a=L/), as the intrinsic material
length scale parameter /is considered to be fixed for a given material. In the present set of
2D double-punch simulations using SGP model (described in Table 2(a)), only sand /are
varied while fixing w= 46.75 um. In the data presented in Fig. 7(b), at each given A value,
the varying /from O um to 17.7 um represents the variation of w//from infinity to 2.64.
Therefore, the previous observations made in Fig. 7(b) on the effect of the intrinsic material
length scale, when inversed, is applicable to the effect of the absolute characteristic
deformation length scales (sand w) in the range of A probed. When sand wapproach / the
saturation of p,with increasing A is delayed. In addition, the overall molding pressure also
elevates at smaller wand swith respect to / The value of p,, obtained at a depth of A/w=
0.18, was plotted against w//in Fig. 12(a) as a function of 1. A w//value of 10° is chosen to
represent the macroscopic conventional plastic behavior. It is noted that as the absolute value
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of w—and therefore the absolute value of sat a fixed A—decreases, the overall mechanical
response stiffens. This trend is consistent with the experimental results, as demonstrated
through four blue data points in Fig. 7(a), with A fixed at 0.2.

To provide further insights on the effects of s//and w//, discrete data points presented in Fig.

’1_[’)+d, in

7(b) are fitted with a double exponential function of the form p, = aexp(—exp -

which gand care functions of / Further details of the fit have been provided in Section S4
of Supplemental Materials. This fitting function describes the continuous variation of g as
A—therefore s—and /are independently varied, while wis fixed. This function is therefore
capable of assessing the effect of §//and w//on g, (Fig. 12(b)). Indeed, Fig. 12(b) indicates
that—similar to the case of the die filling ratio shown in Fig. 11—both s//and w//affect p.
Specifically, the following observations can be made from the simulation results:

1. at any given w//, the characteristic molding pressure (o) experiences a step-like
increase as a function of &/

2. the value of s//at which the g “jumps” increases with increasing w//:
3. the magnitude of the jump decreases with increasing w/ /. and
4, P remains a relatively constant value before and after the jump.

The FE simulations conducted in this work were not intended to exactly reproduce
mechanical responses, such as the molding force and pressure, obtained from the punch
molding experiments, as the materials behavior input into the simulations followed an
idealized flow rule (Fig. 2(d)), not necessarily reflecting actual material behavior.
Nevertheless, a first order approximation regarding the intrinsic material length scale
parameter /of the physical Al specimen can be made by comparing the simulated die filling
ratio with the experimental results. Experiments performed according to Table 1(c)
maintained an almost constant punch width of w~ 5 pm, and a varying A from 0.2 to 1.5.
An increasing die filling ratio was observed as A increased. At A = 1.5, the fill ratio is /A=
1, corresponding to a w//=23.4 on Fig. 11, as marked by the blue dot. At w=5 pm, the
corresponding /is 214 nm. Alternatively, experiments performed according to Table 1(a)
maintained a constant punch spacing of s=2 um, a varying wfrom 17 to 4.2 um, and a
varying A from 0.12 to 0.48. The result is an increase in A/A from 0.04 to 0.32 with
increasing A. At A = 0.48, the fill ratio is #/A4 = 0.32, corresponding to a w//= 20.3 on Fig.
11, as marked by the green dot. At w= 4.2 um, the corresponding /is 207 nm, which agrees
well with the previous estimate of 214 nm. This value, /~210 nm for the present Al
specimen, is smaller than a previous assessment of /for Cu based on a confined shear
experiment, which was ~650 nm [29]. Whether the intrinsic material length scale parameter
determined from one group of experiments has applicability to a different group of
experiments carried out on the same material but with distinctly different deformation
geometries is key to assessing the predictive power of current SGP models. A definitive
answer to this question remains to be offered through future studies combining additional
experimentation with further plasticity simulations. Once the SGP model is validated, the
model and associated simulations are expected to be able to guide further experimentation in
different deformation geometries, e.g., multiple- instead of double- punch molding at the
micron scale. Such work is also left for the future.
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4 Summary

Instrumented microscale compression molding of a single-crystal Al specimen with single-
and double- rectangular punches was conducted. Quantitative measurements of the molding
force and material flow to fill the gap between the double-punches were carried out as a
function of the punch width and gap spacing, and revealed new manifestations of plasticity
size effects. A detailed set of 2D and 3D finite element simulations using both conventional
and strain gradient plasticity models was performed, addressing the effects of punch aspect
ratio, spacing, and width, as well as the intrinsic material length scale parameter. These
simulations complement the experimental results and offer insights into how material flow is
impacted when the characteristic dimensions of deformation approach the intrinsic material
length scale. The present study is relevant to the technology of microscale pattern replication
on metal surfaces, and offers a distinct experimental case study in which plasticity size
effects dominate the efficacy of pattern replication by molding at the micron scale.
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Fig. 1.
(a) an SEM image showing a 50° tilt view of a bulk piece of Al after compression molding

with a Si die consisting of a one-dimensional periodic array of long rectangular Si punches,
all with the same height. The width of each Si punch is ~9um, and the gaps between punches
are ~9 um. Incomplete Al filling of gaps between Si punches are evident; (b) one FIB-milled
tool steel double-punch used in the present work to study the mechanical response and
punch gap filling by Al during molding, with a length L of ~67 um, a width wof ~22.5 um,
and a spacing between the two punches sof ~4.5 um.
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Fig. 2.
(a) 2D plane-strain mesh for double-punch FE simulations; (b) 3D mesh for single-punch FE

simulations; (c) 3D mesh for double-punch FE simulations; (d) flow stress — plastic strain
response produced by the adopted SGP model, setting /= 0.
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Fig. 3.

Mechanical size effect in rectangular single-punch molding: (a) the averaged nominal
contact pressure vs. the normalized indentation depth at different punch widths; (b) the
characteristic molding pressure as a function of the punch width. The red line is a guide to
the eye.
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(a) The effect of punch aspect ratio on the pressure-depth response obtained from 3D FE

simulations; (b) distribution of pressure (mean stress) below single punches on the x-y plane
as well as along the y-axis.
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Fig. 5.
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Molding response curves measured using various double-punches: p-4/2w curves obtained
from double-punches listed in (a) Table 1(a); (b) Table 1(b); (c)/(d) Table 1(c); (e) Table

1(d).
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Punch aspect ratio effects in double-punch molding: from experiments: (a) nominal contact
pressure vs. normalized indentation depth curves at different a values; (b) the characteristic
molding pressure as a function of a; from simulations: (c) contact pressure vs. normalized

indentation depth curves at different a. and A values.
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-o-|=17.7um -®-1=11.8um -e-1=5.9um (b)
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-A-1 =0 um -o-CP
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A (at w=46.75 um)

(a) Experimental results of double-punch characteristic molding pressure vs. A. The
“s=2um”, “A=0.2", “n=5um”, “A=1.0", and “A=0.5" data groups correspond to data shown
Figs. 5(a), 5(b), 5(c)/5(d), 5(e) and Fig. 6(a), respectively. Correction to p, values due to
varying punch aspect ratio a=L/wwas done according to data presented in Fig. 6; (b)
corresponding pc-A data obtained from 2D plane-strain FE simulations with both CP and

SGP with varying values of /.
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Fig 8.

In?:omplete die filling in double-punch molding of Al (a)/(b)/(c) SEM images of micro-
imprints made respectively at A of ~3.5 pm, ~8.8 um, and 11.8 um; (d)/(e)/(f) 15um x 15pum
AFM scans taken respectively from imprint center regions shown in (a)/(b)/(c), indicated
schematically in (a); (g)/(h)/(i) AFM line profiles taken respectively from line traces marked
AtoB, CtoD, and E to F in (d)/(e)/(f); (j) SEM of a macro-imprint made at A of ~230 ym;
(K)/(I) OP scans of areas marked 1 and 2 in (j).
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Fig 9.

SEM images of three micron-scale double-punch molding imprints for the case of (a) =5
pum, s=1.0 um; (b) w=5.2 pm, $=3.5 pm; (c) w=5.2 um, s=5.2 um. Surface profile plots of 2D
FE simulations with SGP. The maximum molding displacement is 8.9 um and the punch
width is w = 46.75 um: (d), (e), and (f) correspond respectively to A =0.12, 1.16, and 2.2.
Curves with different color correspond to different values of the intrinsic material length
scale parameter, /. The Inset in (d) shows the magnified view at the region between the

punches.
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Fig 10.

Isotropic, plane-strain, linear elastic solution of double-punch loading: (a) is a schematic
drawing of single-punch loading, (b)—(e) show the distribution of the shear stress oyy, (f)-(i)
show the distribution of the von Mises stress o\, for double-punch loading.
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Fig 11.

(a) Values of the gap filling ratio from 2D double-punch simulations as a function of A.. The
data points are obtained at w=46.75 um and 4/w= 0.18; (b) contour plot of /A
corresponding to the data shown in (a). Color changes, from black to red to yellow, represent
the variation in //A. The right vertical axis gives the values of w//corresponding to the
change in /
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(a) Plots of double-punch p, values as functions of w//using data presented in Fig. 7(b); (b)

a contour plot of p,as functions of both logs(w/) and logs(s/).
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Table 1.

Dimensions of FIB-cut double-punches fabricated for the present study. The two bold entries in 1(b) signifies
that they appear again in 1(a) and 1(c), and the corresponding entries in 1(a) and 1(c) are denoted by
parenthesis.

1(a): sfixed at ~2 um while A varies  1(b): A fixed at ~0.2 while sand wvary

s@um) 20 20 (20) 20 20 1.0 2.0 3.2 45
wum) 170 130 (102) 65 42 5.0 10.2 16.0 225
L (um) 53.0 500 (350) 210 140 19.0 35.0 51.0 67.0
A=sw 012 015 (0.20) 031 048 0.20 0.20 0.20 0.20
a=Lw 31 3.8 (3.4) 3.2 3.3 3.8 3.4 3.2 3.0
1(c): wfixed at ~5 pm 1(d): sand whboth vary
sm) (1L0) 15 24 35 52 7.5 6.0 7.6 8
wum) (5.0) 52 50 52 52 5.0 6.0 43 3.6
L@um) (190) 175 173 200 230  24.0 39.0 238 18.0
A=sw (0200 029 048 067 1.0 15 1.0 18 2.2
a=Lw (3.8) 3.4 35 3.8 4.4 4.8 6.5 55 5.0
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Table 2.

A summary of CP and SGP FE simulations performed in the present study.

2(a). List of of 2D double-punch FE simulations with CP and SGP.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

w=46.75 ym SGP: Intrinsic material length scale, /(um)

A =sw P 0 0.25 1 3 59 118 177
0.12 v v v v v v v v
0.64 v v v v v v v v
0.9 v v v v v Vv v v
1.16 v v v v v v v v
2.2 v v v v v v v v

2(b). List of of 3D single- and double- punch CP simulations.

Aspect ratio, a=L/Ww

A=sw 733 55 436 2 183 1
0.12 v v v
double-punch w=5.5 pm 1.16 v v v
2.2 v v v

single-punch w=11 um v v v
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Table 3.

Values of material parameters used in the FE simulations, including Young’s modulus (£), Poisson’s ratio (1),
yield stress (oy), intrinsic material length scale (/), and strain hardening exponent (N).

E(GPa) v o/ (MPa) |(um) N

69 0.3 69 0-177 02
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Dimensions of double-punches with a fixed sof ~3.6 um and wof ~7.2 um, but different a values.

5 (um)

3.6

3.6

3.6

w(um)

7.2

7.2

72

L (um)

40

32

24

A =sw

0.5

0.5

0.5

a=LWw

5.6

44

3.3

Table 4.
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Table 5.

Incomplete gap filling in micro- and macro- scale double-punch molding.

s=45um,w=225um s=400 pm, w= 2000 pm

Indentation depth, A (um) 35 8.8 11.8 88 230
Bump height, h (um) 0.33 0.65 1.23 23 145
WA 0.09 0.07 0.1 0.26 0.63

380
228
0.60
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