Scripta Materialia 209 (2022) 114372

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

Regular article

Abnormal grain growth in ultrafine grained Ni under high-cycle )

loading

Check for
updates

Alejandro Barrios?, Yin Zhang?, Xavier Maeder®, Gustavo Castelluccio®*, Olivier Pierron?*,

Ting Zhu®*

aWoodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA
b EMPA, Swiss Federal Laboratories for Materials Testing and Research, Laboratory for Mechanics of Materials and Nanostructures, Thun 3602, Switzerland
€School of Aerospace, Transport, and Manufacturing, Cranfield University, Bedfordshire MK43 OAL, UK

ARTICLE INFO ABSTRACT

Article history:

Received 17 August 2021
Revised 22 October 2021
Accepted 25 October 2021

Keywords:

Abnormal grain growth
High-cycle loading
Micromechanics
Ultrafine grained metal

Abnormal grain growth can occur in polycrystalline materials with only a fraction of grains growing dras-
tically to consume other grains. Here we report abnormal grain growth in ultrafine grained metal in a
rarely explored high-cycle loading regime at ambient temperature. Abnormal grain growth is observed
in electroplated Ni microbeams with average initial grain sizes less than 640 nm under a large number
of loading cycles (up to 10°) with low strain amplitudes (< 0.3%). Such abnormal grain growth occurs
predominantly in the family of grains whose <100> orientation is along the tensile/compressive loading
direction. Micromechanics analysis suggests that the elastic anisotropy of grains dictates the thermody-
namic driving force of abnormal grain growth, such that the lowest strain energy density of the <100>
oriented grain family dominates grain growth. This work unveils a unique type of abnormal grain growth
that may be harnessed to tailor grain microstructures in materials.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Most technologically important materials are polycrystalline
and thus consist of a number of grains separated by grain bound-
aries (GBs). Grain growth via GB migration is a ubiquitous phe-
nomenon in polycrystalline materials under high thermomechan-
ical loads [1,2]. If grains grow uniformly over the entire sample,
it is called “normal grain growth”. On the contrary, when grain
growth occurs inhomogeneously, i.e., with only a fraction of grains
growing drastically to consume other grains, it is called “abnor-
mal grain growth”. Grain sizes and their spatial distribution can
strongly influence the physical and chemical properties of mate-
rials [3]. Abnormal grain growth can exacerbate degradation and
lead to premature failure of materials [4]. Interestingly, abnor-
mal grain growth has been recently harnessed to grow large-area
single-crystalline metals that can be further used as substrates to
grow large-area single-crystalline two-dimensional materials like
graphene for applications in macroelectronics [5]. Hence, under-
standing grain growth is essential to control grain microstructures
for achieving the desired properties of materials.

While both normal and abnormal grain growth have been stud-
ied in the past [6-16], here we report the unexpected abnormal
grain growth of ultrafine grained (UFG) Ni in a rarely explored
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high-cycle loading regime, which involves a large number of cy-
cles (up to 10°) with low strain amplitudes (< 0.3%), at ambi-
ent temperature. We employ a unique MEMS microresonator-based
setup to generate high-cycle bending loads on Ni microbeams, such
that the largest cyclic tension/compression along the beam’s length
direction is generated in the beam surface layers where abnor-
mal grain growth is observed. Our micromechanics analysis sug-
gests that the elastic anisotropy of single-crystalline grains in poly-
crystalline aggregates plays a critical role in the observed abnor-
mal grain growth, albeit with low driving forces of grain growth.
The occurrence of such kind of abnormal grain growth is facili-
tated by the high number of load cycles (up to 10°) for achieving
a pronounced cumulative effect of grain growth. Hence, this un-
usual grain growth response stands in stark contrast to other pre-
viously observed grain growth behaviors under large plastic strains
and/or high temperatures [6-16], including those studies under
cyclic loading [4,17-27]. Our results suggest a mechanism map of
grain growth as illustrated in Fig. 1, whereby such kind of abnor-
mal grain growth occurs in a special loading regime of temperature
T and maximum strain emax applied (highlighted in blue), giving
low driving forces of grain growth.

We observed abnormal grain growth in UFG Ni microbeams
with a face-centered cubic (fcc) crystal structure under the high-
cycle bending load excerted via a MEMS microresonator, at a test-
ing frequency of 8 kHz [28-30]. The microresonator shown in
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Mechanism map of grain growth
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Fig. 1. Schematic mechanism map of grain growth in the space of temperature (T)
and maximum strain (&max) applied to polycrystalline materials. At relatively low T
(around room temperature Tyoom) and &max (around 0.2%) grain growth is driven
mainly by a need to release elastic energy and thus dictated by elastic anisotropy
of single-crystalline grains. The capillary effects of GB energy and surface energy
play an increasing role in driving grain growth with increasing T. In contrast, when
&max 1S large, grain growth is driven mainly by large plastic dissipation.

Fig. 2a was fabricated with the MetalMUMPs process from MEM-
SCAP, which employed a LIGA technique to fabricate an electro-
plated Ni microbeam of 20 um thick. Electroplating was per-
formed using a conventional additive-free sulphamate bath at
30 °C, pH = 4, with a direct current (DC) density of 20 mA/cm2. As
a result, a strong [001] fiber texture in the out-of-plane (Z) direc-
tion (marked in Fig. 2a) is formed with large columnar grains [31-
34]. This is confirmed by the EBSD grain orientation maps in the
out-of-plane (Z) and beam’s length (X) directions of an untested
microbeam, which was obtained from a horizontal cut halfway
through the Ni layer thickness (at Z = 10 pum), see Fig. 2b and
c. As shown in the ion beam image of the Ni layer sidewall (see
Fig. 2a), the bottom 2.5 um layer has a microstructure of ultra-
fine equiaxed grains. Fig. 2d and e show the EBSD maps of an
untested microbeam from a horizontal cut at Z = 2.5 um from
the bottom of the Ni layer, indicating a [001] fiber texture in the
surface normal direction (also shown with the inverse pole figure
(IPF) plots in Fig. 2f). The area-weighted average grain size is less
than 640 nm for Z < 2.5 um, and is ~2 pum in the columnar part
of the microbeam (i.e., the top 17.5 yum). Using electrostatic actua-
tion [28,29], the microbeam can be driven at resonance (~8 kHz),
resulting in its cyclic bending deformation. The amplitude of ro-
tation is measured at the beginning of each fatigue test, with a
precision of ~ +1 mrad, and the corresponding strain amplitude at
the edges of the microbeam ¢, is determined with a precision of
0.01% [35]. We used these devices over the past decade to investi-
gate the small-scale fatigue behavior of electroplated Ni [35-41].
The fatigue behavior of these microbeams is mainly dictated by
the top 17.5 um, where the microstructure is columnar. The bot-
tom 2.5 um layer, with an equiaxed ultrafine grained microstruc-
ture, experiences the same loading as the rest of the microbeam. In
the following, we show extensive abnormal grain growth occurring
only in the bottom layer.

Abnormal growth of grains preferably along the [100] cyclic
tensile/compressive direction (X-axis) is revealed by the band con-
trast images and the corresponding grain orientation maps in the
X direction (IPF-X) for five fatigued specimens (Fig. 3). As noted
earlier, these images and maps were taken from horizontal slices
at ~1 um from the bottom of the microbeam. The right column
of Fig. 3 lists the number of abnormally large grains (ALG), defined
as a size of at least 1 wm, which represents about twice the initial
mean grain size (ranging from less than 300 nm at Z = 1 um to
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640 nm at Z = 2.5 um, due to the gradient in grain size along the
Z axis at the bottom of the microbeam; see Fig 2a). Fig. 3a shows a
specimen tested at £, = 0.31% for 1.2 x 107 cycles. Significant ab-
normal grain growth at such a low &, has occurred along the edges
of the microbeam, i.e., at the location experiencing the largest am-
plitude of cyclic tensile/compressive strains in a bent beam. No
grain growth occurred within a distance of ~1.5 um from the neu-
tral axis located at the center of the microbeam (marked by the
yellow dashed line in Fig. 3a). Most of the large grains that re-
sulted from deformation-induced grain growth have an elongated
shape along the X direction, with a maximum size of ~3 pm in the
Y direction. This result indicates that the local strain at a position
3 um from the edges is not large enough to induce grain growth;
the corresponding local strain is estimated approximately as 0.15%
for a microbeam width of 12 um in the Y direction. Some grains
become longer than 10 xm in the X direction, suggesting substan-
tial GB migration under the applied cyclic strain. It is important to
note that as shown in the grain orientation map in Fig. 3a, most
of the large grains have a near [100] orientation in the X direction.
This is evidently the result of preferential growth of grains of the
[100] orientation by consuming grains of other orientations in the
X direction.

Fig. 3b presents a specimen tested at &, = 0.18% for 1.3 x 108
cycles. Similarly, significant abnormal grain growth occurred as
well, with elongated shapes along the X direction and a [100] pref-
erential orientation in the X direction. The main difference with
Fig. 3a is that the largest grains grew in the Y direction much
closer to the neutral axis, despite having a lower ¢, (0.18 vs. 0.31%).
This is likely the result of fatigue cracks, which accelerate grain
growth after a larger number of applied cycles (1.3 x 108 wvs.
1.2 x 107) by locally raising the deformation and providing ad-
ditional driving force, as shown in other studies [42,43]. Hence,
the presence of fatigue cracks can be responsible for the irregular
shape of the larger grains in the Y direction (compared to Fig. 3a).
The large grains also exhibit a preferential orientation of [100] in
the X direction.

Similar to Fig. 3a, Fig. 3c shows a specimen tested at the same
strain level of &; = 0.3%, but for a total number of 6.0 x 107 cy-
cles. This specimen has many large grains with elongated shapes,
as long as 10 um in size in the X direction and 3-4 pum in the Y
direction. This specimen has a fatigue crack that initiated from the
side of the microbeam. Significant grain coarsening occurred in the
fatigue-cracked region, with grains spanning the entire half-width
of the microbeam. The large grains also exhibit a preferential ori-
entation of [100] in the X direction.

Fig. 3d presents a specimen tested at £, = 0.25% for 2.4 x 10°
cycles, i.e., at least 50 times less cycling (compared to Fig. 3a-c)
for similar &,. This sample presents nine ALGs, almost all of which
have a [100] preferential orientation in the X direction. However,
these ALGs are smaller than those in Fig. 3a-c and none of them
have an elongated shape in the X direction. Hence, a significant
amount of grain coarsening for the specimens showed in Fig. 3a-c
likely occurred between 10° and 10® cycles, suggesting a contin-
uous growth process for grains with a preferential orientation of
[100] in the X direction. The specimen shown in Fig. 3e (¢; = 0.15%
for 1.0 x 10° cycles) does not show any grain growth. Hence, there
appears to be a threshold of ¢, between 0.15 and 0.18% (grain
growth was observed at 0.18%; see Fig. 3b), below which no grain
growth occurs, despite applying up to 10° cycles.

Fig. 4 presents in more detail the orientation of ALGs for se-
lected specimens. The left column highlights all the grains with
less than 10° misorientation from [100] in the X direction, while
the right column only shows the ALGs. Each color in these maps
of the right column represents one ALG, and the same color is
used in the IPF X plot to show its orientation along the X direc-
tion. Comparison of the two maps of the left and right columns
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Fig. 2. UFG Ni microbeam under high-cycle loading via a MEMS microresonator. (a) (Left) Ni MEMS microresonator, with (middle) magnified SEM image of the Ni microbeam,
and (right) ion beam image of the 20-pm-thick Ni layer sidewall showing location of the layer of interest, i.e., within 2.5 um from the bottom of the microbeam, which
contains an equiaxed UFG microstructure. (b) and (c) Grain orientation maps in the out-of-plane (Z) direction and in the beam’s length (X) direction, respectively, from an
untested microbeam after a horizontal FIB cut halfway through the Ni layer thickness (Z = 10 um); (d) and (e) Grain orientation maps in the Z and X directions, respectively,
from the same untested microbeam after a horizontal FIB cut at ~2.5 um from the bottom of the Ni layer (Z = 2.5 um); (f) IPF plots in the X, Y, and Z direction for Ni at
~2.5 um from the bottom (each black dot represents a pixel from the grain orientation maps).

from Fig. 4b-e shows that most of the ALGs have a near [100]
orientation along X-axis, especially the elongated grains along X-
axis. Therefore, these results clearly demonstrate the favorable
growth of the [100] grain family along the loading direction. While
the bottom portion of the microbeams have a limited number of
grains, Fig. 4a shows that there are at least 15-20 grains along
each sidewall (experiencing the largest amplitude of cyclic ten-
sile/compressive strains) along the microbeam length. These 30-40
grains on the two sidewalls are the most likely candidates to be-
come ALGs under cyclic loading, and are sufficient in numbers to
provide repeatable results.

To understand the main finding of abnormal grain growth with
a preferential orientation of [100] in the X direction, we developed
a micromechanics model to determine the thermodynamic driving
force of grain boundary migration as a function of grain orienta-
tion. According to Eshelby [44], the thermodynamic driving force
of migration of defects and inhomogeneities can be derived using
the elastic energy-momentum tensor. For GB migration in a lin-
ear elastic material, the thermodynamic driving force per unit GB
area, denoted as F, is given by the jump of Pjm;m; normal to the
GB plane,

F = A(Rjmm;) = AW — t;A] (1)

where repeated indices imply summation. In Eq. (1), m; is the unit
vector normal to the GB plane; AW is the jump of the local elastic
strain energy density across the GB; t; is the continuous traction
vector at the GB and given by o;;m;, where oj; is the stress tensor

on one side of the GB; and )LI.T is the transformation strain vec-
tor across the GB. We emphasize that AW is proportional to the
square of stress, while tiAlT is linearly proportional to stress. When
F is low, the GB velocity is linearly proportional to F. As a result,
the effect of tik,T on the average GB velocity becomes zero after
a fully reversed load cycle, such that AW dictates the average GB
velocity and accordingly the direction of GB migration.

We considered a representative spherical grain embedded in a
polycrystal (Fig. 5a and b). To determine the stress and strain in
this spherical grain, we used a micromechanics model that com-
bines the classical Eshelby inclusion solution [45] and the self-
consistent solution of the effective elastic moduli of the polycrystal
[46]. While individual grains are elastically anisotropic, the poly-
crystalline aggregate with a random distribution of grain orienta-
tions has the effective isotropic elastic moduli. According to the
Eshelby inclusion solution [45], the stress, strain and strain energy
density are all uniform in a spherical grain embedded in a homog-
enized polycrystal. When the polycrystal is subjected to an applied
tensile stress o, the uniform strain tensor in this grain is given by

&ij = Ujjunkniog (2)

where Ujjy is the constrained compliance tensor derived in [46],
and n;, denotes the unit vector along the tensile loading direction.
Supposing this grain belongs to the [hkl] family along the loading
direction, we expressed n; as (ny,ny,n3) = (h,k,1)//h? + k% + I2
in the local cubic basis. After algebraic operation of Eq. (2), we de-
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Fig. 3. Abnormal growth of the grains with [100] orientation in the cyclic tensile/compressive loading (X) direction. (a-e) Band contrast images and grain orientation maps
in the X direction of horizontal slices obtained at ~1 pum from the bottom of the microbeam for five fatigued specimens. Fatigue-induced cracks are indicated by white
arrows.
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Fig. 4. Grain orientation maps (left column) showing grains whose misorientation from [100] along X is within 10°, and grain orientation maps (right column) showing only
the ALGs (each orientation represented by a color), along with their location in the IPF X plot, for an untested specimen (a) and four fatigued specimens (b)-(e).
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Fig. 5. Micromechanics analysis of the grain orientation effect on strain energy density in polycrystalline Ni under uniaxial tension. (a) Schematic of a polycrystal with
random grain orientations. A grain family is a set of grains with common crystallographic planes (whose unit normal vector is denoted as n) along the tensile loading
direction. (b) Schematic of the micromechanics model with a representative spherical grain embedded in an effective medium of a polycrystal. (c) Micromechanics results of
strain energy density in each grain family as a function of grain orientation index 3I" under an applied tensile stress of 640 MPa.

rived the uniform strain energy density W in this grain as

1 o2 U
W= 7221']'1(18,‘]‘8,{1 = ZOLijklUrsijnr Is pgkl'*ptq
95 [ 3awu+4b 4(b — CLuu I
= —20 e 3]' ( LUU LU )

(3)

where ayyy, biyy and cyyy represent the components of the prod-
uct of LjjiUrsijUpgir by using the symbolic tensor notation defined
in our previous publication [46]; and I" is the grain orientation in-
dex defined as

[ PR+ P 4 212
(2 + k2 +12)°

varies between 0 and 1/3 to cover all the grain families with ran-
dom orientations, and it takes 0, 1/4 and 1/3 for the representative
grain families of [100], [110] and [111], respectively. Under an ap-
plied stress o9 = 640 MPa (corresponding to an applied strain of
~0.31% in our UFG Ni specimens) and with the single-crystal elas-
tic constants of Ni given in [46], Eq. (3) becomes

W = (83607 x 10° + 1.8768 x 10° x I')]/m? (5)

Based on Eq. (5), we plot the linear curve of W versus 3I'
in Fig. 5c. It is seen that among all the grain orientations along
the loading direction, the [100] grain family has the smallest W,
while the [111] grain family has the largest W. This grain orien-
tation dependence can be directly correlated to the smallest and
largest effective elastic constant of the [100] and [111] grain family
along the loading direction, respectively [46]. According to Eq. (1),
a GB will migrate favorably from the grain with lower W towards

(4)

its neighboring grain with higher W, thereby reducing the total
elastic strain energy of the polycrystalline aggregate. Hence, the
growth of grains in the [100] family is most favorable energeti-
cally, which is consistent with the observed abnormal grain growth
shown in Figs. 3 and 4. In addition, we have developed a phase-
field model that accounts for the strain energy dominated driving
force of grain growth and thus produces the direct simulation re-
sult of preferential growth of grains in the [100] family, which is
consistent with the micromechanics model. This phase-field study
will be reported in a follow-up paper.

The above micromechanics analysis is independent of grain size.
One effect of having ultrafine grains with high yield strengths is
their prevailing high stresses which raise strain energy densities
(and accordingly strain energy density differences between neigh-
boring grains) relative to coarse-grained counterparts, thereby in-
creasing the thermodynamic driving force of grain growth to ac-
cumulate a sufficient amount of grain growth observable within
a certain load cycles in laboratory experiment. In our theoretical
analysis, a grain of certain orientation under consideration is as-
sumed to embed in a homogenized medium of a polycrystalline
matrix, and the effective stiffness of this grain is evaluated with
respect to the surrounding homogenized matrix. This mean-field
analysis can capture the primary effect of elastic anisotropy on
the driving force of grain growth. However, direct elastic interac-
tions between neighboring grains are not taken into account in
the analysis. As a result, our mean-field solution could not cover
cases where neighboring grains have relatively large variations in
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stiffness, such that their driving forces for grain growth could de-
viate from the mean-field solution. Nonetheless, our analysis cap-
tures the predominant effect of elastic anisotropy on preferential
growth of the [100] grain family.

As discussed above, the impact of elastic anisotropy on the ab-
normal growth of the [100] grain family can be effectively brought
out in the high-cycle loading regime at room temperature, as indi-
cated in Fig. 1. If either temperature or maximum applied strain
(i.e., low-cycle loading or large monotonic loading) is increased,
larger driving forces (due to higher GB energy and mobility, and/or
higher plastic dissipation) will instead lead to normal grain growth.
Hence, the elastic anisotropy regime illustrated in the mechanism
map in Fig. 1 is likely to be confined to low strains and temper-
atures and therefore low grain growth rates that can only lead
to substantial grain growth under large numbers of load cycles.
Our MEMS microresonator-based setup facilitates tests in the high-
cycle fatigue regime (up to 108-10° cycles) and thus allows much
smaller average grain growth rates, down to 3 x 10~ nm/cycle,
which is likely related to much lower plastic strain amplitudes in
the low driving force regime. In this regard, the absence of grain
growth at 0.15% can be interpreted as a threshold level in plastic
strain amplitude below which the GB migration velocity is drasti-
cally reduced, despite having a thermodynamic driving force only
slightly lower than that at 0.18% (for which grain growth occurred).
The kinetics of GB migration under cyclic loading and the un-
derlying mechanisms are still largely unexplored. A modification
of the current experimental setup will be pursued to enable in
situ SEM/EBSD cyclic testing and further investigate the kinetics
of grain growth under cyclic loading. We note that similar abnor-
mal grain growth associated with elastic anisotropy was not ob-
served in recent cycle-induced grain growth studies with different
fcc metals, initial grain sizes, and loading conditions [4,17-27]. Ad-
ditional studies are therefore required to further understand the
low driving force regime of abnormal grain growth illustrated in
Fig. 1.

To summarize, this work demonstrates the occurrence of ab-
normal grain growth under cyclic deformation in the high-cycle
fatigue regime. It provides a strong motivation for future investi-
gation of abnormal grain growth behaviors dominated by the ef-
fect of elastic anisotropy (as illustrated in Fig. 1) in a variety of
material systems by varying composition (e.g., from binary alloys
to high-entropy alloys), lattice structure (e.g., from body-centered
cubic to complex alloy structures), microstructural geometry (e.g.,
from bimodal to gradient distributions of grain size), thermome-
chanical loading (e.g., from liquid nitrogen to high temperatures),
among others. Studies along these lines are essential to harness-
ing this unexpected phenomenon to tailor grain microstructures
toward the development of novel high-performance materials.
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