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Fabricating metallic materials with grain sizes below 10 nm, particularly in the range between 2.4 and 7.2 nm,
poses a challenge. However, it is crucial to accurately identify Hall-Petch breakdown within this range. More-
over, there are differing opinions regarding the change in strength that occurs when nanocrystals transform into
amorphous materials. This study involved the electroplating preparation of amorphous or nanometer NiW
coatings spanning 1.9-15.8 nm by adjusting current density and temperature. The microstructure under tungsten
atoms solid solution was characterized and measured surface hardness. The results revealed that the tungsten
solid solution in FCC Ni alloy refines grain size and the strength follows the Hall-Patch relationship while the
hardness of nanocrystal NiW alloy with 12.3 at% W regional maximum at 7.79 GPa at the critical point of 5.9 nm,
significantly surpassing the 5.29 GPa hardness of pure nickel at 22.0 nm. After that, reverse Hall-Petch abnormal
phenomenon begin. The annealed alloy of Ni-15.0 at% W had the similar trend and critical point at 5.0 nm.
Following the transformation into an amorphous state, hardness further rises, reaching a pinnacle of 8.95 GPa of
Ni-20.9 at%W. The values of solid solution hardening under various content of tungsten atoms were calculated. It
suggests that the solid solution limitation of nanocrystal NiW which grain size bellowed 10.0 nm expanded. After
removing the hardening by atoms solid solution, the similar Hall-Petch breakdown phenomenon was observed
while the critical point was expansion offset to 8.6 nm which was approaching the critical point of nickel
electrodeposited coating.

1. Introduction

Nanomaterials have been a primary focus of research across various
fields due to their unique nanoscale effects. The strength of metal ma-
terials demonstrates a linear increase as grain size decreases [1,2].
Hall-Petch relation quantifies the direct growth correlation between
crystal strength and the reciprocal square root of grain size. Nonetheless,
this strengthening relationship breaks down at extremely small grain
sizes, typically around 5-30 nm, leading to a Hall-Petch failure mech-
anism [3-5]. In this context, there exists a strengthening limit, namely
the critical grain size associated with the inverse Hall-Petch relationship.
Simultaneously, the critical point is influenced by the overall grain size
of the material, shifting towards smaller grain sizes and consequently
extending the Hall-Petch relationship and obtaining the maximum
strength [6]. As the grain size of the nanocrystals diminishes, there is a

tendency for the crystals to transition towards an amorphous state. This
conversion not only holds scientific intrigue but also establishes the
physical boundary for strengthening nanostructured engineering mate-
rials [3]. Furthermore, numerous intriguing questions persist regarding
material behavior at the finest nanocrystalline and amorphous. Hence, it
is essential to fabricate corresponding materials and investigate the
critical point of the Hall-Petch relation specifically the pivotal transition
trend from multiple nanocrystals to amorphous state.

Nanocrystalline Ni fabricated via electrodeposition has been exten-
sively investigated [4,7,8]. Its grain size can be further reduced through
the solid solution of Mo, W, Nb, and other refractory metal due to
suppress grain boundary diffusion by decreasing grain boundary diffu-
sivity [9]. In general, the tungsten content in NiW alloy by electrode-
position affects the formation of crystalline and microstructure. Diverse
structures demonstrate variations in mechanical performance when
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applied. However, the investigation of the tungsten content range in
NiW through electrodeposition technology remains limited, with in-
consistencies in the exploration of its mechanical properties [9].
Furthermore, wide distribution grain size of NiW alloys, particularly
within the precise range from 2.4 nm to 7.2 nm range, have rarely been
fabricated. This hindered the accurate exploration of the specific value
of the characteristic point of the Hall-Petch breakdown relationship [6].
Therefore, it holds significant importance and value to adjust the pro-
cessing methods to obtain niobium-containing tungsten and conduct
relevant research.

Similar to Nc alloys materials, amorphous alloys have been not only
extensively studied in fundamental research, but also of interest in po-
tential applications. The advantages of the amorphous alloy such as high
hardness, high corrosion and excellent wear resistance make them as a
good candidate for many applications [10,11]. Electrodeposition of NiW
coatings has demonstrated the ability to produce amorphous materials,
including nanocrystalline/amorphous biphasic materials [12-15]. For
the NiW electrodeposition coatings, the crystalline structure is changed
to amorphous state when the tungsten content reaches the critical value
of 20 at% [16,17]. The relate high quality amorphous and nano-
crystalline NiW based alloys with premium and unique high tempera-
ture and mechanical properties. However, the underlying mechanism
involving the interactions and transformation between nanocrystalline
and amorphous phases is still under exploring.

In a brief, surface electrodeposited NiW coatings serve as excellent
materials for studying Hall-Petch breakdown even the transfer from
nanometer to amorphous phases. Under the condition of easily depos-
ited with particle sizes ranging from nanometer to amorphous phases,
exhibiting high quality, low stress, and non-porous deposits [18]. Based
on this foundation, theoretical support is conducted on the mechanical
properties, friction, oxidation, and corrosion of NiW electroplated
coatings. Chun et al. [6], explored the Hall-Petch relationship via high
tungsten content NiW (15.5-23.0 at%W) electrodeposited alloys and
predicted the critical Hall-Petch grain size around 5 nm. Giga et al. [19],
discussed the inverse Hall-Petch relationship via tensile testing from
NiW electrodeposited alloys with different tungsten content and grain
size which indicated that the critical grain size was around 8 nm. Wu
etal. [20], prepared NiW (39 wt%-50 wt%) alloys and suggested that the
high tungsten content delayed the Hall-Petch breakdown critical point
to 4.5 nm. Schuh et al. [3], found that the solid-solution strengthening
contribution to be 40 MPa (5 %), which is almost negligible compared to
the intrinsic hardness of nickel (800 MPa) under grain size strength-
ening. While, it was found that this may begin somewhere above W-rich
NiW (13 at%) [6]. Previous studies investigating the breakdown point of
the Hall-Petch relationship have predominantly employed NiW elec-
troplated alloys with high tungsten content to regulate grain size. This
approach, however, introduces additional variables that may limit the
generalizability of the results. Hence, it is scientifically meaningful to
adopt a broad-spectrum tungsten content NiW alloy with varieties grain
size and excluded the subtle influence of solid solution, i.e. nickel.

In this work, eight sets of nanocrystalline NiW alloys with varying
tungsten content (0.5-15.0 at%) and grain sizes (15.8-1.9 nm) alongside
pure nickel were fabricated by adjusting the current density and tem-
perature during the electroplating process. Additionally, two groups of
amorphous NiW alloy samples were prepared. The investigation focused
on studying the relationship between tungsten content, grain size,
microstructure, and strength. By employing fitting and calculations, we
determined the limit of the synergistic strengthening effect of grain
boundary and solid-solution. Furthermore, the critical point of the
anomalous phenomenon in the Hall-Petch relation were identified,
shedding light on the previously unaddressed phenomenon of hardness
exhibiting a continuous increase post the nanocrystalline to amorphous
transformation.
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2. Experiments
2.1. Materials and preparation

Sodium hydroxide (NaOH), Sodium carbonate (NapyCO3), Sodium
phosphate (NagPO4) and lauryl sodium sulfate (SDS) for substrate pre-
degreased, hydrochloric acid (HCI) for excitation and nickel sulfate
hexahydrate (NiSO4-6H50), sodium tungstate dihydrate
(NagWO04-:2H30), sodium citrate dihydrate (NagCeHs07-2H20), ammo-
nium chloride (NH4CL), sodium bromide (NaBr) as electrodeposition
medium were purchased from Sinopharm Chemical Reagent Co., Ltd. All
reagents were used without further purification.

30CrNi2MoV steel served as the substrate material for the electro-
deposition. The anode was pure nickel plate. To achieve a flat and
smooth surface, the surface of the 30CrNi2MoV steel to be plated un-
dergoes a sequential polishing process using 80#, 600#, 1500#, and
2000+# sandpaper. Following this, a diamond abrasive pastes with grain
sizes of 1.0 pm is applied and polished until a mirror-like finish is ob-
tained. Finally, the surface is thoroughly ultrasonic rinsed with deion-
ized water and ethyl alcohol for 10 min respectively. Pre-treatment
process as an electrodeposition substrate is as following: the stain
coupon was immersed in degreased fluid at 50 °C for 3 min. After rinsing
with deionized water, immerse the coupon in a 2 wt% HCI for 0.5 min
for activation.

The electrodeposition was carried out in a plating bath utilizing
specific aqueous bath chemistry. The composition of the electro-
deposited media, including its components and their respective con-
centrations, has been optimized and refined based on prior research
[21], as illustrated in Table 1. In this process, the 30CrNi2MoV is sub-
merged in 0.25L electroplating solution as the cathode, while the anode
plate is positioned opposite to the surface of the cathode, with a spacing
of 4 cm. The current for electrodeposition process was regulated by
adjustable double pulse power supply (SOYI-3010DM) supply purchased
from Shanghai Soyi Electronic Technology Co., LTD. Note that a new
electroplating solution replaced for each preparation of the NiW alloy
coatings.

2.2. Microstructural characterizations

Elemental compositions specifically tungsten content was appraised
on a field emission scanning electron microscope (SEM, Quanta 250F)
equipped with an energy dispersive spectrometer (EDS). At least three
plots are characterized to determine errors of tungsten atomic content.
X-ray diffractometer (XRD) by a Bruker D8 was carried out with Cu-Ka
radiation between 30° and 90° to analyze the phase structures of coat-
ings. Grain size and lattice parameter were calculated from Ni (111)
peak of full width at half maximum (FWHM) at around 20 = 44.1° of
NiW alloys XRD spectra, after correcting for instrumental broadening
under support of Scherrer formula [22]. Calculate three times for each
sample to determine the error. The microstructures were characterized
on Aberration correction transmission electron microscopy at
sub-Angstrom resolution (Titan G2 60-300) and samples for high reso-
lution transmission electron microscopy (HR-TEM) observation were
prepared by focused ion beam (FIB) system in order to statistical grain
size. The microstructure of samples was investigated qualitatively by
ex-situ cross-sectional FIB observation. In order to obtain a quantitative
measure of the grain growth in-situ XRD measurements were also

Table 1

Composition of medium and deposition parameters.
NiSO4-6H,0 0.060 M pH 89
Nay;WO4-2H,0 0.080 M Temperature (K) 333-363
Na3CgHs07-2H,0 0.400 M Time (h) 1
NH,CL 0.500 M Current density A-dm 2 10-40
NaBr 0.150 M Rotation rate (rpm) ~1200
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performed during heat treatment.

2.3. Annealing treatment

NiW with 15.0 at% W electrodeposited coating was annealed in a
tube furnace under a protective atmosphere of Ar atmosphere. The
growth of grains and softening of materials shall be tested after being
kept at 673K, 873K, 973K and 1073K for 2 h for subsequent testing. In
order to ensure that the changes in microstructure were solely caused by
the heat treatment, one sample from each condition was cut into blocks
using an electrical discharge wire cutting machine, and each block was
annealed at different temperatures or aging time respectively.

2.4. Hardness

Vickers microhardness of NiW alloys and annealed coupons was
measured by HMV-G 21DT digital tester with a 980.7 mN load (HVO0.1)
and a 15-s dwell time. In order to avoid the interference from the sub-
strate on microhardness measurements, a low load was selected to
ensure that the depth of the indentation was significantly smaller than
the NiW coatings thickness (approximately 30-50 pm). Each coupon
underwent a minimum of 8 well-distributed measurements, followed by
the determination of the average value and error bars.

3. Results
3.1. Process and composition of NiW coatings

The elemental composition, particularly the tungsten content and
microstructure, is critical in influencing mechanical performance.
Furthermore, it is well-established that process parameters significantly
affect the properties of electrodeposited coatings. After determining the
composition of the plating solution, temperature and current density
emerge as the most crucial process parameters. Typically, high current
density can result in enhanced tungsten content and microhardness in
the electrodeposited coatings [23]. In present work, NiW electro-
deposited alloys with a broad range of tungsten content from 0.5 at% to
20.9 at% was generated by controlling current density and temperature
during electrodeposition which is shown in Fig. 1 (a). Among them, NiW
alloy coating with the highest tungsten content (20.9 at% W), was ob-
tained from a high current density of 35 A dm™2 at 348K. Besides, the
relationship curves between tungsten content and electrodeposition
parameter are shown in Fig. 1 (b). At the same temperature, the tungsten
content of NiW electrodeposited coatings continuously increases with
the rising current density. At lower temperatures (333K), the variation
in tungsten content relative to current density is relatively gradual and
remains consistently within a moderate range. At the appropriate tem-
perature (348K), the tungsten content rises significantly in response to
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changes in current density. This is because that increasing the temper-
ature within a specific range (around 333K) will accelerate the ion
diffusion rate and lower the co-deposition potential threshold, thereby
enhancing electrodeposition. While in ammonia-containing systems, an
increase in temperature (especially at 363K) may lead to decomposition
and a reduction in pH. At this juncture, current density becomes the
primary factor influencing deposition, and tungsten content exhibits a
linear relationship with current density.

XRD characterization is the most suitable method for studying
nanocrystals with exceptionally small grain size (< 10 nm) which can
analyze and determine crystal properties, phase composition, grain size,
and lattice constants. XRD patterns of NiW alloys with broad rage
tungsten atomic contents are shown in Fig. 2 (a). All the electro-
deposited NiW nanocrystals alloys exhibit peaks at around 44.4°
represent the y-Ni, this inference is consistent with JCPDS No. 65-2865
[24]. With the increase in tungsten content, the (111) diffraction peak of
Ni exhibits a gradual broadening trend, indicating a corresponding
decrease in grain size. When the tungsten content exceeds 15.0 at%, an
amorphous diffraction peak appears, revealing that the increase in
tungsten content leads to the transformation from nanocrystals to an
amorphous state. Furthermore, the intensity of the amorphous diffrac-
tion peak of the NiW coating containing 20.9 at% W diminishes to a level
that becomes difficult to detect. Additionally, the diffraction peak of the
nickel (111) crystal plane occasionally shifts to a lower angle as a result
of the tungsten atom solution [24]. Furthermore, no additional phase
was identified in the XRD patterns, despite surpassing the solid solubility
limit of tungsten atoms in nickel about 10.0 at% [15,25-27]. This
observation may be attributed to the electrodeposition of metastable or
non-equilibrium solid solutions, or to an associated increase in the solid
solution limit at ultrafine grain sizes [14]. The NiW alloy containing
15.0 at% W (348K-30 A dm_z) was subjected to annealed for 2 h at
temperatures of 673K, 873K, 973K and 1073K, respectively, the corre-
sponding XRD characterization results are presented in Fig. 2 (b). Under
the influence of high temperature, the (111) diffraction peak of nickel
gradually narrows with rising temperature, indicating an increase in
grain size. Additionally, the XRD spectrum of the annealed coupons did
not exhibit any diffraction peaks corresponding to other phases, indi-
cating that the alloy had not undergone a phase transition.

The effects and relationship curves of current density and tempera-
ture parameters of the electrodeposited process on the grain size of the
NiW coatings are shown in Fig. 2(c) and (d). At lower temperatures or
current densities, NiW exhibit larger grain sizes surpassing 10.0 nm. As
these parameters increase, the intensified deposition and solid solution
of tungsten consume some of the energy required for grain nucleation
and growth, resulting in smaller grain sizes below 10 nm, within a
minimum of 1.9 nm. Notably, Ni-12.3 at%W prepared under high-
temperature and overvoltage conditions (363K-30 A dm’z) exhibits an
unusual phenomenon, characterized by relatively larger grain size (5.9
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Fig. 1. Preparation and composition of NiW alloys. Relationship mapping (a) and curves (b) between electrodeposition parameter and tungsten content of NiW
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temperature for 2 h (b) and relationship mapping (c) and curves (d) between grain size and electrodeposited parameter.

nm). This observation is attributed to the excess energy supplied by the
system, which facilitates crystal growth. Consequently, this accelerates
the growth rate beyond the nucleation rate [21].

3.2. Microstructure and grain size

The microstructure images of nanocrystal NiW coatings with 2.8 at%
W (363K-10 A dm_z) and 7.4 at% (363K-20 A dm_z) W were charac-
tered by HR-TEM shown in Fig. 3 (a) and (b) respectively. Electron
diffraction patterns were corresponding displayed to determine the
property of alloys crystal. For the microstructure, the nanocrystal of NiW
alloys with 2.8 at% W and 7.4 at% W, both of them are densely popu-
lated with a substantial number of equiaxed nanocrystals and exhibit
homogeneous rings from polycrystalline suggestive of a well-
randomized texture. The distribution of NiW alloys nanocrystal grain
size statistics is depicted in Fig. 3 (c). One hundred grains were counted
in each sample within the field of view, with average grain sizes of 9.0
nm for Ni-2.8 at% W and 5.6 nm for Ni-7.4 at% W. These statistical
findings align closely with those determined through XRD calculations
of grain size in nickel (111). In addition, it is expected that more tung-
sten atoms in solid solution will lead to a decrease in grain size.

For the NiW with 12.3 at% W (363K-30 A dm’z), the TEM image was
shown in Fig. 4 (a). Similar to nanocrystals, this sample exhibits a
random grains orientation and densely arranged equiaxed grains.
Although the tungsten content in the alloy surpasses the solid solution
limit for tungsten in FCC nickel, the HR-TEM images reveal only a
substantial number of equiaxed nanocrystals, with no indication of other
phases. This phenomenon occurs because, when the size of the nano-
crystals is sufficiently small, the solid solution limit for atoms in the alloy
correspondingly increases and the formation of probably metastable
solid solutions [3,14,21,28]. The distribution of NiW (12.3 at% W) alloy
nanocrystal grain size statistics is depicted in Fig. 4 (b), which average
grain size is 5.7 nm.

When the tungsten content in NiW coating exceeds the threshold, a

transition from nanocrystalline to amorphous structure will occur,
which can be attributed to the lattice expansion due to the relatively
large size of the W atoms [29]. TEM images of Ni-15.0 at% W (348K-30
A dm~2) and 20.9 at% W (348K-35 A dm~2) were shown in Fig. 5. For
Ni-15.0 at% W alloy, no grains or boundaries were observed. A limited
number of processing marks may result from the scraping action of
platinum ions in FIB sampling technology. The electron diffraction
pattern displays amorphous diffraction spot which suggest that
single-phase amorphous was obtained by 15.0 at% W appending. TEM
image and FFT spectra in rectangular frame of Ni-20.9 at% W is shown
in Fig. 5 (b). The entire sample appeared amorphous, with the minor
presence of black particles possibly resulting from a slight W precipi-
tation exceeding the solution limit. However, FFT of this area displayed
a single-phase amorphous diffraction spot, and XRD analysis did not
reveal any crystal diffraction peaks characteristic of pure W, indicating
the formation of metastable solid solutions within the system [30].
These results suggest that the synthesized nanocrystal or amorphous
NiW is of high purity.

Fig. 6 displays the relationship of NiW electrodeposition alloys grain
size and tungsten content and result of nonlinear fitted. The grain size of
pure Ni electrodeposition coating is about 22.0 nm from previous work
[31]. After a spot amount of tungsten is introduced into nickel-based
coatings, the grain size significantly decreases to half of its original
size which is 12.1 nm of NiW with 0.5 at% W (348K-10 A dm™?). As the
increase of tungsten content, under the solid solution of tungsten and
segregating to the grain boundaries then negating higher energy, grain
size of Ni can be further reduced through suppress grain boundary
diffusion by decreasing grain boundary diffusivity [9,29]. Additionally,
as the introduced of tungsten amount gradually increases, the grain size
continues to decrease gradually slowing down in an approximately
linear relationship. The slope of the linear relationship through the
pseudo-contract is —1.35. This absolute value is close to —1.21 from
literature [6]. This suggests that the current work presents a relatively
small initial grain size, with numerous ultrafine grain samples
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Fig. 5. TEM characterization of amorphous NiW. TEM images and electron diffraction patterns of amorphous NiW alloys with 15.0 at% W (348K-30 A dm?) (a) and

20.9 at% W (348K-35 A dm2) (b).
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Fig. 6. Grain size and tungsten content. Relationship curve of grain size and
tungsten atomic content of NiW alloy and non-linear curve fitting.

measuring less than 10 nm. Such samples are likely to reveal inverse
Hall-Petch relationships, offering valuable insights for size refinement
and precise material positioning of critical point. Furthermore, similar
trends can be observed in other nickel-based ternary alloys like Ni-W-Fe
[32]. For the Ni-9.6 at% W prepared at 333K-20 A dm’z, its grain size is
slightly higher than fitting curve. This relates to lower electrodeposited
efficiency at moderate system temperature provides limited nucleation
rate [33]. This phenomenon is consistent with the result in Fig. 2 (d).
When the tungsten content reaches a sufficiently high level, the grain
size decreases to below 2.0 nm obtained from 348K to 30 A dm™2,
transitioning NiW from nanocrystalline to an amorphous state. That is,
when the tungsten content reaches 15.0 at% (348K-30 A dm_z), the
average grain size calculated is 1.9 nm, besides, when the W-rich Niw
which tungsten content reaches 20.9 at% (348K-35 A dm™2), the
completely amorphous cannot calculated grain size anymore.

3.3. Microhardness and improvement

For relationship of hardness and tungsten atomic content is shown in
Fig. 7. As the increase of tungsten content in NiW coatings, rising ten-
dency dominates the curve for the surface microhardness. Overall
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Fig. 7. Hardness and tungsten content. Curve of relationship between hardness
and tungsten content of NiW alloys prepared at temperature (K)-current density
(A-dm™2) and fitting by linear model.

growth trend exhibits a linear trend with a slope of 0.18 GPa/at%. The
initial rapid increase can be attributed to the incorporation and solid
solution of tungsten atoms in Ni. With further increases in tungsten
content, the grain size decreased resulting in more grain boundaries
forming, additionally more solid solution forms, impeding dislocation
movement and resulting in a continued rise in strength [34,35].

For the pure nickel at beginning of the curve, the surface hardness is
a minimum value of 5.29 GPa. Afterwards, with the solid solution of
tungsten in FCC nickel, the alloy immediately hardens, the hardness
value of NiW with 0.5 at% W (348K-10 A dm2) reach 5.54 GPa. Since
then, this upward trend has been maintained. When the tungsten con-
tent reaches the solid solution limit, the hardness of NiW has increased
to around 7-8 GPa. As the tungsten content continues to increase, NiW
electrodeposited alloys changes from nickel rich to tungsten rich ob-
tained at 333K-20 A dm~2, and the microstructure begins to transform
from nanocrystal to amorphous. The hardness of the two amorphous
coupons reaches the maximum value of the entire relationship line,
which is 8.36 GPa for 15.0 at% W (348K-30 A dm2) and 8.95 GPa for
20.9 at% W (348K-35 A dm~2), respectively. While there are few studies
focused on the relationship between hardness and a wide range of
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tungsten content in NiW coatings until this consummate work, the re-
sults of present work align with trends reported in the literature [5,20,
36-39]. The process parameters, tungsten atomic content, grain size,
and strength of NiW electrodeposited coatings which tungsten content
were from 0.5 at% to 20.9 at% and grain size of crystal from 15.8 nm to
amorphous are presented in Table 2.

3.4. Hall-Petch and inverse relationship

There have been study summarized the Hall-Petch relationship,
emphasizing the interplay between dislocations, grain size, and grain
boundaries [40]. It can be simplified using Eq. (1).

6=00 + kd /2 (€D)

The correlation between hardness and the reciprocal square root (1/
sqrt) of grain size of NiW from 0 at% to 20.8 at% tungsten content is
depicted in Fig. 8. For Ni and NiW electrodeposited coatings, in the Ni-
rich region, Pure nickel coating has the lowest hardness value of 5.29
GPa and immediately strengthening with solid solution under tungsten
atomic. As the grain size refining and decreasing (1/sqrt value increase),
the hardness continues to rise until the grain size diminishes to 5.9 nm.
At this point, the strength reaches its peak at 7.79 GPa. The slope k of the
previously observed linear growth trend was 4.74. The breakdown of the
Hall-Petch relation has been observed, indicating a critical point that
aligns with findings presented in several studies [6]. Subsequently, as
the grain size further reduces to 3.6 nm, the hardness of NiW coating
experiences a slight decrease to 6.32 GPa. Notably, a transition occurs in
NiW alloy’s phase composition from nanocrystalline to amorphous,
leading to a subsequent increase in strength. The strength values of
double amorphous NiW alloy with 15.0 at% (348K-30 A dm’z) and 20.9
at% (348K-35 A dm %) W measured are 8.36 GPa and 8.95 GPa,
respectively, indicating that the phase transformation represents the
second critical point in the transformation of strength.

For further determine the Hall-Petch relationship trend, the grain
size was varied while keeping composition constant by annealing. For
the Ni-15.0 at% W, the relationship cure between hardness and grain
size of annealed coupons was displayed in Fig. 8 correspondingly. The
grain size was calculated based on the XRD characterization results
described in Fig. 2 earlier. After annealing at 673K for 2 h, the grain size
of NiW with 15.0 at% W electrodeposited coating increased to 5.0 nm,
resulting in a significant rise in hardness, which reached 12.62 GPa. This
phenomenon can be attributed to the reverse movement of grain size
within the breakdown of the Hall-Petch relationship, leading to
enhanced material properties. Furthermore, additional factors such as
grain boundary relaxation and solid solution atom segregation at the
grain boundaries may contribute to the observed material hardening [3,
41]. As the annealed temperature continues to rise surpassing 873K for
2 h, the further increase in grain size of NiW coating results in subse-
quent softening. The coupon annealed at 1073K for 2 h had a maximum

Table 2
Process parameter, tungsten content, grain size and hardness of nanocrystal or
amorphous NiW electrodeposited alloys.

Temperature-Current Tungsten GS by GS by TEM Hardness
density (K-A-dm™2) content (at%)  XRD (nm) (GPa)
(nm)

348-10 0.5 12.1 5.54
333-10 2.2 15.8 5.70
363-10 2.8 8.3 9.0 5.94
348-20 4.0 3.6 6.32
363-20 7.4 4.2 5.6 6.94
333-20 9.6 8.4 6.82
333-30 11.8 5.5 7.61
363-30 12.3 5.9 5.7 7.79
348-30 15.0 1.9 Amorphous 8.36
348-35 20.9 - Amorphous 8.95
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Fig. 8. Hall-Petch and inverse of NiW. Curve of relationship of hardness and
sqrt of grain size and grain size of NiW and Ni-15.0 at%W annealed coatings.

grain size of 25.5 nm and a hardness softening of 7.08 GPa. The overall
relationship between grain size and hardness changes in NiW electro-
deposition coatings with the same composition (15.0 at%) after
annealed is consistent with the Hall-Petch phenomenon and its break-
down, as observed in the NiW alloys as deposited.

4. Discussion

Grain size (GS) decreases with the various of tungsten content. It
determined the hardness of NiW coatings. The GS decreases rate (1) was
calculated via Eq. (2). Further, the relationship between 7 and tungsten
atomic content was shown in Fig. 9 (a).

n=""g A100% @
-Ni

Where dy; is the grain size of Ni (22 nm), dy;(w) represents the grain size
of NiW coating as mentioned earlier. The relationship satisfies the curve
fitting function. It starts to rise sharply under the tungsten atoms slightly
solid solution and then slowing down to approach the peak, i.e. trans-
ferring into amorphous. More precisely, when tungsten atoms are doped
into the nickel lattice, they induce significant lattice distortion and
substantially increase the system’s free energy. This reduction in critical
nucleation work facilitates the formation of new crystal nuclei, thereby
enhancing the nucleation rate and promoting grain refinement. It spe-
cifically displays as a nucleation area over the fitting curve. In contrast,
systems operating at high temperatures and overvoltage experience a
leveling off in the nucleation rate, which aligns with the growth rate. At
this plateau, 7 stabilizes. Moreover, high-energy electrodeposited system
further enhances the crystal growth rate, leading to a region with
marginally larger grain sizes i.e., a lower . This growth area is situated
below the fitting curve in Fig. 9 (a).

Although the influence of grain size on strengthening is significantly
greater than that of solid solution. Excessive solid solution content or
proximity to the limitation may result in minor changes. To analyze the
experimental results effectively, it is essential to separately assess the
contributions of solid solution strengthening and grain refinement in
NiW alloys containing various alloying elements. The solid solution
strengthening can be quantified and represented by Eq. (3) [42-44].

Hss = Geg®/2cl/? 3)
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Fig. 9. Hss in Hall-Petch of NiW alloys. Relationship of GS decrease rate (a), lattice parameter (b), solid solution hardening (c) and tungsten atomic content of NiW
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Where G is the shear modulus of solute, &; is lattice constant mismatch, ¢
is solute atom concentration (at%). Among these parameters, G repre-
sents the shear modulus of solid solution atomic tungsten in NiW elec-
trodeposited alloys, with a value of 161 GPa [45]. For lattice constant
mismatch of FCC Ni caused by tungsten atoms, calculation was based on
the previously mentioned XRD results, further details are conducted
using Egs. (4)-(6).

ni
d= 2 sin 0 Q)
a=dx \/h?>+k>+ 2 (5)
aniw)
gg=—— x 100% (6)
Qi

Where d is the interplanar spacing, the value of n and A of CuKais 1 and
0.154 respectively. 8 is (111) peak position of FCC nickel diffraction of
XRD. a is lattice parameter of Ni(W). The relationship cure between
lattice parameter and tungsten content of NiW electrodeposited alloys is
shown in Fig. 9 (b). The value of ay; is 0.352 nm, while the lattice
parameter magnifies under the solid solution of tungsten atomics. It is
noteworthy that when the tungsten content reaches 11.8 at%, the lattice
parameters continue to increase, suggesting that the alloy sample has
not yet exceeded the solid solution limit which consist with the result of
XRD characterization. This phenomenon can be attributed to the ability
of ultrafine grain sizes to accommodate a greater number of solid solu-
tion atoms [14].

The relationship between Hss and tungsten content in NiW electro-
deposited alloys is depicted in Fig. 9 (c). Throughout the continuous
solid solution process, the solid solution hardening effect progressively
increases until the solid solution limit of 12.3 at% W is attained. The
fitted curve exhibits a unimodal trend, suggesting that the substantial
effect of solid solution strengthening at this point holds significant

potential for enhancing surface hardness. The Hall-Petch relationship
between hardness and grain size of NiW electrodeposited coatings in the
absence of Hss is illustrated in Fig. 9 (d) by the corresponding light blue
symbols. Similarly, as the reciprocal sqrt of grain size increases or the
grain size decreases, the hardness of materials subsequently begins to
rise. When the grain size diminishes to 8.4 nm, the hardness attains a
maximum of 5.9 GPa then beginning to decline. Research has demon-
strated that electroplated nanocrystalline Ni coatings exhibit a break-
down of the Hall-Petch relationship phenomena beyond a grain size of
12 nm, which is slightly higher than the 8.4 nm observed in present work
[4]. This suggests that the solid solution strengthening of tungsten in
nickel influences the Hall-Petch relationship by shifting the breakdown
critical points of the material toward finer grain sizes (from 8.4 nm to
5.9 nm). Furthermore, the displacement of these characteristic points
between Ni and NiW electrodeposited coatings, in the absence of Hss,
may result from trace changes induced by other factors, such as grain
boundary segregation.

The Hall-Petch plot of our results about NiW electrodeposited coat-
ings is shown in Fig. 10, along with published results for electro-
deposited pure Ni, NiCo, NiFe and NiW, plus literature and present work
data for Ni-15.0 at% W where the grain size was controlled by anneal-
ing. The microhardness of coarse-grained pure Ni linearly increases as
the grain size decreases. In contrast, NiCo alloys exhibits higher strength
at identical grain sizes attributed to solid solution strengthening [46].
Interestingly, this effect has minimal impact on nanocrystals (less than
20 nm), indicating that the Hall-Patch relation and anomalies related to
fine grain sizes overshadow the influence of solid solution [3]. While the
Hall-Petch breakdown relationship in NiW alloys ranging from 20 nm to
more microscopic scales and amorphous was explored.

The Hall-Petch trend is evident in our results as the larger grain sizes
lie on the same line from pure Ni. After the breakdown, the strength of
Ni, NiCo, NiFe and NiW alloys all have decreased as the grain size
refining. Moreover, we found that it subsequently increases within the
amorphous region after transformation at the terminal of curve.
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deposited pure Ni, NiW alloys and annealed coupons (15.0 at% W), literature Ni
[2,4,48], literature NiW [3,21,37], literature NiCo [46], NiFe [49] and litera-
ture annealed NiW [21,37,50].

Annealing NiW alloys containing 15.0 at% W, controlling the grain size
changing at consistent element compositions, led to the discovery of a
critical grain size of approximately 5.0 nm. Although grain boundary
relaxation and solute atomic segregation enhancing the overall strength
during heat treatment [47], the estimated inverse Hall-Petch relation
characteristic points of 5.0-6.0 nm align with the findings.

Schuh et al. [3], proposed that the critical grain size of Ni-W alloys
based on tungsten content can be predicted from:

2
U
w00 te| @
Ni Ni
where d! is the breakdown grain size in Ni-W alloy/pure Ni, Dy is the
grain boundary diffusivity of W in Ni and Dp; is the (grain boundary)
self-diffusivity of Ni and c is the atomic fraction of W. The definition of
the critical grain size in the annealing process of NiW alloys appears to
align with the predictive model presented in Eq. (7) which has been
established for predicting the critical grain size [3].

Overall, NiW alloys with varying grain sizes were fabricated
spreading around critical point by adjusting temperature and current
density parameters. The grain size corresponding to the Hall-Petch
breakdown relationship was determined to be 5.9 nm. This result in
present work addresses the limitation of limitation in materials prepa-
ration under 10 nm and failure to generate research data between 2.4
and 7.2 nm solely by adjusting a single current density factor. Further-
more, the strength transition relationship from nanocrystals to amor-
phous is supplemented and offered as a reference.

5. Conclusions

Nanocrystalline and amorphous NiW coatings which tungsten con-
tent controlled from 0 at% to 20.8 at% and grain size from 15.8 nm to
1.9 nm have been fabricated by electrodeposition, and their micro-
structure and contact-mechanical properties investigated. The main re-
sults of this work are summarized below:

1. Broad spectrum W content (from 0 at% to 20.8 at%) of nanocrystal
and amorphous NiW coatings of different grain size (from 2.0 to 22.0
nm) were prepared by changing the temperature from 333K to 363K
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and current density from 10 A dm 2 to 35 A dm 2 of
electrodeposition.

2. Grain size decreases with the elevation of tungsten content, exhib-
iting a trend characterized by rapid initial decrease followed by a
gradual decline. When the size drops below 2 nm, it begins to tran-
sition into an amorphous phase

3. The hardness exhibits a linear increasing trend with increase in
tungsten content of NiW electrodeposited coatings. The highest
hardness of nanocrystal of NiW reached 7.79 GPa of 12.3 at% W and
amorphous reached 8.95 GPa of 20.8 at%.

4. The Hall-Petch breakdown critical point of NiW and annealed alloys
is observed below grain sizes of 5.0-6.0 nm. The solid solution
hardening of NiW alloys with increasing amounts of tungsten atoms
results in hardness increase. Upon removing Hss, the critical point of
the Hall-Petch breakdown phenomenon shifts to 8.6 nm approaching
Ni inverse point.

5. The increase in hardness during the nanocrystalline to amorphous
transition was found to be the second changing trends critical point
after the Hall-Petch breakdown.
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