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Nanocrystalline Ni thin film exhibits poor thermo-mechanical properties due to its unstable micro-
structure at elevated temperature. Here, the paper endows a new approach to solve above issue via
addition of nano-multilayers and incorporation of W for nanocrystalline Ni-based films, to provide novel
Ni/Ni3Al-W nano-composite multilayered structure with high hardness and good thermal stability. The
thermal evolution of microstructure and mechanical properties was investigated to reveal nano-
crystalline stability and strengthening mechanisms for co-sputtered Ni/Ni3Al-W multilayers with varied
W concentrations and annealing temperature. The lamellar structure and nonequilibrium phases are well
maintained in 600 �C annealed multilayers, while nano-grains are further refined with increasing W
addition. Annealing at 800 �C results in the appearance of elemental redistribution and phase separation
in multilayers, leading to the layered structure dissolved and globular W-related particles precipitated.
Annealing hardening is founded in most of annealed Ni/Ni3Al-W multilayers. Based upon microstructure
observation, grain boundary relaxation and W-related phase precipitation are mainly responsible for the
hardness enhancement of multilayers at 600 �C and 800 �C, respectively. Notably, the best hardness is
achieved at the value of 15.6 GPa for 800 �C annealed 12.5 at% W doped Ni/Ni3Al-W multilayer, which
shows the residual layer interfaces with larger precipitations in microstructure. This hardness increment
for annealed Ni-based multilayers can be attributed that the high degree of strengthening is provided by
a combination of hardening precipitation and survived lamellar structure via the Orowan mechanisms,
offering a feasible insight to develop nano-metallic coatings for further increasing thermo-mechanical
properties.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Microelectromechanical systems (MEMS) can be used in harsh
environments at high temperature. Advanced metallic systems are
especially attractive toMEMS-scale sensing and power applications
due to the electrical and thermal conductivity, strength, ductility
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and toughness [1e3]. Although nickel films have been widely
studied in load-bearing MEMS application, they suffer from
microstructure instability and property degradation due to rapid
growth of nanocrystalline grains at a high temperature thus
hampering their use in power generation devices, thermal actua-
tors, and so on [4e6]. By adding alloying elements and new phases,
it is possible to enhance the thermal stability and thermo-
mechanical properties of Ni-based films [7e10]. In particular,
alloying with W can enhance the hardness and thermal stability of
nano-grains [11,12]. For example, A.J. Detor et al. [13,14] investi-
gated the solute distribution in nanocrystalline Ni-W and found
that the high solubility of W in Ni facilitated by solid solution
strengthening. Moreover, the volume fraction of some W-related
precipitation phases in Ni films can be increased at larger W
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Table 1
Important magnetron sputtering parameters and the elements composition of
multilayers.

Samples W target
power (W)

Elements compositions (at %)

Ni-W layers Ni3Al-W layers

Ni/Ni3Al 0 Ni 100 Ni 75.7; Al 24.3
Ni/Ni3Al-W (4.5 at%) 145 Ni 95.5; W 4.5 Ni 71.2; Al 24.3; W4.5
Ni/Ni3Al-W (12.5 at%) 431 Ni 87.5; W 12.5 Ni 63.9; Al 23.6; W 12.5
Ni/Ni3Al-W (20.6 at%) 742 Ni 79.4; W 20.6 Ni 56.5; Al 22.9; W 20.6
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concentrations producing excellent hardness by means of anneal
strengthening. C. Borgia [15] achieved very high hardness (i.e.
16 GPa) by introducing 75 at% W to Ni thin films to form harder
phases such as a-W and Ni4W by annealing at 800 �C. However,
some of intrinsic physical properties are compromised if the
amount of W is excessive [16]. In this respect, the combined
adoption of a multilayered structure may produce better excellent
thermo-mechanical properties without the presence of a large
concentration of W.

Nanoscale multilayers have produce the desirable strength and
ductility on metals. Specifically, the strength and ductility of
metallic multilayers are attributed to the modulation periods and
choice of the constituent layers [17,18]. Generally, the hardness of
multilayered thin films with equal individual layer thickness (h)
improves with decreasing h. The dominant strengthening mecha-
nism of thesemultilayers has been systematically studied. The Hall-
Petch (H-P) relation, confined layer slip (CLS) model, and interface
crossing model have been suggested to explain the strength of
multilayered thin films with h ranging from micrometer to a few
nanometers [19,20]. Nanoscale Ni/Ni3Al multilayers have a high
density of layer interfaces which act as barriers to grain growth. The
dislocation movement is also confined at length scales from a few
tens of nanometers down to a few nanometers leading to strength
enhancement [21e24]. The thermal stability and strength of Ni/
Ni3Al have been studied at elevated temperature. In our previous
study, Ni/Ni3Al multilayer with h ¼ 40 nm had high hardness
(5.27 GPa) and thermal stability at 700 �C [25]. Hence, in order to
obtain the optimal thermo-mechanical properties for the multi-
layered geometry, 40 nm is adopted as h for the W-doped nano-
multilayers in this study. Addition of different W concentrations
of h ¼ 40 nm to the Ni/Ni3Al multilayers accounts for enhancement
of mechanical properties of the Ni-based films due to the refined
grain size and precipitation of W-related phases in the nanoscale
multilayers.

The objective of the present study is to understand the effects of
W concentrations on the evolution of the microstructural and
Table 2
Information about the average grain size d calculated by Scherrer’s equation
XRD patterns.

Conditions W concentrations
(at%)

As-deposited 0
4.5
12.5
20.6

600 �C annealed 0
4.5
12.5
20.6

800 �C annealed 0
4.5
12.5
20.6
mechanical properties of W-doped Ni/Ni3Al multilayer systems at
elevated temperature. Thermal treatment is performed to simulate
thermal cycles and modulate the microstructural evolution be-
tween the as-deposited and post-annealed states. The micro-
structure and properties of the multilayers are investigated by
cross-sectional transmission electron microscopy (XTEM), X-ray
diffraction (XRD), and nanoindentation. The mechanism of anneal
hardening is investigated to provide the strategy to design nano-
metallic coatings with excellent high-temperature strength.
2. Experimental details

W doped Ni/Ni3Al multilayered films (hereafter referred as Ni/
Ni3Al-W multilayers) were deposited on a Si (100) wafer with a
300 nm thick SiO2 diffusion barrier layer by direct-current (DC)
magnetron sputtering. The substrate was ultrasonically cleaned
and dried. Before deposition, the vacuum chamber was evacuated
to a base pressure of 5 � 10�6 Torr and sputter etching was carried
out in an Ar environment at a bias voltage of �300 V for 30 min to
remove surface contaminants from the substrate. Deposition of the
Ni/Ni3Al-W multilayers was conducted at a pressure of
2� 10�3 Torr (75 sccm Ar flow rate) using a pure Ni (99.99%) target,
Al (99.99%) target, and W (99.99%) target. The modulated Ni3Al-W
layers were deposited through co-sputtered Ni, Al and W targets.
The power of Ni and Al targets was set at 1020 W and 430 W,
respectively. The corresponding Ni-W layers were derived of Ni and
W co-sputtering with Ni target power at 1020 W. Simultaneously,
W target power varies from 120 W to 750 W as tuning of W con-
centrations. Thus, the modulated layered structure was prepared
via alternation of sputtering/closing Al target. According deposition
rates for different W target powers, the time of sputtering Al target
was adjusted to maintain h ¼ 40 nm. During deposition, the first
layer on the substrate was Ni-W and the top layer was Ni3Al-W on
surface, and the total film thickness is about 1.3 mm. The important
processing parameters and chemical composition of the films are
listed in Table 1. After sputtering, the films were annealed in an
encapsulated vacuum quartz tube at < 1 � 10�5 Torr for 2 h at
600 �C and 800 �C, respectively. In order to avoid delamination
from thermal stresses, a heating/cooling rate of 5 �C/min was
adopted above 300 �C while below this temperature; the samples
were allowed to cool naturally to ambient temperature.

The microstructure of the Ni/Ni3Al multilayer films was inves-
tigated by X-ray diffraction (XRD) and transmission electron mi-
croscopy (TEM). XRD was performed on the Rigaku D/max 2500
diffractometer with Cu Ka radiation (l ¼ 0.15406) at room tem-
perature with an angle range of 2q ¼ 30e80�. The simple estima-
tion of grain sizes, or crystallite sizes, was chosen by applying
, and phase compositions of Ni/Ni3Al-Wmultilayers deduced from the

d
(nm)

Identified phases

15.1 g-Ni(Al)
8.7 g-Ni(Al,W)
6.1 g-Ni(Al,W)
4.3 g- Ni(Al,W) þ b-W
21.4 g-Ni(Al)
13.9 g-Ni(Al,W)
8.9 g- Ni(Al,W) þ b-Wþa-W
7.4 g- Ni(Al,W) þ b-Wþa-W þ Ni4W þ NiW
75.3 g-Ni(Al)
39.5 g-Ni(Al,W)
26.7 g-Ni(Al,W)þa-W þ Ni4W þ NiW
20.3 g-Ni(Al,W)þa-W þ Ni4W þ NiW



Fig. 1. The XTEM and XRD characterization of as-deposited multilayers: (a) Bright-field XTEM micrograph of representative Ni/Ni3Al-W (12.5 at%) multilayers and corresponding
selected-area electron diffraction (SAED) patterns shown in the inset; (b) XRD profiles of the as-deposited Ni/Ni3Al-W multilayers at W concentration ranging from 0 to 20.6 at%.
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Scherrer’s equation [26,27] dXRD ¼ Kl=b cos q directly to the re-
sidual broadening bhkl with l ¼ 1.5406 nm and shape factor K¼ 0.9.
Instrumental peak broadening was accounted for by deducting 0.1�

from the observed FWHM (full width half maximum) according to

bhkl ¼ ½ðbhklÞ2obs: � ðbhklÞ2instri:�1=2 with (bhkl)obs. ¼ observed FWHM,
(bhkl)instr. ¼ instrumental peak broadening [28,29]. The crystallite
size was obtained from the highest intensity reflection at 30e80�

for the respective phase and the calculated values are listed in
Table 2. The peak broadening effects originating from other sources
were neglected in this process [30]. Moreover, grain boundaries
were contoured manually in the dark field TEM (DF-TEM) micro-
graphs with diffraction contrast. The grain size histograms were
provided by using ImageJ software as assuming spherical grains. In
total, around 200 grains were measured in each of 800 �C annealed
multilayers.

The cross-sectional TEM (XTEM) samples were prepared by
mechanical grinding and polishing followed by thinning to an
electron transparent thickness by low-energy (3.5 keV) Ar ion
milling and subsequent ion polishing (Gatan PIPS, model 691). The
modulation and interface of the cross-sectional multilayers were
observed by TEM (FEI Tecnai G2 F20 S-TWIN) at 200 kV. Scanning
transmission electron microscopy (STEM) and energy dispersive X-
ray spectroscopy (EDS) line-scan analyses were carried out to
identify the elemental composition using a Fischione ultra-high
resolution a high angle annular dark field (HADDF) detector with
0.23 nm special resolution in the STEM imaging mode and Oxford
instruments EDS detector with a spatial resolution of ~1 nm for
chemical analysis.

In order to reflect the mechanical properties varying the mi-
crostructures of Ni/Ni3Al-W multilayers, the hardness were deter-
mined on the TI950 Tribo Indenter (Hysitron, Minneapolis, MN)
equipped with a Berkovich indenter standard Berkovich tip at room
temperature. To eliminate the effects of the hard substrate, the peak
load was 1.5 mN by employing the load-controlled mode and the
penetration depth was no more than 10% of the total coating
thickness. 20 indents were performed on every sample, and the
space between each indent was 100 mm to minimize the deviation
of results. 95% certainty via the student t-test was calculated for the
displayed error bars. Each test was set at a loading rate of 0.1 mN/s
and the unloading rate of 0.05 mN/s. The holding time of 20 s at the
maximum load was selected to saturate the creep effects before
unloading. To improve the reliability and accuracy of the mea-
surements, drift correction of the load-displacement curves was
performed based on the mean value of the pre- and post-
indentation drift calibration data collected during a holding time
of 60s. The hardness of the multilayered films for each load was
derived from the load depth indentation curves using the Oliver
and Pharr method [31] assuming a Poisson ratio of 0.3 for both the
as-deposited and annealed films.
3. Results

The microstructure of the multilayers prior to the heat treat-
ment was characterized by XRD and TEM. The bright-field XTEM
micrograph of as-deposited Ni/Ni3Al-W (12.5 at%) multilayer are
shown in Fig. 1a and the corresponding selective-area electron
diffraction (SAED) patterns are depicted in the inset in Fig. 1a. The
Ni-W and Ni3Al-W layers are alternating with an equal thickness of
40 nm. After careful observation, the sublayers at size of �5 nm are
founded within each layers. This can be attributed to the variations
of target-substrate distances at 10 rpm rotation during deposition.
A rotation speed of 200 rpm or higher is needed to eliminate
sublayer and then obtain the uniform layers [32]. SAED indicates
that the Ni-W and Ni3Al-W layers are Ni-based fcc supersaturated
solid solution (g phase) such as Ni(W) and Ni(Al,W) phases with the
(111) texture. The dual amorphous-nanocrystalline phases are
observed by the broad halo of the amorphous phase and discrete
rings of the g phase. The first halo consists of two diffuse and
overlapping rings of some amorphous phase [33]. The sputtering
process could produce non-equilibrium structures and promote the
formation of the supersaturated g phase and amorphous phase
[34]. Fig. 1b presents the XRD patterns of as-deposited Ni/Ni3Al-W
multilayers with W concentration between 0 and 20.6 at%. The
dominant reflections from g(111), (200), and (220) are observed
from as-deposited Ni/Ni3Al and Ni/Ni3Al-W (4.5 at%) multilayers.
As the W concentration goes up, the g(111) peak becomes broader
gradually indicative of a reduced grain size. At W concentration
�12.5 at%, attenuated and broad peaks of the amorphous phases
can be detected at 2q between 36� and 46�, indicating rather low
level of crystallization in the as-deposited multilayers.

Fig. 2 shows the strong effect of W concentrations on the phase
transformation in the annealed Ni/Ni3Al-W multilayers. Both
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600 �C annealed Ni/Ni3Al and Ni/Ni3Al-W (4.5 at%) multilayers
show the g phases with fully crystallized structures. However, for
600 �C annealed Ni/Ni3Al-W (12.5 at%) and Ni/Ni3Al-W (20.6 at%)
multilayers, the diffraction peaks of theW-related phases such as b-
W, a-W, Ni4W, and NiW emerge as the beginning of phase sepa-
ration in the supersaturated g phase. Meanwhile, the g(111) peaks
shift to smaller Bragg diffraction angles and broader width at 2q
ranging from 43� to 46�. The g phase with increasing lattice pa-
rameters and smaller grain size is observed with W addition as
shown in Fig. 2b. The (211) peak of the Ni4W intermetallic phase
overlaps the g (111) peak in 600 �C annealed Ni/Ni3Al-W (20.6 at%)
multilayer.

After annealing at 800 �C and as shown in Fig. 2c and d, all the
films are completely crystallized and peak narrowing is observed.
Similar to 600 �C annealed multilayers, only the g phase is present
and there is a highly textured (111) plane without precipitation at
W concentration � 4.5 at%. At the increasing W concentrations, the
grain orientations are more random with respect to both the Ni-
rich g and W-related precipitated phases. The b-W peaks are not
detected due to its low thermal stability at 800 �C. It has been re-
ported that significant amount of a-W phases are produced by
phase transformation of the b-W phase after the heat treatment
[15]. Thus, W addition promotes phase separation in the
Fig. 2. XRD spectra of Ni/Ni3Al-W multilayers with different W concentrations: (a) Annea
profiles ranging from 39� to 49� for 600 �C and 800 �C annealed multilayers, respectively.
nanocrystalline Ni/Ni3Al-W multilayers at elevated temperature as
revealed by XRD.

More information about the role of W in the thermally driven
structural changes in the Ni/Ni3Al-W multilayers is obtained by
XTEM. Fig. 3a displays representative BF-TEM images of 600 �C
annealed Ni/Ni3Al-W (4.5 at%) multilayer. The multilayered
morphology is maintained as shown by the bright and dark regions
in contrast revealing Ni-W and Ni3Al-W layers with h ¼ 40 nm.
Close examination of the BF image reveals that the Ni-W layers
have fully crystallized as coarsened grains with size of over 20 nm
leading to dissolution of the sublayers in the Ni-W layers. The
corresponding SAED pattern (inset in Fig. 3a) confirms that g phase
is present as in-plane (111) texture with the bright region around
each diffraction ring. The [111] growth direction is vertical to the
layer interfaces as indicated by the arrow. For 600 �C annealed Ni/
Ni3Al-W (12.5 at%) multilayer, Fig. 3b does not show any changes in
the morphology indicating its excellent stability of the grains and
layer structures. The very fine particles in dark contrast are dissi-
pated, especially in the Ni-W layers, implying that the precipitated
phases are nucleated. In contract, both broad halo and discrete
rings are observed, verifying the coexistence of amorphous and
nanocrystalline structures as shown in inset in Fig. 3b. Hence,
alloying with W can reduce crystallization of the multilayers and
led at 600 �C, (c) annealed at 800 �C, (b) and (d) showing the detailed feature of the



Fig. 3. Cross-sectional TEM results of the representative 600 �C annealed Ni/Ni3Al-W multilayers: (a) Bright field image of 4.5 at% W-added multilayers and corresponding SAED
patterns as shown in inset; (b) Bright field image of the 12.5 at% W-added multilayers and corresponding of SAED patterns shown in inset.
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enhance the thermal stability of themetastable phases at 600 �C. As
demonstrated in Fig. 4a, the lamellar structures are dissolved and
the scattered particles are coarsened for 800 �C annealed Ni/Ni3Al-
W (4.5 at%) multilayer. However, a part of the layered structure
survives at 800 �C (shown in Fig. 4b) indicating that addition of
12.5 at% W can produce more stable multilayers at a high tem-
perature. Combined with the SAED patterns in the inset of
Fig. 4aec, it is confirmed that the grains are fully crystallized and
coarsened because the diffraction lines sharpen eventually forming
discrete spots with fewer grains. The diffraction rings of a-W and
Ni4W phases are identified from the discrete rings of both 800 �C
annealed Ni/Ni3Al-W (12.5 at%) and (20.6 at%) multilayers
providing evidence of phase separation.

The dark-field (DF) TEM images of 600 �C and 800 �C annealed
Ni/Ni3Al-W multilayers in Fig. 5 provide more evidence about the
evolution of the grain morphology. The bigger grains nearly 50 nm
in size demonstrate abnormal growth of 600 �C annealed Ni/Ni3Al-
W (4.5 at%) multilayer. By increasing the W concentrations, the
layer structures are integrated and grain growth is mostly sup-
pressed against the in-plane of both layers and sublayers at 600 �C.
After annealing at 800 �C, the very fine crystals grow into enlarging
equiaxed grains without constraint of the multilayered structures.
Similar to the BF image, although some grains grow across the layer
interfaces, the residual layer structures are still displayed with
respect to 800 �C annealed Ni/Ni3Al-W (12.5 at%) multilayer. The
actual grain size distributions extracted from the DF-TEM images
for 800 �C annealed Ni/Ni3Al-W multilayers are given in Fig. 6. A
significant change in the microstructure caused by W addition is
grain refinement. The 4.5 at% W multilayer have a wide grain size
range of 10e90 nm and an average grain diameter of 47 nm.
Addition of 12.5 at% W reduces the average grain size to 31 nm and
increasing the W concentration to 20.6 at% causes the average
crystalline size to shift only slightly to 25 nm, indicating that it is
more difficult to further reduce the grain size by continued W
addition for 800 �C annealed multilayers. In brief, the aforemen-
tioned microstructural findings clearly indicate that W alloying is
an effective way to maintain the nanocrystalline structure in the
films at elevated temperature. Then, the notable influence of the
microstructural features on hardness responses of Ni/Ni3Al-W
multilayers will be presented in the following sections.

The ambient temperature hardness of as-deposited, 600 �C and
800 �C annealed Ni/Ni3Al-W multilayers are shown in Fig. 7, as a
function of annealing temperature. For as-sputtered multilayers,
the hardness increases from 7.32 GPa to 9.05 GPa with W concen-
trations. In terms of Ni/Ni3Al multilayer, the hardness decreases
gradually with annealing temperature and reaches the smallest
value of 4.76 GPa at 800 �C. On the contrary, the annealed Ni/Ni3Al-
W multilayers show increment of hardness. With 4.5 at% W, the
hardness is improved by annealing at 600 �C to 11.0 GPa, whereas
800 �C annealing produces a drop in the hardness. In particular, the
peak hardness is achieved at 15.6 GPa for 800 �C annealed Ni/Ni3Al-
W (12.5 at%) multilayer. The hardness of the Ni/Ni3Al-W (20.6 at%)
multilayers shows a similar tendency of strengthening in compar-
ison of 12.5 at%Wdopedmultilayers except slightly lower hardness
at 800 �C.
4. Discussion

4.1. Thermal stability of multilayers with W addition

The as-deposited Ni/Ni3Al-W multilayers have non-equilibrium
phase compositions such as the supersaturated solid solution and
amorphous phase. According to Scherrer’s formula, the nano-
crystalline sizes of as-deposited multilayers are below 10 nm with
tendency to form amorphous phases. After annealing, the micro-
structure and phase of the W-doped multilayers vary with the
composition for different temperature. The Ni-rich g phase is pre-
sent in both 600 �C and 800 �C annealed Ni/Ni3Al-W (4.5 at%)
multilayers without W-related precipitated phase. At 600 �C,
crystallization is completed in the Ni-W layers but not the Ni3Al-W
layers. This leads to the formation of the distinct interface among
the layers. However, the layer interfaces are not sharp and show the
tendency of breaking down due to grain growth especially in the
Ni-W layers, so that some of larger grains transverse across the
interface. At 800 �C, the layered structure is dissolved due to
spheroidization of grains and the sample is homogenized into a
single g-Ni(Al,W) phase. The instability of the multilayers at lower
W concentration can be explained by Josell model based on mini-
mization of interfacial and grain boundary energies [35]. W
segregation at grain boundaries may occur to reduce the grain
boundary energies [36e38]. However, during heating, insufficient
W atoms are supplied to reduce the interfacial and grain boundary



Fig. 4. XTEM results of the 800 �C annealed films, bright field images and corresponding SAED patterns in inset; (a) Ni/Ni3Al-W (4.5 at%) multilayer (b) Ni/Ni3Al-W (12.5 at%)
multilayer and (c) Ni/Ni3Al-W (20.6 at%) multilayer.
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energies and layers with higher grain boundary energy begin to
break down [39]. Consequently, the grains are coarsened and then
compositions of each layers are homogenized without constraint of
the layered interfaces.

At a larger W concentration �12.5 at%, no significant change in
the grain size and lamellar morphology is observed from 600 �C
annealed multilayers. The mechanisms for the high thermal sta-
bility can be ascribed to solute drag, triple junction drag, and Zener
pinning. The solute drag and triple junction (TJ) drag are effective at
lower annealing temperature because of enhanced grain boundary
stability in the nanocrystalline materials. As shown in Fig. 8a, the
intercrystalline regions (i.e., grain boundaries and triple junctions)
can be identified as relatively disordered bands about 1e2 nmwide
as observed by high-resolution TEM (HRTEM) of 600 �C annealed
Ni3Al-W (12.5 at%) multilayer. These intercrystalline regions such
as TJs can impose drag forces for the grain boundary and have high
energy densities making them the ideal places for solutes to
segregate [40,41]. W segregationmay occur to enhance the thermal
stability by reducing the grain boundary energy but it is difficult to
detect very fine grains by HRTEM here. Similar to the Cu-Ta system
[42], the intercrystalline regions may also provide the pathway for
W diffusion into theW-related phase, leading to a slightly higherW
concentration than that in the grain interior during nanoscale W-
related phase formation and growth. W-related precipitation
observed by TEM also enhances stabilization by Zener pinning [43].
As shown in Fig. 8b, the HRTEM image shows that fine crystallized
domains with a size of less than 5 nm are formed at 600 �C. The
corresponding fast Fourier transform (FFT) of region A indicates the
W-rich bcc structure consistent with the lattice spacing of b-W
phase, implying that the phase separation of Ni-rich solid solution
commences. In addition, the a-W phase is found from region B with
a lattice space of 0.224 nm. Owing to the low thermal stability of
the b-W phase, it can be treated as the transition phase that tends
to transform into the a-W phases or Ni-W intermetallic phases.



Fig. 5. Dark field TEM images of the annealed Ni/Ni3Al-W multilayers: 600 �C annealed (a) Ni/Ni3Al-W (4.5 at%) multilayer, (b) Ni/Ni3Al-W (12.5 at%) multilayer, and (c) Ni/Ni3Al-W
(20.6 at%) multilayer; And 800 �C annealed: (d) Ni/Ni3Al-W (4.5 at%) multilayer, (e) Ni/Ni3Al-W (12.5 at%) multilayer, and (f) Ni/Ni3Al-W (20.6 at%) multilayer.
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Hence, grain growth is inhibited by the nanoscale particle pinning
mechanism, as the grain size does not increase at 600 �C. Without
obvious grain growth, the layer interfaces maintain the
morphology. Furthermore, elemental diffusion always occurs near
the layer interface and determines the thermal stability during
annealing. It is thus essential to discuss the elemental distribution
variations in the layers in a multilayered system.

For 600 �C annealed Ni/Ni3Al-W (12.5 at%) multilayer at does
not cause any significant mixing between constituent elements as
shown by the STEM-HAADF images in Fig. 9a. The line scan profile
clearly indicates that Al is mainly in the Ni3Al-W layers, while the
small amount of Al in the Ni-W layers decreases with distance from
Fig. 6. Grain size distributions extracted from DF-TEM images for 800 �C annealed (a) Ni/N
(20.6 at%) multilayer.
the layer surface. As a result, the Ni-W layers exhibit a slight
increment of h due to small Al diffusion in the adjacent Ni3Al-W
layers. Tiny fluctuations in Ni and W are observed due to the
elemental variation in the small ranges in the sublayers. These re-
sults corroborate the high thermal stability of both the sublayers
and layer interfaces. With increasing annealed temperature to
800 �C, redistribution of elements is detected in 800 �C annealed
Ni/Ni3Al-W (12.5 at%) multilayer as shown in Fig. 9b. Al shows the
strong tendency to homogenize and the lamellar structure is not
completely damaged by chemical intermixing. For some of larger
precipitates in the Ni-W layer, the interfacial layer is interrupted
and the particles grow into the adjacent Ni3Al-W layers. As shown
i3Al-W (4.5 at%) multilayer, (b) Ni/Ni3Al-W (12.5 at%) multilayer, and (c) Ni/Ni3Al-W



Fig. 7. Hardness measured by nanoindentation as a function of annealing temperature
of the Ni/Ni3Al-W multilayers with 0, 4.5 at%, 12.5 at% and 20.6 at% W.
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in Fig. 9c, the W atoms participate in the growth of the precipitates
in the Ni-W layers thereby reducing the W concentration in the
Ni3Al-W layers. Hence, W-related particles preferentially agglom-
erate in the Ni-W layers showing the tendency to pinch off the
adjacent Ni-W layers. To better discuss the stability of the lamellar
structure in relation to the size, distribution, and phases of W-
related particles for multilayer at W concentrations �12.5 at%,
HRTEM is conducted to reveal details about the precipitate. As
shown in Fig. 10a, the size of the particles is about 30 nm and the
adjacent layer interfaces are dissolved. Fast Fourier transform (FFT)
of the square box reveals that the phase is Ni4Wwith the tetragonal
structure in the I4/m (87) space group. Based on STEM-HADDF and
HRTEM, a fraction of the W atoms for particle growth are derived
from decomposition of the g phase especially in the Ni-W layers,
while other W atoms in the adjacent Ni3Al-W layers migrating
across the interrupted layer interface. These W atoms can be
Fig. 8. HRTEM images of the representative 600 �C annealed Ni/Ni3Al-W (12.5 at%) multila
fine crystallized domains, and corresponding FFT results are shown in insets.
combined with Ni atoms to form the dispersed Ni4W nano-
particles. The larger particles are generated from coalescence of
finer particles occupying different layers without layer interface
constraint. This lowers the density of precipitation along with
growth of larger Ni4W particles as shown in Fig. 4b. On the other
hand, the Al concentration decreases in the Ni3Al-W layers due to
diffusion, leading to the formation of less Ni(Al) solution. Hence,
sufficient Ni atoms can be obtained to produce Ni-W compounds
rather than the a-W phase. The Ni4W phase is generated prefer-
entially as a consequence of the larger ratio of Ni/W in the relative
W-rich regions such as grain boundaries [36e38] and Ni-W layers
during annealing. The grain boundary can be pinned by the
precipitated Ni4W particles hereby “curing” the momentary
microstructure and preventing further grain coarsening to pinch off
the layers. Hence, some of layer interfaces can be reserved due to
slow grain coarsening and low density of Ni4W precipitation in
800 �C annealed Ni/Ni3Al-W (12.5 at%) multilayer.

By increasing the W concentration to 20.6 at%, the layer struc-
tures are obscure with high density of precipitated particles. The
HRTEM image (Fig. 10b) shows that spherical W-rich precipitates
are present and the annealing twins are observed as {111} re-
flections twins. As the films are annealed, surface/interface energy
reduction is the dominant driving force for grain growth, leading to
the formation of annealing twins. A prevalent theory on the for-
mation of annealing twins is that they arise from growth accidents
during themigration of grain boundaries [44e46].WhenmoreW is
added to the Ni-rich solution, stacking errors in the lattice lead to
the formation of twin boundaries when energetically favorable
conditions arise. The frequency of these growth errors is thought to
be linked to the migration velocity of the boundary and therefore,
at larger migration rates, the density of twin boundaries should
increase. As the higher concentration W acts to reduce grain
boundary mobility, this can explain the suppression of annealing
twin formation thus limiting the microstructure to growth of
already favorable oriented grains instead of twin nucleation to
reduce the system energy. A similar mechanism of reduction in
twin density has been observed by Mahajan et al. [47]. Conse-
quently, the density of annealing twins is maintained at the low
yer: (a) the intercrystalline regions (i.e., grain boundaries and triple junctions). (b) The



Fig. 9. The representative cross-sectional STEM-HADDF micrographs and corresponding elemental line scans in the insets. (a) 600 �C annealed Ni/Ni3Al-W (12.5 at%) multilayer, (b)
the image at low magnification of 800 �C annealed Ni/Ni3Al-W (12.5 at%) multilayer showing the residual layer structure and precipitated particles, and (c) corresponding image at
high magnification used to focus on the enlarged particles in Ni-W layers.

Fig. 10. HRTEM images of 800 �C annealed films: (a) the enlarged precipitated particles in Ni/Ni3Al-W (12.5 at%) multilayer and corresponding FFT results are shown in insets. (b) The
regions presented spherical particles and the annealing twins of Ni/Ni3Al-W (20.6 at%) multilayer, and the image of spherical particles at high magnification as shown in (c).
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level due to the mechanisms discussed above. However, the sphe-
roidal precipitates are observed in common and the a-W phase is
identified by FFTof the square regionwithin the particles in Fig.10c.
Initially, the a-W phases are derived from the transformation of b-
W phases and tend to coarsen with coagulation of small particles.
With the decomposition of Ni-based solid solution, the excess W
atoms migrate into the a-W precipitates for coarsening to reduce
the surface/interface energies. The globular precipitates grow with
annealing and are distributed across the whole multilayer homo-
geneously. The layer interfaces are pinched off easily at high density
of a-W precipitates, even though the size of most particles is less
than h. Finally, without the layer interfaces constraint, the growth
of a-W phase shows the spherical shape to minimize the interface
energy.

4.2. Strengthening mechanism for anneal hardening

The rule-of-mixture (ROM) is often used to estimate the hard-
ness of nanocomposites [48,49]:

HROM ¼ VNi�WHNi�W þ VNi3Al�WHNi3Al�W (1)

where V is the volume fraction with VNi�W=VNi3Al�W ¼ 1 and HROM

is the hardness of the nanocomposites. By using the hardness of as-
deposited monolithic Ni-W (11e13 at%) film and Ni3Al-W (12.5 at%)
film of 7e9 GPa [50] and 8.5 GPa [51], respectively, the hardness
estimated by the ROM matches reasonably well the experimental
value (8.7 GPa) for as-deposited Ni/Ni3Al-W (12.5 at%) multilayer.
For multilayered systems, the maximum hardness often presents
higher than ROM estimations, suggesting the interface strength-
ening effect [52,53]. The shear modulus of two kinds of materials
with larger discrepancy leads to a significant Koehler stress, which
enhances the hardness of multilayers [54e56]. However, for as-
deposited Ni-W and Ni3Al-W constituents, no pronounced in-
crease in hardness is observed for the as-deposited Ni/Ni3Al-W
multilayers. The low crystallinity with amorphous constitution is
present in Ni-W and Ni3Al-W layers, leading hardly emit disloca-
tions from GBs with pinning pre-existing dislocations. The me-
chanical properties of Ni-W and Ni3Al-W layers are also similar to
each other due to their identical g phases with same lattice.
Moreover, there is no voids and delamination at the interfaces. The
as-deposited Ni/Ni3Al-W multilayers can be regarded as a kind of
composite as co-deformation of two layers. Thus their hardness can
be predicted by the ROM as proposed by the relevant references
[48,57]. On the other hands, the hardness is increasing with W
additions in comparison of as-deposited Ni/Ni3Al multilayer. The
grain refinement as Hall-Petch model accounts for this hardness
enhancementmore than solid solution strengthening ofWelement
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according to the strength mechanism of Ni-W alloys reported by
Schuh [58].

For annealed Ni/Ni3Al-W multilayers, the hardness increases
after annealing as consistent with that observed from the Ni-W
films [15,51,59] despite some grain growth. The qualitative
strengthening mechanisms are proposed by combining the effects
of W concentration and annealing temperature. At a lower
annealing temperature, the excess point defects and dislocations
trapped in the grain boundaries are annihilated as grain boundary
relaxation [60,61]. When the grain size is below 100 nm, the grain
boundaries occupy a significant volume fraction of the materials.
The corresponding grain boundary mediated processes evolve into
plastic deformation such as grain boundary sliding. These defor-
mation mechanisms tend to soften the materials. However, these
softening effects are significantly suppressed at 600 �C. During
annealing, the number of grain boundary atoms decreases and the
grain boundaries relax into amore equilibrated and ordered state to
provide a higher barrier for dislocation emission or grain boundary
sliding thus forcing the materials to deform by dislocation gliding.
Grain boundary relaxation can also occur without variation in the
grain size or texture thus increasing the hardness significantly
preceding obvious grain growth [62]. XRD and TEM show no
noticeable microstructure change such as layer interface and grain
size. Hence, a part of increment in hardness from the as-deposited
state to 600 �C in the Ni/Ni3Al-W samples can be attributed to grain
boundary relaxation. Moreover, strengthening can arise from the
incoherent layer interface as the barrier of dislocation movement.
As shown in Fig. 11, the discrepancy of crystallization between the
two layers is observed from 600 �C annealed Ni/Ni3Al-W (4.5 at%)
multilayer. The hardness after 600 �C annealing is higher than that
of the as-deposited samples indicating that the discrepancy of
crystallization has a reinforcement effect for the layer interfaces.
Fig. 11. HRTEM results of the regions around layer interfaces in 600 �C annealed Ni/Ni3Al-W
incoherent interface.
The full dislocation motions are inhibited by the incoherent layer
interface and then extra stress is needed to overcome the barrier
from alternating in-plane stress and shear modulus. Eventually the
hardness is increased. In addition, stacking faults are observed from
the Ni-W layers as shown in Fig. 11 and they enhance the strength
[63]. For 600 �C annealed Ni/Ni3Al-W multilayers with W concen-
tration �12.5 at%, hardening can be caused by initial precipitation
from the supersaturated g solid solution and amorphous-like phase
[15]. These tiny particles can be treated as obstacles to dislocation
movement responsible for the increased hardness via precipitation
hardening.

Softening is observed from 800 �C annealed Ni/Ni3Al-W (4.5 at
%) multilayer, although grain boundary relaxation may continue to
strengthen the hardness. As shown in Fig. 12, obvious grain growth
with fully intermixed and completely homogenized structure is
responsible for this significant reduction. Thus, the coarsened
grains and absence of Koehler stress provided by the layer interface
are the reasons for the softening effect. However, the strong anneal
hardening behavior is present in 800 �C annealed multilayers with
W concentration �12.5 at%. Based on the microstructure analysis
by TEM, many kinds of precipitations as W-related phases play a
crucial role in strengthening. The main precipitated phases such as
a-W, Ni4W have excellent hardness ranging 10 GPa from 20 GPa in
the annealed Ni-W systems [64,65]. Compared to the Ni-based g
phase in the multilayers, the W-related phases can be regarded as
the strengthening phases. The Orowan mechanism states that the
increment of strength comes from the work needed to make the
dislocations bypass the harder precipitates, although we have not
clearly observed Orowan loops around the W-related precipitates
[66]. The apparent lack of dislocation loopsmay be explained by the
high contrast in the BF-TEM observation in Fig. 4b and c thereby
making it difficult to observe such loops. The augment in yield
(4.5 at%) multilayer and schematic illustrations of the strengthening mechanisms of the



Fig. 12. Schematic illustrations of the strengthening mechanisms for anneal hardening of Ni/Ni3Al-W multilayers at 800 �C. The red spots represent precipitations and green lines
represents dislocations, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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strength, Ds, due to the Orowan mechanism in 800 �C annealed Ni/
Ni3Al-W (12.5 at%) and (20.6 at%) multilayers can be estimated by
the following expression [67]:

Ds ¼ 0:4Mð1� yÞ�1=2
�
Gb
pl

�
$ln

�
2r
b

�
(2)

where l is the inter-precipitate distance, G is the shear modulus, b
is the Burgers vector,M is the mean orientation factor, y is Poisson’s
ratio, and r is the mean precipitate radius. At 800 �C, for the Ni-
based film reported in Refs. [68,69], M z 3.0, y z 0.34,
Gz 54 GPa and b¼ 0.252 nm. The values of l1 ¼19 nm, r1 ¼42 nm
and l2 ¼ 12 nm, r2 ¼ 16 nm are derived from TEM observations of
800 �C annealed Ni/Ni3Al-W (12.5 at%) and (20.6 at%) multilayers,
respectively. The increment in strength Ds1 and Ds2 is calculated to
be 1.95 GPa and 2.55 GPa, respectively. The corresponding
enhancement of hardness can be estimated to be 3Ds using the
Tabor relation [70,71] and so approximately 6 GPa and 7.5 GPa are
attributed to precipitate strengthening by the Orowan mechanism
for 800 �C annealed Ni/Ni3Al-W (12.5 at%) and (20.6 at%) multi-
layers, respectively.

As shown in Fig. 7, the largest hardness is observed from 800 �C
annealed Ni/Ni3Al-W (12.5 at%) multilayer. This exceptionally high
hardness indicates that annealing hardening is not only determined
by precipitate strengthening, but also affected by the remained
layer interfaces. A confined layer slip (CLS) model has been pro-
posed [19,72] to describe the dislocation activity and quantify the
stress required to propagate a glide loop of Burgers vector confined
within one layer. When h ¼ 40 nm, dislocation pile-ups become
more difficult and the movement of single dislocations is confined
within the layers and the strengthening mechanism is described by
the CLS model based on Orowan bowing mechanism. The critical
resolved shear stresstCLS needed to initiate dislocation movement
can be calculated as [73]:

tCLS ¼ Gb
8ph

$

�
4� y

1� y

�
$ln

�
h
b

�
(3)

where h is the distance along the slip plane between adjacent in-
terfaces equal to 56.5 nm. Using G ¼ 54 GPa and b ¼ 0.252 nm,
y z 0.34, for 800 �C annealed multilayers, tCLS is calculated to be
0.285 GPa. According the Tabor relation H ¼ 8.1tCLS, the hardness is
2.3 GPa. Although the layer interfaces are weaker barriers against
dislocation transmission due to their degeneration at elevated
temperature, they extend the density of interfaces/boundaries as
barriers for dislocation slip. Thus, the calculated 8 GPa increment
from the annealing harden effect is implemented by combination of
precipitation and residual layer interface strengthening in 800 �C
annealed Ni/Ni3Al-W (12.5 at%) multilayer. In contrast, the contri-
bution of annealing twins to hardening is insignificant for 800 �C
annealed Ni/Ni3Al-W (20.6 at%) multilayer due to the small density
of twins.
5. Conclusion

The phase composition, microstructure, and mechanical prop-
erties of sputter-deposited and annealed Ni/Ni3Al-W multilayers
with h ¼ 40 nm are investigated. Both the as-deposited and 600 �C
annealed multilayers exhibit lamellar structure and nonequilib-
rium phases such as the amorphous and supersaturated solid so-
lution phases being present with high thermal stability. The finer
particles are precipitated as onset of phase separation in Ni/Ni3Al-
Wmultilayers at W concentration �12.5 at%. Therefore, W addition
enhances the thermal stability of the microstructure and facilitates
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phase separation. For the 800 �C annealed Ni/Ni3Al-W (4.5 at%)
multilayers, the layered structure is dissolved and the sample is
homogenized. With more W addition, nano-sized Ni4W and a-W
particles are observed as dominant precipitates as a result of phase
separation induced by elemental redistribution. In particular, the
layer interfaces survive due to low density of precipitation in the
800 �C annealed Ni/Ni3Al-W (12.5 at%) multilayers. Annealing
strengthening depends on the temperature and W concentration.
At 600 �C, grain boundary relaxation is deemed the dominant
strengthening mechanism. The incoherent interface and initial
precipitation as obstruction for dislocations movement are
responsible for annealing hardening in the Ni/Ni3Al-W (4.5 at%)
and Ni/Ni3Al-W (�12.5 at%) multilayers, respectively. At 800 �C, the
outstanding hardness of the Ni/Ni3Al-W (12.5 at%) multilayers can
be attributed to combination of precipitation and residual layer
interface strengthening via the Orowan mechanisms. The Ni/Ni3Al-
W (12.5 at%) multilayer have excellent thermal stability and me-
chanical performance and are suitable for high-temperature MEMS
applications.
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