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Abstract

Twin boundaries have been proven effective to strengthen metallic materials while
maintaining plasticity. Al, however, has low twinning propensity due to its high stacking fault
energy. Here we show, by using a small amount of Ni solutes, high-density twin boundaries and
stacking faults form in sputtered Al-Ni solid solution alloys. First-principle density function theory
calculations show that Ni solute facilitates the formation of stacking faults and stabilizes nanotwins
in Al-Ni solid solutions. /n-situ micropillar compression studies reveal high flow stress (exceeding
1.7 GPa), comparable to high strength martensitic steels and Ni alloys. Furthermore, significant
plasticity was observed in these nanotwinned Al-Ni alloy films due to the existence of high density

twin boundaries and 9R phase.
Key words: High-strength Al alloy, nanotwins, in-situ micropillar compression, 9R phase

*Corresponding Author; Email: xzhang98@purdue.edu



mailto:xzhang98@purdue.edu

Nanoscale

Introduction

Al alloys have wide spread applications in automobile and aerospace industry. However,
the strength of most commercial Al alloys is low, less than 700 MPa. Various approaches have
been used to strengthen Al alloys, including age hardening !> and severe plastic deformation (SPD)
etc. 37, and nanocomposites®’. However, the strength of most advanced Al alloys remains limited
with few exceptions. The combination of high pressure torsion and age hardening leads to ultra-

high strength Al alloys, with flow stress approaching 1 GPa®.

Twin boundaries (TBs) have been shown to strengthen various metallic materials that have
low stacking fault energy (SFE), such as Cu (SFE of ~ 40mJ/m?)%!1%, Ag(~16 mJ/m?)!!, and
stainless steels (20-50 mJ/m?) %13, Extensive studies have shown nanotwinned (nt) metals with
high-density X3 (111) coherent twin boundaries (CTBs) may have high strength and ductility'+-!7,
as well as thermal stability '31°. Molecular Dynamics (MD) simulations 2°? and experimental
studies'??3-23 confirmed that CTBs act as strong barriers to dislocation transmission because of the
slip discontinuity across CTBs. In-situ nanoindentation and tension studies have also shown that
TBs can introduce work hardening in metallic materials 23, Meanwhile, CTBs can accommodate
plasticity by acting as nucleation sites for dislocations 2!?224 and enabling the symmetrical slip

across CTBs3!.

Twinning propensity in Al is low due to its high SFE (120-166 mJ/m?) 32. Deformation
twins have been observed sporadically in Al under extreme conditions, such as cryogenic ball
milling 33, indentation of nanocrystalline Al 32 and high strain rate deformation 3436, Bufford et al

37 introduced growth twins into Al via a (Ag) template method by using magnetron sputtering. Xue
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et al 38 synthesized ultra-fine-grained Al thin films with ~ 9% of twinned grains. They also showed
that {112} textured Al films have the highest twin density comparing to other textured Al films .
Recently, Li et al % reported high-strength and ductile nt Al-Fe alloys. High-density X3 {112}
incoherent twin boundaries (ITBs) and 9R phase and nanoscale columnar grains lead to high flow
stress (~1.5 GPa) and good deformability in the sputtered Al-Fe solid solution alloys. However, it

is unclear if the high strength and nanotwins can be accomplished in other binary Al alloys.

Magnetron sputtering has been chosen to fabricate nanotwinned AIl-Ni alloys. Other
deposition techniques, such as atomic layer deposition (ALD)*=#, and electrodeposition** have
been used to fabricate Al or Al alloys. ALD of Al requires the usage of some precursors like
trimethylaluminum, which needs to be handled with extremely care due to their pyrophoricity. In
addition, nearly 1-3 %impurity atoms (e.g. carbon) are usually left in Al films during ALD
deposition process*?. Also, though ALD has been used to fabricate transition metals such as Co
Cu and Ni 44547 jts deposition rate is very low, and we need micron thick films for
nanomechanical testing. For similar safety reasons, electrodeposition of Al is not ideal either. For
example, anhydrous aluminum chloride (AICl5)*, also known as a neurotoxin, has been utilized

to fabricate Al alloys.

In comparison, magnetron sputtering has been selected to deposit Al-Ni alloys for the
following reasons. (i) It is a simple and environmental benign technique and free from usage of
hazardous materials. (i1) Magnetron sputtering, operated at room temperature, has relative high
deposition rate ~0.8 nm/s for Al, necessary to achieve a thicker coating for nanomechanical testing.
(ii1) The chemistry of Al alloys can be precisely controlled by adjusting deposition power via co-

sputtering. (iv) Sputter-deposited films have high surface quality and low porosity.
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In this work, we fabricated high-strength nt Al solid solution alloys by adding a small
amount of Ni solute. Using first-principle density function theory calculations, we show that Ni
solute facilitates the formation of stacking faults and stabilizes nanotwins in AI-Ni solid solutions.
These nt Al-Ni solid solution alloys have harnesses exceeding 6 GPa, comparable to martensitic
steels 48 or Ni alloys*® and higher than high-strength age hardened Al alloys. In-situ micropillar
compression experiments show these nt AI-Ni alloys have high flow stresses exceeding 1.7 GPa
and remarkable plasticity. This study supports the motivation of using nanotwins and 9R phase to

significantly strengthen Al alloys while maintaining their plasticity.

Experimental methods

At room temperature, 1.6-um-thick AI-Ni films with seven different Ni compositions (2.2-
11.7 at. %) were deposited on HF etched Si (111) substrates by DC magnetron sputtering using Al
(99.99%) and Ni (99.99%) targets. Base pressure of the vacuum chamber was below 8x10- torr
before depositions. During sputtering process, the Ar pressure was kept at 2 x 103 torr. To examine
the microstructure of the films, out-of-plane 6-26 scans and pole figure analysis were performed
on a Panalytical Empyrean X’pert PRO MRD diffractometer. Transmission electron microscopy
(TEM) studies were performed on a FEI Talos 200X analytical microscope operated at 200 kV.
Energy dispersive spectroscopy (EDS) on FEI quanta 3D FEG scanning electron microscope was
used to determine the composition of the Al-Ni films. Hardness and modulus of the Al-Ni films
were measured by a Hysitron TI Premier nanoindenter at different indentation depths °. To avoid
the substrate effect, maximum indentation depths were no more than 240 nm (15% of the total film

thickness). The focused ion beam (FIB) technique was used to fabricate micropillars with 700 nm
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in diameter and a height-to-diameter aspect ratio of 2:1. FIB ion beam, though has its limitation’',
has been widely used to fabricate nanoscale samples used for in-situ nanoscale mechanical tests®!~
>4 And the aspect ratio, pillar shape, surface morphology, tapering angle can be precisely tailored
by adjusting FIB parameters. To avoid elastic or plastic buckling and deformation instability, the
widely-adopted aspect ratio (pillar height to pillar diameter) is 2 to 6°33, and the ratio of 2 is the
well-accepted and widely used value to achieve a reliable measurement of strength and plasticity.
When the aspect ratio is much greater than 6, misalignment and buckling could render
experimental results unreliable and unrepeatable. /n-situ pillar compression tests were conducted
inside a FEI quanta 3D FEG scanning electron microscope, by using a Hysitron PI 88xR
Picolndenter equipped with a 5-um diamond flat punch tip. The deformed pillars were cut and
thinned by using FIB to 100-150 nm in thickness before performing post-compression TEM

analyses.

Results and discussion

Microstructure characterization

X-ray diffraction profiles in Fig. 1a show the formation of as-deposited Al-Ni single-phase
solid-solution alloys. When the Ni composition is 4.5 at. % or less, the Al-Ni films have weak
{111} texture (also see supplementary Fig. S1). Increasing the Ni composition to 9.3 at. % leads
to a much stronger {111} texture. XRD pole figure analysis in Figlb indicates the existence of
high density growth twins in textured Al-Ni films. Plan-view TEM image in supplementary Fig.
S2 shows that these Al-Ni thin films have polycrystalline grains. As shown in Fig. 1c, the average
grain sizes derived from statistics of grain size distributions (Fig. S3) decrease sharply from 130 +
38 nm (for Al-2.2Ni) to 7 £+ 3 nm (for Al-9.3Ni). The sputtered Al-Ni alloys have high hardness,

varying from 4.37 + 0.15 GPa for the Al-2.2 Ni to 6.43 + 0.07 GPa for the Al-7.8 Ni alloy, and the
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hardness reaches a plateau, ~ 6.4 GPa, thereafter. The harnesses as a function of d-'2 obtained from

this work and literature are compiled in Figl. d. The horizontal dash line denotes the hardness of

the monolithic Al thin film (~0.7 GPa). The harnesses of bulk Al alloys are measured by

microhardness test or converted by multiplying flow stress by a Tabor factor of 2.7 .
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Fig 1. Evolutions of microstructures and hardness of Al-Ni alloys with Ni compositions. (a) The
XRD profiles of sputtered Al-Ni solid solution alloy films with different Ni compositions. (b) XRD
(111) pole figure analysis of the Al-4.5Ni thin films.; (c) The average grain sizes and indentation
hardness vary with increasing Ni compositions. (d) Comparisons of hardness as a function of d-!2
for AI-Ni alloys with literature data on nt Al-Fe alloy*®, nt Al-Ti alloys®’, twinned Al*’, and
nanocrystalline Al1°*-%%and bulk Al alloys3-61-92,
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Microstructures of the as-deposited Al-Ni films were examined in cross-section TEM
(XTEM) micrographs from the Al <110> zone axis. Bright-field and dark-field XTEM images
(Fig.2(a;)-(a;)) of the as-deposited Al-4.5 Ni film depict columnar grains with an average diameter
of 39 nm. The inserted SAD pattern indicates the formation of twins inside the polycrystalline Al-
4.5Ni film. High-resolution TEM (HRTEM) micrographs (Fig.2(a;) — (a4) and supplementary
Fig.S4) show several types of typical grain boundaries in the Al-4.5Ni film. The growth direction
is denoted by white arrows. Fig.2(a;) and the inserted fast Fourier transform (FFT) present the
frequently observed diffuse ITBs (or 9R phase), which are parallel to the growth direction. Inclined
CTBs (nearly parallel to the growth direction) marked as a red dash line in Fig.2(a;) were also
observed. Fig.S4 shows a high angle grain boundary with a misorientation angle of 19°. Similar
TEM analyses of the Al-6.1Ni film in Fig.2(b;) -(b,) show stronger {111} texture and smaller
average grains than the Al-4.5Ni alloy. Compared with Al-4.5Ni, the Al-6.1Ni has a higher density

of ITBs and 9R phase as shown in Fig. 2(b;) and Fig.2(b,).

In comparison to the Al-4.5 Ni and Al-6.1Ni films, the as-deposited Al-9.3N1 alloy has
even finer columnar grains (Fig. 2(c;), (c,)), with strong {111} texture and high-density twins, as
evidenced by the single-crystal like twinned diffraction pattern. The grain size of the as-deposited
Al-9.3Ni increases along the growth direction, with finer grains (~3nm) near the film-substrate
interface and coarser ones (~10 nm) close to the film surface. The HRTEM image in Fig. 2(c3)
shows the diffuse ITBs between two columns and scattered highly-distorted regions (in blue dotted
squares). A processed HRTEM micrograph in Fig.2(c4) shows the formation of discontinuous 9R
phase in nanoscale columns. Statistics in Fig. S5 also shows that the fraction of columns with 9R

increase from 27% (Al-4.5Ni) to 52%(Al1-9.3Ni).
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Fig. 2. Cross-section TEM(XTEM) studies on the microstructures of as-deposited Al-Ni alloys.
(a;-a,) Bright-field and dark-field cross-section TEM (XTEM) images of Al-4.5Ni. of Al-4.5Ni
and inserted SAD showing nanoscale polycrystalline columns. (a;) Dark field cross section TEM
image of Al-4.5Ni (as-a4) Diffuse ITB in the film and inclined coherent twin boundary (CTB) in
the matrix. (b;-b;) XTEM images of Al-6.1Ni demonstrates the formation of nanotwinned
columnar grains. The inserted SAD pattern shows slight grain rotation (bs) Three nano columns
separated by two adjacent diffuse ITBs, where the region marked by the red dotted box is
magnified in (bs). (c;-c2) XTEM images of Al-9.3Ni film with the inserted SAD pattern indicating
highly {111} twinned pattern. (cs3-c4) Diffuse ITB and distortions in nanocolumns and
intermingled 9R phase in columnar nanograins.
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In-situ micropillar compression

In-situ micropillar compression tests were performed on selected Al-Ni alloys. Fig.3a-c
reveal the morphology evolutions of pure Al, Al-4.5Ni and AI-9.3 Ni pillars tested to different
strain levels. Multiple shear bands were observed in Al during deformation as shown in Fig. 3a,-
a4 (see supplementary video 1 for details). In contrast, during the compression tests of Al-4.5Ni
(Fig. 3by-by) and Al-9.3Ni (Fig. 3¢,-c4) micropillars, there is no sign of shear bands. A prominent
feature of the Al-Ni alloy pillars is the significant deformation (dilation) near the top of the pillar.
Prominent deformation zones initiated from the top of the pillars transmitted gradually downward
to the lower portion of the pillars, leading to the reverse trapezoid shapes (Fig. 3bs and Fig. 3cy).
To calculate true stress-strain curves of the micropillars, real-time diameter changes near the top
and bottom of the deformation zones were plotted as a function of displacement (supplementary
Fig.S5). Also, several partial loading and unloading compression tests were carried out on the Al-
4.5 Ni and Al-9.3 Ni pillars as shown in Fig.3d to estimate the elastic modulus of the pillars.
Multiple tests were performed to check reproducibility of the tests. Load drift and substrate effect
were also considered for the calculation of true stress and true strain 3. As shown in Fig. 3d, the
Al-4.5 Ni and Al-9.3Ni pillars have flow stress (measured at 8% strain) of 1.0 £ 0.1 GPa and 1.75
+ 0.1GPa, respectively, much greater than that of pure Al, ~ 0.26 GPa. Also, Al-4.5Ni and Al-
9.3Ni have much higher work hardening rate than pure Al (Fig. 3e). The prominent difference of
flow stress between the Al-4.5Ni and AI-9.3Ni will be addressed in the discussion and

supplementary sections.
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Fig. 3. In-situ micropillar compression studies of several Al-Ni alloy specimens. (a; - a4) The
morphology changes of pure-Al pillar during the compression test. (b; - bs) Compression test of
the Al-4.5Ni pillar shows the localized deformation near the top portion of the pillar. (c; - c4)
Substantial deformation near the top of the Al-9.3Ni pillar without evidence of shear band
formation. (d) The comparison of true stress-strain curves shows significantly higher flow stress
in Al-4.5Niand Al-9.3Ni than monolithic Al. (¢) Comparisons of the work hardening rate (do/de)
of Al-9.3Ni, Al-4.5 Ni and pure Al.
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Postmortem XTEM analysis

Fig. 4 shows the postmortem XTEM analysis of a deformed Al-9.3Ni pillar. The overview
of the deformed pillar in Fig. 4a shows the clear dilation of the pillar top. Dark-field TEM image
(Fig. 4.b) and the inserted SAD patterns taken at a depth of ~ 200, 400 and 600 nm underneath the
pillar top surface confirm the grain rotation and detwinning near the top, and the retention of twins
and 9R phase in lower portion of the largely unchanged pillar. Numerous locations of the deformed
pillar were examined by using HRTEM micrographs. HRTEM images in Fig.4c-d taken near the
top portions of the deformed pillar show prominent detwinning and grain coarsening. Although
columnar grain boundaries were largely removed, distorted 9R patches are still visible (Fig. 4c),
and residual dislocations, such as Frank partials are frequently observed (Fig. 4d). At a depth of ~
200 nm underneath the region c-d. HRTEM micrographs (Fig. 4e-g) show prominent grain rotation,
and the retention of columnar nanograins. The inserted FFTs in Fig. 4e and f show that 9R phase
and nanotwins remain. The magnitude of grain rotations relative to the growth direction (white

arrow) is labeled in the HRTEM micrographs.

The HRTEM micrograph taken at location h (Fig. 4h) shows the preservation of high-
density nanocolumns and 9R phase in a region that was not prominently deformed. EDS maps of
the deformed regions, ~ 300 and 500 nm from the pillar top surface (Fig.S7), show insignificant
Ni segregation. The retention of few scattered ITB patches and nanotwins near the pillar top is also
shown in the HRTEM micrograph in Fig.S8. The panoramic view of the microstructure of Al-Ni

micropillar is depicted schematically in Fig.S9.

11
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Fig.4. XTEM micrographs of a deformed Al-9.3Ni micropillar. (a) Low-magnification XTEM
micrograph showing the overview of the deformed pillar. (b) Dark-field XTEM image of deformed
pillar and inserted SAD patterns that taken from the pillar top (b1), medium (b2) and bottom (b3).
(c) HRTEM image and FFT of the upper top portion of pillar (box b in Fig. 4a) indicate deformed
9R retentions (d) HRTEM micrograph shows the single-crystal-like area with Frank partial
dislocations and stacking faults in the deformed central top portion of the pillar. (¢) The magnified
TEM image showing the boundary between the deformed vs. less deformed pillar. (f) HRTEM
image taken from box f in Fig.4a demonstrates the initiation of grain rotation. (g) Inclined tiny
columns in the right central portion of the deformed pillar. (h) HRTEM micrograph taken from the
bottom portion of the pillar shows the retention of tiny twinned columns filled with diffused ITBs.

The formation of nanotwins and 9R in as-deposited Al-Ni solid solution alloys

Broad 9R phase and ITBs are rare in pure Al because of its high SFE. Xue et al have shown
that high strain rate deformation can introduce 9R phase in sputtered ultra-fine grained Al film
because ~ 9% of the grains in the as-deposited Al films contains incoherent twin boundaries
(growth twins); and ITBs evolve rapidly into 9R during deformation 3. Bufford et al show that
the broad 9R phase can form in sputtered Al with the assistance of twinned Ag seed layer 7. The

local shear stress may also facilitate the formation of growth twins in Al 37.

12
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In addition to these methods, solute may also facilitate the formation of 9R or growth twins
in Al. It has been shown in Al-Fe that Fe solutes increase the energy barrier for migration of trailing
partials, because the energy gap between stable and unstable SFE has been increased by Fe solute®.
MD simulations have also shown that the 9R phase formed in Al-Fe is stable at room temperature,
whereas 9R phase induced in Al by shear is unstable®3. Ni solute plays a critical role in increasing
the twinnability of Al. Using first-principle density function theory calculations, we studied the
effect of Ni solute on the migration energy associated with surface atom clusters and stacking fault
energies. The details are summarized in detail in supplementary information. The energy barrier
associated with the migration of a surface heptamer from normal fcc to stacking fault position (Fig.
Sa, ¢) increase from 0.064 eV (pure Al) to 0.089 eV (Al-Ni), and the energy barrier increases even
more for a surface trimer. DFT calculations in Fig. 5b and d show that the addition of Ni solute
(~3%) decreases the SFE of Al from ~120 to 112 mJ/m?. Both factors promote the formation of

TBs and 9R phase in Al.

13
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Fig.5 DFT calculation models and results. (a) Atomic configurations of surface trimer and
heptamer used for first-principle density function theory (DFT) calculations. (b) Slab models and
atomics configurations using to calculate SFEs. (c¢) The change in excess energy per surface atom
with reaction coordinate. (d) The change in excess energy per unit area with reaction coordinate.
The reaction coordinate 0 is corresponding to normal fcc structure and 6 represents the stacking
fault structure.

Our previous studies show island coalescence during grain growth promotes the formation
of TBs in Al films3%3°, XTEM studies show the grain size of Al-Ni is in the range of 7-130 nm.
TBs may form through coalescence of adjacent nanocolumns during the early stage of film growth
38,39 Based on DFT calculations in Supplementary S3, Ni solutes prefer to become substitutional
atoms in Al because of the lower formation energy, -0.94eV. Consequently, the Ni solutes may
retard the diffusion of Al atoms, and thus increase nucleation rate of twins, resulting in a high TB
density. As shown in Fig. 4, coalescences among {111} textured columns give rise to high-density

14
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ITBs in as-deposited Al-9.3Ni films, while the CTBs and high-angle GBs form in the
polycrystalline Al-4.5 Ni films. This observation suggests that the strong {111} texture also

promote the formation of high-density TBs.

Detwinning occurs through collective glide of trailing partial dislocations ®*. However, Ni
solutes may preserve TBs via retarding the detwinning process. The stress field surrounding Ni

solutes (due to atomic size difference) may pin the glide of partial dislocations.

Mechanical properties

The sputtered Al-9.3Ni binary solid solution alloy has a high hardness of ~ 6.4 GPa and
flow stress of ~1.7 GPa, comparable to high-strength nanocrystalline Ni films®>%. The high
strength may originate from solid solution strengthening ¢’, grain size effect ®® and the introduction
of high-density TBs and 9R phase 23740, The strengthening from these factors will be discussed

in detail in the subsequent sections.

The solid solution effect can be estimated by using the Fleischer formula®

Ar=0.0235-G e

solvent gs

where, Az is the shear stress, Gynen is the shear modulus of Al (26.9 GPa’?), ¢ is the concentration
of solute atoms. &, is a factor that incorporates the distortion induced by changes in lattice
parameter and shear modulus. n is a coefficient in the range of 0.5 - 1, and n = 0.5 for most coarse
grained and ultrafine grained materials . Modification should be made when applying the formula
to nanocrystalline materials %%, By using n = 0.75, the contribution of solid solution to hardening
is estimated to be 1.4 GPa for 9.3% Ni. Clearly, the solid solution effect alone is insufficient to

explain the remarkable hardening in the Al-Ni solid solution alloys.

15
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Grain refinement is known to induce significant strengthening. However, as shown in
Fig.1d, softening occurs with decreasing grain size. Previous studies 7'-72 have also shown
softening when grain size of nanocrystalline material is below a critical value. The breakdown of
Hall-Petch effect 7> in nanocrystalline regime can be ascribed to several factors, such as the
transition from dislocation dominated to grain boundary-mediated deformation mechanism. Both
MD simulations and in-situ observations have revealed the stress-driven GB migration”3, GB

rotation 74, as well as partial dislocation emission in nanocrystalline A17>7,

Next, we consider the influence of high-density ITBs and 9R phase on mechanical
properties. To date, most prior studies focused on nt metals with a majority of CTB 920.22:49.77.78
Both MD and experimental studies have shown that CTBs can effectively block the dislocation
transmission 292377980 and introduce significant work hardening in metallic materials 26:27-2%81,
Furthermore, defective CTBs can accommodate plasticity by providing nucleation sites for full or

Shockley partial dislocations 4.

However, few prior studies have focused on ITB-dominated strengthening in nt metals.
Recently, both MD simulation and in-sifu nanoindentation 304032 studies have demonstrated the
capability of ITBs to strengthening Al. In-situ nanoindentation studies on nt Al 3° showed
dislocations pile up against ITBs, leading to substantial work hardening and distorted ITB. MD
simulations also confirm that ITBs in Al effectively block the transmission of dislocations in Al.
At higher applied stress, ~ 0.5GPa, ITB migration occurs via disconnection glide to accommodate

plasticity3°.

The as-deposited nt Al-Ni alloys contain high-density ITBs and 9R phase. A recent MD
simulation study 4° shows that in nt Al-Fe, the broad 9R phase can effectively resist the

transmission of dislocation and lead to prominent strengthening. It is likely that the broad 9R phase

16
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in nt Al-Ni alloys may also contribute to significant enhancement in strength 4°. Meanwhile,
uniformly distributed Ni solutes may decrease TB mobility and stabilize the 9R phase due to the
solute drag effect. A number of studies have been performed on solute drag effect on GBs 83-%.
By using MD simulation, Borovikov et al 3 proved that the migration of ITBs in Cu was
significantly impeded by Ag solutes. W.A et al®’ also reported the pinning effect of Mg atoms on
the grain boundaries in Al-Mg thin films. Recently, Li et a/ demonstrated the Fe solute drag effect

on stabilization of TBs in Ag-Fe solid solution alloy®3.

In addition to strengthening, 9R phase and ITB migrations play an important role on the
plasticity of the high-strength Al-Ni alloys. As confirmed by the postmortem TEM analysis, in the
top portion of the deformed pillars, substantial grain coarsening and grain rotation occurred due to
detwinning and ITB migration. Such events should lead to softening of the deformed pillar top,

and consequently the top portion of the pillars accommodates significant plasticity.

Interestingly, in the regions underneath the deformed pillar top, high density nt columns
and 9R phase retain. The high-strength measured from the micropillar compression tests is a
combination of strain softening in the pillar top and strain hardening in the undeformed regions.
The deformation induced dilations of pillars gradually propagate downwards and eventually the
entire pillar may sustain large plastic deformation under high stresses. This type of gradual shift

of strain softening into the hard, rigid portion of the same materials has important implications.

First, strain hardening due to forest dislocations is often exhausted in most metallic
materials at moderate strain levels. Consequently, plastic instability occurs. Meanwhile strain
softening has been frequently observed in ultra-fine grained materials where work hardening
capability is exhausted during deformation, and plastic deformation is highly localized in shear
bands 8%, 9R phase and TBs can provide an important mechanism for the materials to
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continuously deform at higher stresses. Second, the 9R phase in nt Al-Ni alloys are important
barriers to the transmission of dislocations, and hence prominent strengthening is observed.
However, at higher stress, ITBs can migrate and consequently lead to detwinning or strain
softening® . The lower portion of the pillar remains largely undeformed as there is little resolved
shear stress to activate the migration of partials due to the strong {111} texture of the film. Inclined
CTBs and high angle GBs in polycrystalline AI-Ni films (Al-4.5Ni) could provide slip planes with
higher Schmid factor, leading to a lower yield strength and flow stress. Similarly, grain coarsening
and grain rotation lead to the generation of dislocations on the inclined slip systems. Consequently,
the resolved shear stress is able to drive detwinning in the lower portion of the pillars. The
combination of strain hardening and strain softening in nt AI-Ni could be an important way to

maintain high strength and plasticity simultaneously.

Conclusions

In summary, nt Al-Ni alloys with high-density ITBs and 9R phase were fabricated by using
magnetron sputtering. The addition of Ni solute is proven to be effective in increasing twinnability,
decreasing grain size, and stabilizing TBs and 9R in Al alloys. The texture of Al thin films can
also be tailored by changing Ni composition. /n-situ micropillar compression tests reveal that nt
Al-9.3Ni solid solution alloys achieve high flow stress, ~1.7 GPa, and significant plasticity. The
9R phase and ITBs enable work hardening, and high stresses, the detwinning ability of 9R phase
at high stresses leads to work softening, and thus nanotwins and 9R phase ensure significant

plasticity in the high-strength Al-Ni alloys.
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