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Abstract

Ni thick films have a wide range of applications in mechanical areas for anti-corrosion, anti-
friction and protection purposes, and are also extensively employed in the chip packaging
field. Yet, the deposition of Ni thick films is still faced with many problems in deposition
efficiency, dense structure and adhesion to the substrate. RF magnetron sputtering was
employed to deposit on polished Ti substrate up to 10.8 um thick Ni films at a high
deposition rate (45 nm/min) in Ar atmosphere plus a small amount of Hy. Vacuum
annealing was performed at 400 °C for 5 h. To characterize the adhesion via friction
and scratch test, different loads were applied on both surfaces of as-sputtered and post-
annealed Ni thick films, and results were comparatively analyzed. The films have high
purity, compact structure, smooth surface and strong adhesion strength. Post-annealed
samples showed better and stable adhesion of Ni thick films to the substrate surface.

Keywords: Ni thick film; RF magnetron sputtering; compact structure; adhesion strength

1. Introduction

Thick films and coatings technology are very important for various fields, such as
in anti-corrosion, anti-friction, lubrication and other protection applications [1-4], as well
as in the chip packaging area [5,6]. The films’ structural density, adhesion strength to the
substrate, and deposition rate are very key to their performance in the applications. Ni and
Ni-based thick films gained attention due to their good structural stability, high corrosion
resistance and easy deposition with different techniques. However, Ni thick films are
always faced with problems in density and adhesion strength, which are greatly affected by
the deposition rate [7-10]. Researchers prepared Ni films spanning wide ranges of thickness
(400 nm to ~28 um) and deposition rates (from few nm/min up to 40 nm/min), and their
SEM, AFM results revealed that thick films exhibited porous and columnar structures with
high surface roughness from 23 nm to 1.17 um that lead to interfacial damage of the thick
films [7,11-14].

Priyadarshini et al. sputtered 400 nm thick Ni films on Si substrates at a high deposi-
tion rate of 40 nm/min, and the Ni films showed large grain size (33 nm) and high surface
roughness (23 nm), and FE-SEM analysis confirmed the surface morphology with void
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boundaries, porous/columnar microstructures, and crack-like features [11], due to the high
deposition rate. Bhatti et al. deposited Ni and Ni-based thick films (~28 pum thick) with
electrodeposition and DC magnetron sputtering methods on a steel substrate, but SEM
displayed an irregular, non-uniform loose, and agglomerated surface morphology with
high surface roughness of 1.16 um [12], due to the large thickness. Eadi et al. deposited Ni
films on Si substrates with RF magnetron sputtering for 20 min, XRD confirmed crystallite
sizes of ~13.6-16.2 nm, SEM surface morphology exhibited the surface cracks even under
the very low deposition rate of ~4.6-7.1 nm/min, and annealing under high temperatures
(300-700 °C) also exposed the cluster [15]. RF magnetron sputtered Ni films were deposited
on Si (100) substrates with very low deposition rates of 4.56 and 15 nm/min, and varying
grain sizes (~10—40 nm). The sputtered films at higher pressures exposed incomplete
densification with intergranular cracks (porous features), but at elevated substrate tem-
peratures (100200 °C), severe stress occurred due to promoted grain growth and partial
densification [16]. Ni films were deposited on Si substrates by magnetron sputtering, pro-
ducing a film of ~600 nm thickness with a low deposition rate of ~10 nm/min, and further
SEM revealed loose, porous, non-uniform morphology with severe elongated columnar
structures with grain size ranging from ~2-3 nm to ~18-20 nm [17]. In other studies, Ni
films were sputtered on Si substrates with a deposition rate of ~13-17 nm/min, and SEM
and AFM analysis revealed the severe surface cracks as well as elongated porous columnar
structures; post-annealing (300-500 °C for 30 min, vacuum) promoted grain growth and
surface roughness from ~3.85 nm (RT) to ~23 nm (500 °C) [18]. Studies of Tao et al. revealed
that thick coatings exhibited structures with microcracks and pores and further highlighted
that microstructures such as porosity, segmentation cracks and vertical cracks played a
vital role in overall performance [7]. Yang et al. electrodeposited Ni and Ni-based films
and studied the effect of annealing (300-600 °C for 1 h in Ar + 2% H, atmosphere) on the
oxidation of the films and found significant decrease in microhardness (annealing soften-
ing) due to sharp growth of the crystal grain (from ~17 nm to ~90 nm at 300 °C and up to
~120 nm at 600 °C) of Ni and also found several twin boundaries in the surface morphology
examination [19]. Bhutta et al. prepared, with electrodeposition ~10 um, thick nickel-based
nanocomposite and pure Ni coatings on steel substrates, which have maximum Ni contents
up to 92% and varying high surface roughness in a range of 0.12-1.17 um, which resulted in
interfacial damage of the film under a higher load [20]. In another study, Ni-based coatings
(~1.8 pm-2.2 pm thick) were sputtered by DC magnetron sputtering and co-sputtering
on S5-304 substrates at 400 °C with high deposition rates of ~30-35 nm/min, and they
concluded that by increasing the thickness of the coatings, the grain size (~8 — 21 nm),
porosity, and surface roughness (~3.4 — 22.3 nm) increased, and that directly decreased the
hardness, Young’s modulus, wear, and corrosion-resistant properties of the coatings [14].
Previous research on Ni films deposited by sputtering mainly focused on thin films
(sub-micron thickness) at low deposition rates (<10 nm/min), and high deposition rates
(>10 nm/min) and large thicknesses (micron and over 10-micron thickness) always lead
to obvious columnar and porous structures, with low adhesion strength of the films.
Therefore, sputtering of Ni thick films at high deposition rates with a compact structure
and strong adhesion still remains a challenge. By adjusting the sputtering parameters, such
as sputtering power [21], working gas pressure [22,23] and substrate temperature [16,24],
the microstructure and other properties of sputtered Ni films can be controlled. However,
the effects of the sputtering environment on the properties of Ni films have rarely been
investigated. In our previous work, we systematically investigated the effects of sputtering
parameters on the properties of Ni films. By introducing a small amount of H; as a
reducing gas into the vacuum chamber, we obtained Ni films on Si substrates that exhibited
no columnar or loose microstructures under optimized deposition conditions. The effect
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of hydrogen absorption into metals has been extensively studied [23,25,26], and H; is
also widely used to create a reducing atmosphere [27] in the heat treatment of Ni films.
However, for film deposition, the addition of Hj into the sputtering atmosphere was
not reported.

In this study, micron-scale Ni thick films with a dense structure and strong interfacial
adhesion are deposited by RF magnetron sputtering at a high deposition rate of 45 nm/min.
Friction and scratch tests are employed to characterize the adhesion and tribological
performance of the films in both as-deposited and annealed states, as commonly reported
for sputtered metallic coatings [28-33]. The results demonstrate stable film integrity and
interfacial adhesion while maintaining high deposition efficiency.

2. Materials and Methods

Ni thick films were deposited by radio frequency (RF) magnetron sputtering from a
99.995% pure Ni circular target (J60 mm X 3 mm, manufactured by ZhongNuo Advanced
Material Technology Co., Ltd., Beijing, China) backed with a Cu plate (360 mm x 2 mm),
by using the MSP-300BT magnetron sputtering machine (manufactured by Beijing Chuang-
shi Weina Technology Co., Ltd., Beijing, China). Single side-polished Si wafers (10 mm
x 10 mm x 0.5 mm) and Ti disks (330 mm x 3 mm) were used as substrates, which
were ultrasonically cleaned in acetone, ethanol and distilled water in turn and for 10 min
each. These substrates were then mounted on the anode, and the target was mounted
on the cathode of the sputtering machine. The background vacuum was pumped to
~7 x 107 Pa. Ar (99.999% purity) was used as the sputtering gas and introduced into the
vacuum chamber at a constant gas flow rate of 25 sccm (standard cubic centimeters per
minute) during sputtering. Hj (99.999%), with a constant flow rate of 3.5 sccm, was also
used together with Ar to improve the quality of the Ni thick films. Before deposition of
Ni thick films, pre-sputtering was performed for 10 min to remove unwanted contami-
nation from the target surface. The sputtering parameters—RF power (250 W), substrate
temperature (150 °C), Ar/H; gas flow rates (25 sccm/3.5 sccm), and working gas pressure
(0.3 Pa)—were optimized within the following ranges: 100-250 W, 100-250 °C, 0.3-0.9 Pa,
and 15-35 sccm/1.5-3.5 scem. The optimized condition enabled the deposition of compact
Ni films at a high rate (45 nm/min). Vacuum annealing under 400 °C was performed for
5 h to improve the adhesion strength of the Ni thick films to the substrate.

The friction tests were conducted with a ball-on-disk reciprocating sliding mode in a
universal LMT-100 tribometer (RTEC, San Jose, CA, USA) for measuring friction properties
and assessing the Ni thick films” adhesion. The commercially available AISI52100 bearing
balls with diameters of 9.5 mm and the coated disks were used as friction pairs. The applied
load was 1 N to 7 N with the sliding frequency of 1 Hz and a stroke of 1 mm. Both the ball
and the disk were cleaned with ethanol before the friction tests. All tests were carried out
in the ambient air at room temperature (20-25 °C) with the relative humidity of 16%—41%.
Each test was repeated 3 times, and the COF was finally averaged, with a variation range
less than 0.01.

The Revetest Scratch Tester (RST 300) from Anton Parr TriTec SA (Corcelles, Switzer-
land) was employed to conduct scratch tests with a 200 pm radius Rockwell diamond
indenter under progressive loading mode. Two groups of linear scratch tests were per-
formed for the Ni films with a thickness of 5.4 pm. The one was for the pre-annealed
Ni films with a starting load of 30 mN and an ending load of 25,000 mN, and the other
was for the post-annealed samples with a starting load of 1000 mN and an ending load of
60,000 mN. The scratch distance was 3 mm with a scanning speed of 6 mm/min. During
the scanning process, full panorama images were taken for the scratch tracks synchronized
with friction force, and acoustic emission.
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The Dektak-XT stylus profiler from Brooker (Tucson, AZ, USA) was used to measure
the thickness of Ni thick films. Grazing incidence X-ray diffraction (GIXRD) was used to an-
alyze the crystalline structure for the films by using an X"Pert MPD Pro X-ray diffractometer
(Cu Ke, 0.1540 nm wavelength, 40 KV tube voltage, 40 mA tube current) from Malvern
Panalytical (Almelo, The Netherlands) with a grazing angle of 1°, and a 26 range of 30°
to 80°, and the grain size of the films was calculated with Scherrer’s formula [34]. Versos
G4 High-resolution field emission scanning electron microscope (FE-SEM) made by FEI
Corporation (Hillsboro, OR, USA) was used for surface morphology and microstructural
analysis. Energy dispersive spectroscopy (EDS) made by FEI Corporation (Hillsboro, OR,
USA), which was combined with the FE-SEM, was used to analyze composition of the film
samples. The Dimension atomic force microscope (AFM) from Bruker (Bremen, Germany)
was used to observe the surface morphology and roughness of the film samples, with a
working mode of tapping and a scanning range of 1 pum x 1 um.

3. Results

A 2.7 pm thick Ni film was first sputtered on Si substrate at a deposition rate of
45 nm/min to observe the adhesion of the film on the substrate surface. After observing
good adhesion strength, the Ni films with doubled thicknesses (5.4 um and 10.8 pm) were
sputtered under the same optimized sputtering parameters on polished Ti substrates at the
same deposition rate by doubling the deposition time. The deposition rate was determined
using profilometry-measured thickness divided by the corresponding deposition time.

3.1. Composition, Morphology and Structure of the Ni Thick Films on Si Substrates

Figure 1a is the EDS result of the Hy-sputtered Ni film on Si substrate, showing that the
film contains mainly the Ni atoms (98.3%) with O as the only impurity, showing high purity
of Ni film prepared under the processing parameters. After analysis by Jade software (MDI
Jade 6.5), it was found that the GIXRD patterns of the films (Figure 1b) have only Ni peaks
at 44.5°, 51.8°, and 76.3°, attributed to (111), (200), and (220) crystal planes, respectively.
The crystalline grain size of the Ni films calculated with Scherrer’s formula is ~30 nm,
manifesting that the films are composed of nano crystalline grains and O impurity did not
affect the crystalline structure much.

Ni Ni (98.3% am
20000 4 ()l E]J%;’)
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o (220)
4000 J J
J Ni N
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Figure 1. (a) EDS result and (b) GIXRD pattern for the Ni thick film sputtered under 250 W, 150 °C,
0.3 Pa and 3.5 scem /25 scem (H2/ Ar).

Figure 2 shows the microscopic structure and morphology of the Hy-sputtered Ni
thick film. It can be seen from Figure 2a that the surface is of a smooth and fine-grained
morphology, and Figure 2b demonstrates a dense and uniform structure of the cross-section,
without any columnar or porous structure observed, which indicates that these optimized
sputtering parameters enhanced deposition rate without compromising structural integrity.
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Figure 2¢,d provide two-dimensional and three-dimensional AFM surface images of the
Ni film, which is consistent with the SEM results, and highlight a low surface roughness
of 2.71 nm, corresponding to a larger grain formed during the thick film growth while
maintaining good film density.

25.7 nm

Height Sensor 200.0 nm Height Sensor
(0) (d)
Figure 2. Pictures for the microscopic structure and morphology of the Ni thick film sputtered under

250 W, 150 °C, 0.3 Pa and 3.5 sccm /25 sccm (Hy / Ar). (a,b) SEM surface and cross-sectional pictures,
(c,d) 2D and 3D AFM surface pictures.

3.2. Morphology of the Ni Thick Films on Polished Ti Substrates

Due to the high-purity Ni thick films achieved on Si substrate at a high deposition rate
and with a smooth surface and compact cross-sectional morphology, Ni films with larger
thickness (5.4 um and 10.8 pm) were sputtered on polished Ti substrates under the same
optimized parameters at a deposition rate of 45 nm/min, as on the Si substrates, for the
adhesion test with friction and scratch methods.

Optical micrographs provide insights into the progression of surface morphology
from polished Ti substrate to Ni thick films of 5.4 pm and 10.8 um thickness. The polished
Ti substrate (Figure S1) shows visible irregularities, including dark spots and scratches,
attributed to residual polishing imperfections. For the 5.4 pm thick Ni film (Figure 3a)
sputtered over 120 min, surface coverage improves significantly, yet small pinholes and
dark spots persist due to incomplete coalescence of Ni atoms in the early deposition
stages. For the 10.8 pm thick Ni film (Figure 3b) after 240 min of sputtering, the surface
exhibits greater uniformity as additional Ni atoms fill voids and pinholes, forming a dense,
continuous layer with fewer imperfections. This progression demonstrates the critical role
of the deposition time and the films’ thickness in achieving smoother and defect-free films.

SEM images of polished Ti substrate under different magnifications (Figure S2) display
typical mechanical polishing defects, including micro-scratches and pits. For the 5.4 um
Ni thick film, the surface (Figure 4a,b) shows a granular structure with visible grain
boundaries at high magnification, indicating compact but slightly irregular grains. The low-
magnification image shows a smoother and more continuous Ni layer than the uncovered
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Ti surface, reflecting a good initial coverage. However, there are still visible scratches
on the surface due to the Ti substrate’s effect. The 10.8 um thick film under different
magnifications (Figure 4c,d) exhibits more refined large-size grains but still more compact
and with better uniformity. The surface does not show effects of substrate surface, that
ensure the high integrity of the Ni thick film. It is evident from a comparison between
Figure 4a and c that a larger film thickness promotes grain growth in the Ni films.

—20 um |— 20 um
(a) (b)

Figure 3. Optical micrographs of (a) 5.4 um thick and (b) 10.8 um thick Ni films on the polished
Ti substrates.

()

Figure 4. SEM surface morphology of (a,b) 5.4 um thick and (c,d) 10.8 um thick Ni films on the
polished Ti substrate under different magnifications of (a,c) 100,000x and (b,d) 50,000 .

AFM analysis (Figures S3 and 5) highlights the evolution of the surface roughness from
the polished Ti substrate to Ni films of increasing thickness. The Ti substrate (Figure S3) exhibits
a relatively rough surface (Ra = 4.44 nm) with visible linear scratches. For the 5.4 pm Ni film
(Figure 5a), the roughness decreases to Ra = 3.68 nm, with a granular structure. The 10.8 pm
film (Figure 5b) maintains a similar roughness (Ra = 3.70 nm) but displays a more compact
and interconnected grain structure, reflecting improved compactness and uniformity. The
minimal roughness change between the two films suggests that the additional deposition
time enhances grain growth without introducing significant surface irregularities.
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Figure 5. AFM surface images of (a) 5.4 um thick and (b) 10.8 um thick Ni films on the polished
Ti substrates.

The Ni thick films on Ti substrates were further subjected to annealing to enhance
their compactness and adhesion strength with the substrates, since the internal stress of
thin films usually increases with film thickness and hence deteriorates their adhesion
strength. Figure 6 shows the surface SEM images for the 5.4 um thick post-annealed Ni
film on Ti substrate. Apparent grain growth can be seen in the annealed film by comparing
Figures 6a and 4a. It is noticeable that significant grain coalescence occurred, which resulted
in abnormal grain growth in the Ni thick film. However, the post-annealed Ni film still
maintained a smooth surface and a more compact microstructure than the pre-annealed
counterpart. GIXRD results (Figure 7) indicate that the grain size increased from ~22 nm for
the pre-annealed Ni film to ~46 nm for the post-annealed sample. By comparing Figure 1b
with Figure 7a and Figure 2a with Figure 4a, respectively, it can be concluded that the Si
substrate promoted the grain growth in the Ni films.

(b)
Figure 6. SEM surface morphology of the 5.4 um thick post-annealed Ni film on Ti substrate under
different magnifications of (a) 20,000 and (b) 10,000x.

111 (111)
o PDF#04-0850
& &
& z
£ £
= =
3 (200) 8 (220)
= 22
= (220) = (200)
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(a) (b)

Figure 7. GIXRD patterns for the (a) pre-annealed and (b) post-annealed 5.4 um thick Ni films.
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3.3. Tribological Properties of the Ni Thick Films on Polished Ti Substrates

The adhesion strength of the Ni thick films to Ti substrates was first qualitatively
evaluated using friction tests following the Burnish method in standard B571. The present
investigation also concentrated on the comparative coefficient of friction (COF) and wear-
scar morphology of the films, without considering quantitative wear parameters such as
wear rate or wear volume. To avoid premature failure and substrate effects, based on the
load-bearing capacity of each film thickness, different load ranges and test times were
selected attentionally. Samples before annealing: the 5.4 pm thick films were tested at 1 Hz
frequency, under 1 N load, and for 1 min and 5 min; the 10.8 um thick films were tested at
1 Hz frequency, under 3 N and 5 N loads, and for 5 min. Samples after annealing at 400 °C
for 5 h: both the 5.4 pm and the 10.8 pum thick films were tested at 1 Hz frequency, 3N, 5 N
and 7 N loads, and for 5 min.

As shown in Figure 8(al,bl), the as-sputtered, 5.4 um thick Ni films showed uncer-
tainty in COF with variations ranging from 0.3 to 0.45 within the first 100 s, and then
came to a relatively stable value around 0.35, indicating a running-in period of ~100 s.
Figure 8(a2,b2) illustrate raised scars with heights of 22.31 um and 40.45 um, respectively,
for 5.4 um thick as-sputtered Ni films under 1 N load for 1 min and 5 min friction tests. The
smooth and integrated surface morphologies of the raised scars suggest the occurrence of
local peeling-off of the films from the substrates. It can be clearly seen that the height and
width of the peeling-off area are enlarged with prolonging the test time. The as-sputtered,
5.4 pm thick Ni film was also subjected to a conventional polishing process with 5% ZrO,
(average particle size of 1 um) suspension, under a 0.01 MPa load at 60 rpm. The film
peeled off from the substrate completely after being polished for 5 min (Figure S4a), which
was consistent with the peeling-off behavior observed in the friction test.

As shown in Figure 8(c1,d1), the as-sputtered, 10.8 um thick Ni film under higher
loads (3 N and 5 N) exhibited the similar instability in COF as that for the 5.4 um thick
ones, and the oscillation lasted throughout the whole test time of 5 min, meaning a longer
running-in period than the 5.4 um thick Ni films. The corresponding raised scars shown
in Figure 8(c2,d2) for the as-sputtered, 10.8 um thick Ni films after the friction test shrank
in both height and width in comparison with the scar in Figure 8(b2), indicating a less
severe peeling-off of the 10.8 um thick Ni films from the Ti substrates. This implies
stronger adhesion of the 10.8 um thick Ni film to the Ti substrate than that of the 5.4 um
thick Ni film. This was also verified by the polishing result of the 10.8 pm thick Ni film
(polished under the same parameters as the as-sputtered, 5.4 um thick Ni film), as shown in
Figure S4b. For both thicknesses of Ni films, only small erosion craters appear at the edges
of the peeling-off regions, and no erosion crater even occurs in Figure 8(c2), indicating that
the surface abrasion of the as-sputtered Ni thick films is rather weak.

Figure 9 shows the COF and 3D surface profiles of the wear scars for the post-annealed
Ni thick films. For the 5.4 um thick, post-annealed Ni films, all the COF curves under
different loads are similar, first oscillating within the running-in period and finally coming
to a stable value. The corresponding wear scars are erosion craters with raised, cracked,
and rough edges, which arise from the pile-up of the film during the friction process. It
is obvious that the erosion crater deepens and the rough edge diminishes with increasing
the load. After polishing the 5.4 um thick, post-annealed Ni film (polished under the
same parameters as the as-sputtered, 5.4 pm thick Ni film), an integrated film with a very
smooth surface was found to adhere tightly to the Ti substrate, as shown in Figure S4c,
indicating a very strong adhesion strength of the post-annealed Ni film. For the 10.8 um
thick, post-annealed Ni films, all the COF curves under different loads oscillate throughout
the test time and have a rising trend with time, which are very different from those for
the post-annealed 5.4 pm thick films, but the erosion craters are similar to those for the
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5.4 pm thick, post-annealed films, except for the very weak pile-up edges. These phenom-
ena show that the 10.8 um thick films suffered severe wear, but the depth of the craters
for the 5.4 um thick, post-annealed films is close to or larger than the films’ thickness, and
the depth of the craters for the 10.8 pm thick, post-annealed films is smaller than the films’
thickness, manifesting the importance of increasing the film'’s thickness. The polishing
result of the 10.8 um thick, post-annealed Ni film (polished under the same parameters
as the as-sputtered, 5.4 um thick Ni film) is the same as the 5.4 um thick, post-annealed

Ni film.
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Figure 9. Friction test results for the post-annealed (al-c2) 5.4 um thick and (d1-2) 10.8 pm thick Ni
films on the polished Ti substrates. (al-f1) COF curves, (a2—£2) 3D surface profiles of the wear scars.
All the Ni thick films were tested at 1 Hz, for 5 min and under (al,a2,d1,d2) 3 N, (b1,b2,e1,e2) 5N,
(c1,c2,£1,£2) 7 N, respectively.
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3.4. Scratch Results of the Ni Thick Films on Polished Ti Substrates

In order to qualitatively evaluate the adhesion strength of the Ni thick films to the Ti
substrates, high-load scratch tests were conducted. Figure 10 shows the scratch test results
for the 5.4 um thick, post-annealed Ni film, with multiple signals acquired to characterize
the scratch process. It can be clearly seen that the scratch depth Pd increases nearly linearly
as the load Fn increases from 1 N to 60 N, reaching a maximum value of more than 25 pum,
which is much larger than the film’s thickness. However, the residual depth Rd is much
smaller than Pd, indicating a significant elastic/plastic recovery. Many intense acoustic
emissions (AE) occurred during the scratch process, indicating multiple types of surface
damage. The first emission was detected over the position (Pos) range of 0.69-1 mm under
loads of 14,728-210,542 mN. The second emission appeared over 2.03-2.32 mm under loads
of 41,082-46,669 mN. Immediately afterwards, numerous additional acoustic emissions
were observed. Accordingly, the COF p and the frictional force Ft varied.

4
3.0x10" | 5 ox10*

0.4—
v
2.0x10% 4.0x10% ~1.0x10*
2.0

2
1.0x10* 2.0x10% /
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Pos [mm] 0 1 2
Fn [mN] 1.0x10% 2.0x10°

Figure 10. Scratch results for the 5.4 um thick, post-annealed Ni film. The scratch direction is from
left to right.

SEM and EDS elemental mapping were employed to analyze the scratch track, and
the results are presented in Figures 11 and 12. The results shown in Figure 11 reveal that,
during the early stage of scratching, only the film surface was damaged, and severe damage
occurred, causing the first acoustic emission. EDS results confirm that the Ti substrate is
still completely covered by the Ni film. So, cohesive failure occurred to the film in this
stage. The results in Figure 11 reveal that the Ni film is cracked and peeled off from the Ti
substrate, leading to the second acoustic emission. The exposed Ti region appears darker
gray than the Ni film surface. So, the film underwent adhesive failures in this stage. At the
end of the scratch, the peeling-off area expanded (Figure S5), which caused more acoustic
emissions. According to the scratch analysis, it can be concluded that cohesive failure
occurs to the post-annealed Ni film prior to adhesive failure. By comprehensively analyzing
the SEM and AE results, the critical load Lcl was finally determined, and by averaging the
critical load values from three scratching, Lc1 for the 5.4 pm thick, post-annealed Ni film is
40,305 mN.

For comparison, the pre-annealed Ni film with a thickness of 5.4 um was subjected to
a scratch test, and the results are presented in Figures 13 and 14. Considering the lower
adhesion strength of the pre-annealed Ni film, a lower load range of 30-25,000 mN was
selected. The pre-annealed film has similar scratch behavior to the post-annealed sample. A
cohesive failure can be observed in Figure 14c, which is at the position of about 2 mm, under
a load of ~17,422 mN. But the fractures are much weaker than those for the post-annealed
films. Figure 14d reals an abrupt peeling-off of the pre-annealed Ni film, with no obvious
cohesive failure zone nearby. The critical load of the pre-annealed film is ~18,263 mN,
which is much lower than that of the post-annealed Ni film. It can be clearly seen from

https:/ /doi.org/10.3390/ coatings16030279


https://doi.org/10.3390/coatings16030279

Coatings 2026, 16, 279 12 of 18

Figure 14b that, at the end of the scratch, large-area sections of the film were peeled off.
Therefore, it can be concluded that the pre-annealed film is more prone to adhesive failure.

(e) ()

Figure 11. SEM and EDS analysis of the scratch track at the position corresponding to the first acoustic
emission (right before the position of 1 mm) in Figure 10. (a) The locally magnified optical image,
(b) the corresponding SEM image, (c) the magnified SEM image of the area marked by the yellow
frame in (a,b), (d—f) the EDS elemental mappings corresponding to (c).
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(® (h)

Figure 12. SEM and EDS analysis of the scratch track at the position corresponding to the second
acoustic emission (right after the position of 2 mm) in Figure 10. (a) The locally magnified optical
image, (b) the corresponding SEM image, (c—e) the EDS elemental mappings corresponding to (b),
(f-h) the EDS elemental mappings of the area marked by the yellow frame in (b-d).
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Figure 13. Scratch results for the 5.4 um thick, pre-annealed Ni film. The scratch direction is from left
to right.
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e .,,_.::;.:;/:;:;»:1::w1 Ee
(d)

Figure 14. Optical and SEM images of the scratch track in Figure 13. (a) Locally magnified optical
image at the position around 2 mm, (b) SEM image of the scratch track, where the areas marked by the
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green and yellow frames are identical to those in (a), respectively, (c) the locally magnified SEM image
of the green-framed region in (a,b), (d) the locally magnified SEM image of the yellow-framed region
in (a,b), corresponding to Lcl.

As for the 10.8 um thick films, a maximum load of 100 N was applied, but no useful
information, especially no effective AE signal can be acquired, except for the SEM and EDS
results. The SEM image (Figure S6) discovered weak peeling-off of very small sections of
the post-annealed Ni film from the Ti substrate at the end of the scratch, under a load of
~94,843 mN, indicating a very high critical load for the film.

4. Discussion

The O impurity was mainly derived from the residual or leaked air inside the vacuum
chamber during the sputtering process. The low O atomic content of the Hy-sputtered Ni
films was due to the chemical reductive reaction between H, and O,: 2H, + O, = 2H,07,
and the reaction product of water vapors can then be pumped out of the chamber by the
vacuum system, therefore effectively reducing the oxygen content of the sputtered Ni
film. Moreover, the addition of Hy enhances adatom mobility and suppresses oxide-related
defects, promoting surface diffusion and film densification, as widely reported for sputtered
metallic coatings [35-37], which contributes to the formation of compact structure of the
Ni thick films without porous structures. Moreover, the surface defect sites will be easily
filled by the adsorbent Ni atoms due to their large diffusion mobility and hence improve
the surface integrity.

For all the as-sputtered Ni thick films, the COF level did not change much, but the
running-in period changed with load. Linking the COF curves with the corresponding
3D surface profiles of the wear scars, it is obvious that the COF is not only related to the
wear process of the films’ surface, but also reflects the local peeling-off process of the films,
which was further verified the polishing process and scratch tests. The oscillation in the
COF curves is mainly caused by the peeling-off process, since the raised scars due to the
peeling-off are so significant and the erosion craters due to the surface wear are small.
Observing the results for the 5.4 pm thick films in Figure 8(al,a2,b1,b2), the interfacial
damage even occurs at the beginning of the friction test, then expands quickly with test
time, and finally stops expanding, which corresponds to the running-in process. The
COF curve in Figure 8(al) oscillates throughout the test time of 60 s just due to the test
time being shorter than the running-in period (~100 s) that can be seen in Figure 8(b1),
in which the oscillation in the COF stops after ~100 s and comes to a stable value of
~0.35, meaning the peeling-off region stops expanding at this point. Observing the results
for the 10.8 um thick films, the COF in Figure 8(c1) oscillates in a stable level between
0.3 and 0.4 throughout the test time, and only the humped scar occurs in Figure 8(c2),
indicating that the oscillation is caused merely by the peeling-off process of the Ni thick
film. The COF in Figure 8(d1) oscillates first in a low level between 0.3 and 0.4 and then
in an elevated level above 0.4 during the test process, indicating that only the peeling-off
occurs at first to cause the low-level oscillation, and then the erosion crater occurs to cause
the high-level oscillation. The peeling-off of the 10.8 pm thick films is less severe than the
5.4 um thick ones, although the former were subject to the friction test under higher loads
and longer time than the latter; meanwhile, the running-in period for the former is much
longer than that for the latter, demonstrating that thicker films have a much higher ability
to block the stress caused by the friction to transfer to the interface between the Ni film and
the Ti substrate and thus peels off at a low rate.

Both the 5.4 pm and the 10.8 pm thick Ni films after annealing have significant erosion
craters as shown in Figure 9, instead of raised scars as the as-sputtered Ni thick films

https://doi.org/10.3390/ coatings16030279


https://doi.org/10.3390/coatings16030279

Coatings 2026, 16, 279

15 of 18

in Figure 8, indicating the post-annealed Ni thick films did not face peeling-off from the
Ti substrate during the friction test process, and annealing of the films improved their
adhesion strength, friction and wear performance effectively [28,29,38]. At the beginning
of the friction test of the post-annealed Ni thick films, the surface underwent a scratching
process, resulting in raised, cracked, and rough morphology and thus the oscillation in
the COF, then material on the surface was removed in a short time and erosion crater
occurred. For the 5.4 um thick Ni films, once the erosion crater formed, its bottom became
smooth with time, making the COF stop oscillation. For the 10.8 um thick Ni films, the COF
oscillated for all of the test time, perhaps due to the bottom of the erosion crater remaining
rough all the way.

Recrystallization, grain growth, and interface diffusion between the film and the
substrate as well occurred due to annealing at 400 °C for 5 h, and the surface became
homogeneous with relieved internal stresses. These transformations promoted elastic
recovery and enhanced the adhesion strength of the films. This is also supported by
another study where they showed that the annealing has a significant relation between
densification-driven recrystallization and diffusion-dominated interfacial modification.
Through grain growth and defect annihilation, annealing primarily enhanced densification
by high temperature in Ni films. In contrast, due to nanoscale interfaces and strong chemical
affinity at elevated temperature, Ta-containing stacks activate Ni-Ta interdiffusion [39].
Comparatively to annealing, although thickness is less important, it played a secondary
role due to blocking load transfer. Therefore, both as-sputtered and annealed 10.8 pm
Ni thick films consistently outperformed the 5.4 pm Ni thick films. Annealing, however,
reduced the performance gap, and allowed even the 5.4 um Ni thick film to be feasible for
high-load applications.

5. Conclusions

In this study, Ni thick films were deposited with RF magnetron sputtering in Ar
atmosphere plus a small amount of Hy. The Ni thick films were sputtered up to a thickness
of 10.8 um at a high deposition rate (45 nm/min) with high compactness, purity and a
smooth surface, and additionally their strong adhesion strength was demonstrated through
friction and scratch tests. Further research was extended to make a comparison between
as-sputtered and post-annealed (400 °C for 5 h) Ni thick films. Post-annealed Ni thick films
showed much better results compared to as-sputtered ones by promoting the adhesion
strength of the films, and the latter featured more adhesive failure and the former more
cohesive failure, indicated by both the wear scars after the friction tests and the scratch
tracks. Annealing enabled the Ni thick films with thicknesses of 5.4 pm and 10.8 pm
to achieve exceptional performance across the load range (3 N-7 N), while thicker films
(10.8 um) characteristically offered better load-bearing capacity. At higher loads, the
10.8 um Ni thick film provided marginally superior consistency, which favors those applications
that require strong adhesion, high compactness and durability under mechanical stress.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/coatings16030279/s1, Figure S1: Optical micrographs of polished
Ti substrate surface; Figure S2: SEM surface morphology of the polished Ti substrate under different
magnifications of (a) 100,000, (b) 50,000, (c) 20,000%, and (d) 10,000 % ; Figure S3: AFM surface
image of polished Ti substrate; Figure S4: Photographs of the Ni thick films on Ti substrates after
polishing. (a) 5.4 um thick, pre-annealed Ni film, (b) 10.8 um thick, pre-annealed Ni film, and
(c) 5.4 um thick, post-annealed Ni film; Figure S5: SEM image for the ending area of the scratch track
in Figure 10. The scratch is from left to right; Figure S6: SEM image for the ending area of the scratch
track for the 10.8 um thick, post-annealed film. The scratch is from left to right.
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