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We presentan entirely new method of bottoms-up fabrication of polycrystalline micropillars using direct print-
ing and sintering of nanoparticles in 3D and study their behavior under compression for different microstruc-
tures. The pillars showed brittle behavior with higher effective modulus for small grain sizes with high
porosity, while highly ductile behavior with a lower effective modulus and larger grain sizes but low porosity.
These unusual trends are explained by a porosity model. The results point to a novel method of fabricating
micropillars with different microstructures to study fundamental materials science of polycrystalline materials
at micro to meso-length scales.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Micropillar compression test is a popular method to study the me-
chanical behavior of various engineering materials for more than a de-
cade [1-4]. Micropillars of different materials with a variety of sizes,
textures, and microstructures [5] have been realized by using fabrica-
tion methods such as focused ion beam (FIB) milling [1,6,7], nano-im-
printing [8], vapor deposition [9], and electrodeposition [10]. Each of
the above methods has led to experiments that have contributed greatly
to our knowledge of the behavior of materials at microscales. These
methods, however, have their advantages as well as limitations in
allowing the manufacture of samples of desired materials, geometries,
and microstructures. For example, FIB milling can produce nano and mi-
croscale samples with precise dimensions from a wide variety of mate-
rials, but also results in ion implantation into the samples that may
induce artificial size effects, or result in voids that affect their mechani-
cal behavior [11]. In addition, for polycrystalline materials, obtaining
different grain sizes (and hence the microstructures) for the same mate-
rial is not straightforward. In case of electrochemical deposition and/or
etching, the limitations are based on the chemical compatibility of the
material being tested and difficulty in changing the microstructure
[10]. For microscale samples, it was seen that the deformation mecha-
nisms of elemental metals differ over three grain size ranges, namely,
below 100 nm (nanocrystalline), between 100 nm and 1 um (ultrafine
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grain), and above 1 um (medium to large grains) [12,13]. For materials
having ultrafine grains, the deformation was shown to be accommo-
dated by grain boundary sliding and dislocation activity (unit or partial)
sourced from the boundary [12,13]. The above work further suggests
that creating new microstructures and geometries at microscales can
help in the investigation of new scientific principles and the engineering
of materials for specific applications.

Several developments in the manufacturing sciences have opened
up the possibility of making devices and samples not possible in the
past [14]. Bottoms-up manufacturing technique such as microscale 3D
printing is among one such method, where nano or microparticles can
be printed on 2D surfaces followed by sintering, that creates microscale
geometries with a microstructure defined by the starting nano or micro-
particles [15-18]. We have recently developed a new manufacturing
process where nanoparticles were arranged in 3D space at microscales
in different shapes using pointwise printing in three dimensions
followed by binder removal and nanoparticle sintering [16]. Complex
3D micro-lattice structures with truss members having diameters of
10s of microns with the microstructure defined by the nanoparticle
size were fabricated using metal nanoparticles. During sintering of the
nanoparticles, the porosity in the solid truss members can be controlled
by the sintering temperature and time [16]. An example illustrated in
Fig. S1 shows a silver micro lattice with near-fully dense truss members
fabricated by this method. The truss members (Figs. S1b-c) can be con-
sidered as solid two-force elements, especially when their aspect ratio
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(length to the diameter) is high, as is Fig. S1b. The behavior of
micropillars is thus a highly important engineering problem for micro-
scale cellular/lattice materials.

The impetus for the present work is thus twofold. First, we wanted to
fabricate polycrystalline micropillars using the recently discovered
method of assembling metal nanoparticles in 3D space followed by
sintering [16] and demonstrate its flexibility in creating samples with
different microstructures and internal porosities. Second, we wanted
to carry out a micropillar compression test on such samples with grain
sizes ranging from hundreds of nanometers (fine grain microstructure)
to a few microns (coarse grain microstructure) with different porosities
and obtain their behavior under compression. The work thus advances
fundamental materials science by using the latest developments in
novel microscale manufacturing methods.

The micropillars fabrication by nanoparticle printing is shown in a
schematic in Fig. 1(a), with details in section S1 of supporting informa-
tion. Fig. 1(b, ¢) show square array of 25 pillars, and the pillar dimen-
sions (90 um outer diameter, 70 pm inner diameter, and about 600 pm
in height) and the grain size distribution within a given pillar, respec-
tively. We note that the pillar surface is “rough” and made up of silver
grains formed from the sintered nanoparticles. Within the process opti-
mization used for this study, the pillar axis could be maintained within
about +3°. We note that the hollow geometry was selected in this study
to enable fabrication of taller pillars suitable for optical observation and
strain recording under compression as described below. It is clear from
Fig. 1 that the pillars can be directly printed to the final net shape in a
single printing step followed by sintering. The time taken to print a
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single pillar is within a minute. Note that the grain size can be changed
by either varying the starting nanoparticle size and/or the sintering
conditions. Lastly, any material in nanoparticle form with particle size
b500 nm can be printed, with the nanoparticles transforming into
the grain, which can provide flexibility in choosing materials and
microstructures.

The compressive mechanical behavior of micro-pillar arrays was in-
vestigated in a customized apparatus (Fig. S2) described in the
supporting information, Section-S2. The SEM images of the grains and
grain size distribution, and focused ion beam (FIB) sections of the pillars
for different sintering conditions is shown in Fig. 2 and the statistics are
given in Table 1. The grain sizes were measured by detecting boundaries
in an SEM images by image processing software (Image ], NIH, Bethesda,
MD) over at least three areas for each specimen. Gaussian normal curve
was fitted on the area percentage distribution to calculate the mean
grain size and bandwidth. At a lower sintering temperature of 250 °C,
the mean grain size is of the order of about 250 nm, while at higher
sintering temperatures of 350 °C and 450 °C, the mean grain size in-
creased to about 2.9 um, and 3.8 pm, respectively. For a sintering tem-
perature of 550 °C, however, a near bimodal distribution with mean
grain sizes at 3 um and 7 um (bimodality factor of 2.1) was observed
as shown in Fig. 2(a). Since the pillars are made by sintering and growth
of the nanoparticles, it is expected that the microstructure will have in-
ternal porosity. We carried out focused ion beam (FIB) section for a few
cases to get an estimation of the porosity. The FIB section shown in Fig. 4
(b—d) show porosities at about 17—20% (pore size 250-300 nm), 15%
(pore size ~1 um), and b1% (pore size ~170 nm) for sintering
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Fig. 1. (a) Schematic of the printing process showing the fabrication of the micro pillars. (b) A printed micropillar array ina 5 x 5 matrix. (¢) A 3 x 3 micropillar array with pillar dimensions
of 90 um outer diameter, about 70 pm inner diameter, 350 pm spacing, and about 600 pum in height.
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Fig. 2. (a) The microstructure and grain size distribution of the micropillars when sintered at four different holding temperatures. (b-d) Focused ion beam(FIB) section of the micropillar
wall showing a porosities for the samples sintered at 250 °C, 350 °C, and 550 °C, respectively.

temperatures of 250 °C, 350 °C, and 550 °C, respectively. It is clear from
the above that within some constraints, microscale pillars can be con-
structed by assembling nanoparticles followed by their sintering. Such
an assembly was not possible in the past and gives rise to new avenues
to obtain and study microstructures, shapes, etc.

Fig. 3(a) and (b) show the behavior of the micropillar arrays under
compression for grain sizes shown in Fig. 2(a) with sintering tempera-
tures of 250 °C and 550 °C. As the load increases, we see a linear region
of response in both the cases atlow loads. Prior to this linear portion, i.e.
just when the loading starts, a non-linear portion of response is also
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Table 1
Grain size measurement statistics and final sintering porosity.
Sintering temp 250°C 350°C 450 °C 550 °C
Grain size Mean 249 £ 8 nm 2.91 * 0.08 um 3.86 = 0.08 um 3.31 = 0.31 pm
6.18 = 0.40 pm
Bandwidth +120 nm +1.27 pm +1.85 um +1.24 pm
+1.67 pm
Porosity
Number of specimens 4 4 13 10
Total number of pillars 36 36 117 90
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Fig. 3. Micropillars array stress-strain response in buckling compression test. A) Specimen buckled with ultrafine microstructure (250 nm) sintered at 250 °C holding temperature. The
brittle fracture is captured in the bellow picture. B) Micropillars array showing more ductile behavior with higher strain energy absorbed before buckling. This specimen sintered at
550 °C resulted in bimodal grain microstructure with dual mean value of 3.3 mm and 6.1 mm.
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observed and is attributed to the fact that the nine pillars within the

array have a height variation of approximately #3%. Beyond the linear
portion of the curve, a high peak load of about 7 N was observed for
the sample with small grain sizes vs a smaller peak load of about 4 N
for the pillars having larger grain sizes. The peak load (or stress) was
correlated with the time when the pillars show instability in the video
recordings. This load, however, may differ from the classic buckling
load for the pillars as the pillars have small eccentricity. Note that Fig.
3 also shows the images of the pillars at the start of the experi- ment,
just after the peak stress, and when the load started to increase again
(locations 1, 2, and 3, respectively). It is clear from Fig. 3(a) that the
pillars with smallest grain sizes exhibit a brittle behavior with
breakage of the pillars just when the instability occurs. The breakage
appeared to happen without any plastic deformation. As the platen
continued to be lowered, the pillars showed further crack- ing prior to
complete disintegration. In contrast, Fig. 3(b) shows that in the case of
large grain sizes, buckling happened at a lower stress compared to
Fig. 3(a), but the pillars bend without breaking. In fact, as the platen
continued to be lowered (location 3 in Fig. 3b), the pillar bent to a
radius of about 50 pm, indicating a strain of N20% without
breakage. The pillar behavior for the samples with 350 °C and 450 °C
sintering was similar to that of Fig. 3(b). Fig. 4 shows the peak stress
at buckling, the slope of the linear portion of the stress-strain plots,
and the energy absorbed by the pillars prior to buckling (m]/mm3)
plotted as a function of the grain size. It is clear that as the grain size
increases, the peak load and the slope decreases, while the energy
absorbed by the system prior to the instability also de- creases. We
observed that the energy is seen to increase with the intro- duction of
bimodality for the largest grain size (i.e. for microstructure for pillars
sintered at 550 °C in Fig. 2 and Table 1).

The compression behavior of the pillars shown in Figs. 3 and 4 gives
rise to several interesting questions regarding the dependence of the
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instability of the pillars on their microstructure. For example, the classic

Euler buckling model predicts that buckling load Per %“ZEI . o where
a

E is the elastic modulus of the material, I is the area moment of inertia,
L is the column length, and K is the effective length factor that can be
taken as 0.7 for the present case [19]. This clearly indicates that Pcris de-
pendent upon the modulus and sample geometry, and is expected to be
independent of the grain size. From Figs. 3 and 4(a), however, the mi-
crostructure appears to affect the peak load. As stated before, the peak
load may not represent buckling because of the geometric imperfec-
tions in the system and possibility of eccentricity. We also note that
the above equation for Pe is valid as long as no part of the column has
yielded, which is a reasonable assumption in the linear portion of the
graphs in Fig. 3.

To investigate this further, we considered the possibility of porosity
affecting the elastic modulus, and in turn the Pcr. The slope of the stress-
strain curves of the micropillars given in Fig. 4(b) clearly shows its de-
pendence on the microstructure (i.e., grain size as well as porosity). Sev-
eral studies in literature show a dependence of the elastic modulus on
porosity, but do not consider grain size [20,21]. In these studies, the
elastic modulus E for a given porosity @ is given by the empirical rela-
tion [22], E(D) = E (1 — @ /Jo)", where, n is a power exponent that
has been found to vary in measurements between 0.5 and 4, and @ is
the critical porosity fraction ranging from 0.37 to 0.97 [21]. Unfortu-
nately, we do not know the value of n for our system. In case of polycrys-
talline Cu samples, it was shown that the modulus reduces to about 5%
of the bulk value for a porosity as low as 5% [20]. Silver nanoparticle
films made by inkjet printing followed by thermal sintering showed
an effective elastic modulus of about 5-7% of bulk silver when measured
by the indentation technique [23]. We note that for the micropillars in
the current study, the slope of the linear portion of the stress-strain
curvesin Fig. 3(a,b), can be considered asalower bound of the effective
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Fig. 4. (a) The maximum stress as a function of the grain size, (b) the slope of the linear portion of the pillar stress-strain plots as a function of the grain size, (c) the buckling energy (m]/
mm?) as a function of the grain size, and (d) Relative elastic modulus vs porosity percentage based on two-phase model [23].
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elastic modulus. This is because the pillars may have a small eccentricity
inherent from the manufacturing process, lowering the measured effec-
tive elastic modulus. For the porosity in Fig. 2(b-d), the lower bound of
the effective modulus, 2.3 GPa, which is about 3% of that for bulk silver,
is thus within a reasonable range of that observed in literature [20,23].
This still leaves a question as to why we get decreasing peak stress
with increasing sintering temperature (Fig. 4a) which is expected to re-
duce porosity (as confirmed by FIB sections in Fig. 2b, c, d). One of the
possible reasons could be that the pillar imperfections may have re-
sulted in localized yielding and some randomness in the buckling stress.
However, the differences in the moduli shown in the data of Fig. 4(a)
are statistically significantand the behavior under compressiveload ob-
served in Fig. 3(a, b) was repeated in every experiment. To further shed
light on the dependence of buckling load on the combined effects of
grain size and porosity, we decided to consider the combined effects
of grain size and porosity on the modulus with the aim of capturing
the data trends. We assume that the grains and pores are equiaxed

and have a random distribution. The effective modulus by this model
[24-26] is,

chf Ya frEnx o1p

where, fe = (fu)?R/(fr + fnR) and R = Dp/Ds, with fc being continuous
materials fraction volume, D, being the pore size, Dy the material
grain size, fm being the material percentage, and f» being the porosity
percentage. Eq. (4) predicts nonlinear dependence of effective stiffness
on porosity and strong dependence on pore size. In the present case,
calculated R is about 1 and 0.35 for pillars sintered at 250 °C and 350

°C, respectively. We did not consider the case of the porosity for 550
°C as it is extremely low and the assumptions for the model of Eq. (1)
(e.g. uniform pore distribution) are not valid. Fig. 4(d) shows the rela-
tive elastic modulus vs porosity percentage for given R ratios based on
Eq. (1) [26]. Itis clear from Fig. 4(d) that it is possible to have a reduc-
tion in stiffness with decreasing density of pores if each sample belongs
to a different Rvalue, a trend not captured by closed cell model [27] or
the models discussed in [22]. The porosity model (Eq. 1) considered in
the current study [24-26] thus shows the observed experimental
trend, i.e. the effective stiffness can decrease with a decreasing porosity
as indicated in the dashed arrow in the figure. We note that although
the idealized model considered in Eq. (1) can predict the trend of effec-
tive stiffness reduction with decreasing porosity percentage, the pre-
dicted effective stiffness with this model is still more than measured
values in the experiment. This implies that there are other parameters
like spatial distribution of pores, pores shapes, geometry of pillars and
imperfections that need to be characterized and their impacts on effec-
tive stiffness need to be clarified. From the above discussion, it can be in-
ferred that measured effective stiffness is not only dependent on pore
size, pore density and grain size but is also affected by large curvatures
and geometric imperfections in certain regions of the pillar that can
cause stress intensity. This, in turn, can lead to localized plastic deforma-
tion accompanied by dislocation pileups at grain boundaries in these re-
gions while the rest of the pillar is still deforming elastically. Thus, such
imperfections in line with porosity effects can be the main reason of dif-
ference among the measured effective stiffness and bulk stiffness of the
pillars in this study and other sintered nanoparticle geometries observed
in literature [20,23]. A more accurate treatment requires reducing such
imperfections, and or full numerical elastic-plastic FE analyses, based
on strain and or stress gradient plasticity theories [28], of a three-dimen-
sional model which more accurately represent the geometry of the
micropillars shown in Fig. 1. Nonetheless, the idealized analytical
model presented in this paper provides reasonable explanation of the
observed experimental trend. We anticipate the applications of the pil-
lars and other 3D geometries shown in Fig. 1 and S1 in the areas of bio-

probes, microscale heat sinks, flexible interconnects, catalysis, and en-
ergy storage solutions such as Li-ion batteries.

The results presented in this paper establish a versatile fabrication
method for polycrystalline 3D micropillars where a wide range of mi-
crostructures can be realized with relatively simple changes to the fab-
rication process. Further, we could change the porosity and grain sizes
within the pillars (from a few hundred nanometers to a few microme-
ters) by changes to the sintering conditions. The buckling behavior of
the pillars was studied and shown to change from classic brittle to
highly ductile with increasing grain size and reducing porosity. These
trends are rationalized through a model that describes porosity effect
on elasticity to predict the trends in effective elastic modulus. We thus
obtain a rich set of geometries and microstructures of microscale 3D
parts to gain an insight into structure-property relation of polycrystal-
line metals at a length scale of tens to hundreds of micrometers.
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