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A B S T R A C T   

The electrodeposition route to obtain amorphous alloys offers a facile, low-cost, and versatile alternative to 
conventional melt quenching. However, there are significant knowledge gaps in tribological properties and wear 
mechanisms for electrodeposited metallic glasses (EMGs). Here, the wear behavior and the scratch response of a 
model binary amorphous alloy system were investigated. Electrodeposited Ni–P metallic glasses were system
atically studied as a function of composition, with amorphous alloy formation over the narrow range of 10 at% to 
20 at% phosphorus. The electrodeposited metallic glasses showed hardness values in the range of 6.6–7.4 GPa, 
modulus in the range of 155–163 GPa, and friction coefficient around 0.50. Among the studied alloys, electro
deposited Ni80P20 showed the lowest wear rate, which was two orders of magnitude lower than electrodeposited 
pure Ni. The wear mechanism was determined to be extensive plastic deformation along with mild ploughing, 
micro tears, and formation of discontinuous lubricious oxide patches. Scratch tests showed an increase in critical 
load for damage initiation with the increase in phosphorus content among the amorphous alloys following the 
trend: Ni80P20 > Ni85P15 > Ni90P10. The overall wear rate for the electrodeposited metallic glasses was found to 
be lower than most reported bulk metallic glasses (BMGs). This represents a fundamental study on structure- 
property correlations in electrodeposited metallic glasses and demonstrates the versatility of electrodeposition 
in tuning the surface properties of amorphous alloys.   

1. Introduction 

Metallic glasses (MGs) show a range of very attractive properties 
including ultra-high strength, hardness, and excellent corrosion and 
wear resistance for use in structural and functional applications [1–4]. 
Their superior surface degradation resistance makes them appealing for 
applications ranging from bioimplants to bearings and gears [5–9]. 
Compared to the typical route of rapid melt quenching, we have recently 
demonstrated that electrodeposition is a facile, scalable, and 
cost-effective approach to synthesize amorphous alloys across multiple 
length-scales [10,11]. A range of alloys may be obtained by tactical 
control of electrolyte composition, temperature, pH, and deposition 
current density. However, there are few reports and limited under
standing of the tribological properties and wear mechanisms for elec
trodeposited metallic glasses (EMGs). 

A wide range of electrodeposited alloys have been considered as 
alternatives to conventional hard chromium coatings that have been 
shown to adversely impact the environment and human health [12–14]. 
Among these, Ni–P alloys have attracted much attention because of their 

high hardness as well as excellent wear and corrosion resistance [15,16]. 
Wear behavior of electroless and electrodeposited Ni–P, and their 
composites have been reported [17,18]. Tribological studies on elec
troless Ni–P, Ni–W–P, and Ni–P–Al2O3 alloys showed that the presence 
of secondary hard particles significantly improves wear resistance even 
at elevated temperatures [17,18]. Graded Ni–P alloys obtained by 
electrodeposition exhibited higher hardness and lower wear rates 
compared to hard Cr coatings [19]. In the form of a composite micro
structure, Ni–P with nano-TiO2 showed very low wear rates [20]. 
However, there are no systematic studies on the wear and scratch 
behavior of electrodeposited metallic glasses as a function of composi
tion. In addition, there is limited understanding of the failure mecha
nisms as a function of applied load and reciprocation frequency. 

Here, the wear behavior and scratch response of Ni100-xPx (x = 0, 10, 
15, and 20 at%) alloys synthesized using pulsed electrodeposition 
technique were studied. Alloys synthesized by pulsed current (PC) 
electrodeposition technique usually have less internal (residual) stresses 
and defect density compared to electroless deposition, which signifi
cantly enhance their tribological properties [21]. In addition, pulsed 
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electrodeposition allows precise control of alloy chemistry and micro
structure not achievable with direct current (DC) plating [22,23]. The 
microstructure, friction, wear, and scratch behavior of Ni100-xPx elec
trodeposited alloys were investigated as a function of applied load and 
sliding frequency. The damage mechanism was studied in detail and 
compared with bulk metallic glasses (BMGs). These findings pave the 
way for enhancement in tribological properties of electrodeposited 
metallic glasses by tuning their structure and composition. 

2. Materials and methods 

2.1. Alloy synthesis 

Ni100-xPx (x = 0, 10, 15, and 20 at. %) alloys were electrodeposited 
on commercial pure copper plates using a pulse power supplier (Dyna
tronix-MicroStar) in a modified Watt’s bath containing phosphorous 
acid (H3PO3 (20 g/L)) with nickel sulfate (NiSO4⋅6H2O (365 g/L)), 
nickel chloride (NiCl2. 6H2O (32 g/L)), boric acid (H3BO3 (40 g/L)), and 
sodium dodecyl sulfate (NaC12H25SO4 (0.4 g/L)) as electrolytes. Pure 
nickel coating was obtained in the absence of H3PO3. The substrates 
were mechanically polished to mirror surface finish and cleaned ultra
sonically in acetone for 10 min followed by distilled water washing. The 
applied pulse frequency and duty cycle were 100 Hz and 0.5, respec
tively. The temperature of the bath was set to ~40 ◦C and pH was 
selected as 1.8 and were regulated during the deposition to avoid 
composition variation over long periods of time. Peak current density 
was adjusted in the range of 5–20 A/dm2 with a deposition time ranging 
from 30 min to 240 min to obtain the desired compositions. 

2.2. Structural characterization and thermal analysis 

The structure of the alloys was determined using X-ray diffraction 
(XRD, Rigaku Ultima X-ray diffractometer) with 1.54 Å Cu-Kα radiation. 
The sample was cut, and the thickness and the elemental distribution 
were characterized using scanning electron microscopy (SEM, FEI 
Quanta-ESEM 200) equipped with energy dispersive spectroscopy 
(EDS). Thermal analysis of the electrodeposited metallic glasses was 
performed using differential scanning calorimetry (DSC) (NETZSCH DSC 
404C) at a constant heating and cooling rate of 20 

◦

C/min. 

2.3. Mechanical and tribological properties 

Hardness and modulus measurements of the electrodeposited alloys 
were obtained using TI-Premier nano-indenter (Bruker, Minneapolis, 
MN, USA) with a diamond Berkovich tip at room temperature and peak 
load of 1 N. An array of 4 × 4 indents was used with 100 μm spacing 
between two indents to obtain the average and standard deviation. By 
Hertzian theory of contact mechanics, the nano-indentation technique 
may be used to calculate the reduced modulus (Er) according to equation 
(1) and the Young’s modulus of the sample (Es) according to equation 
(2) as: 

Er =
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where, S is the slope of unloading curve at maximum depth, Ac is the 
contact area of the indenter at maximum depth, νs is the Poisson’s ratio 
of the sample (~0.31) [24], νi is the Poisson’s ratio of the diamond 
indenter (0.07), and Ei is the Young’s modulus of the diamond indenter. 

Dry sliding and reciprocating wear tests were performed using RTEC 
Universal Reciprocating Tribometer. AISI 52100 balls, 6 mm in diam
eter, were used as counterface material. Tests were conducted in 
ambient air (~22% RH) under a normal load of 1 N, 5 N, and 10 N at 

frequency of 5 Hz. Reciprocating frequencies of 1 Hz, 5 Hz, and 10 Hz 
were used at a load of 5 N to investigate the effect of frequency. The wear 
behavior was characterized for a total time of 60 min with 3.5 mm stroke 
length corresponding to 126 m of sliding distance to evaluate steady- 
state friction as a function of normal load. MFT17 software was used 
to record the tangential load, which determines the coefficient of friction 
(COF), and the wear tracks were analyzed using white light interfer
ometry (WLI) at 10× magnification. 3D profiles of the wear tracks were 
stitched and analyzed to calculate the wear volume loss (mm3) using 
Gwyddion software. Wear rates (mm3/N.m) were calculated by dividing 
wear volume loss with load and the sliding distance. At least three tests 
were carried out for each condition and the average value was reported. 
Wear tracks were characterized using SEM to evaluate the wear 
mechanism. 

Unidirectional scratch tests of 10 mm length were performed using 
the RTEC instruments tribometer with a Rockwell diamond stylus hav
ing a tip angle of 120◦ with a 200 μm radius. The lateral displacement 
speed and loading rate were chosen as 6 mm/min and 100 N/min, 
respectively. Progressive increasing load tests in the range of 5 N–180 N 
were conducted for each alloy and variation in COF was recorded. The 
displacement corresponding to the onset of failure was identified using 
SEM. The critical load for damage initiation (LC), which is a measure of 
the cohesive strength, was calculated from progressive load experiment 
as [25]: 

LC = [Lrate × (lc/Xrate)]+Lstart (3)  

where, Lrate is the loading rate (N/min), lc is the distance in mm between 
the start of the scratch track and starting point of damage in the scratch 
scar, Xrate is the rate of horizontal displacement (mm/min), and Lstart is 
the preload established at the start of the scratch test. For each alloy, the 
average value was obtained from five separate tests. 

3. Results and discussion 

3.1. Microstructural characterization 

Fig. 1(a) shows a representative cross-section SEM image of one of 
the electrodeposited alloys, namely Ni80P20, on Cu substrate. The 
deposited alloy was clean, smooth, and free from pores and defects. All 
the other electrodeposited alloys showed very similar characteristics 
with an average thickness in the range of ~35–50 μm. Elemental 
composition of the alloys was determined using EDS and shown in Fig. 1 
(b) indicating homogeneous distribution of the constituent elements. 
The average compositions were determined to be Ni, Ni90P10, Ni85P15, 
and Ni80P20 with variation of less than 0.5 at%. XRD spectrum for all the 
electrodeposited alloys are shown in Fig. 1(c). Electrodeposited pure Ni 
showed peaks corresponding to face centered cubic (FCC) crystal 
structure. For phosphorous content in the range of 10–20 at. %, a broad 
diffraction peak was seen at 2θ in the range of 35o-55◦ indicating fully 
amorphous structure. For phosphorus content less than 10 at. % and 
more than 20 at. %, several sharp crystalline peaks were seen (not 
included here for clarity) indicating amorphous alloy formation only in 
the narrow composition range of 10–20 at. %P. DSC curves for the three 
electrodeposited metallic glasses, namely Ni90P10, Ni85P15, and Ni80P20, 
are shown in Fig. 1(d). The glass transition temperature (Tg) was found 
to be in the range of 310–315 ◦C and crystallization temperature (Tx) 
was in the range of 340–350 ◦C with the crystallization peak becoming 
broader for the alloys with higher phosphorus content. A broad endo
thermic peak indicating glass transition was seen before the sharp 
exothermic crystallization peak as shown in the inset of Fig. 1(d). 

3.2. Hardness, modulus, friction, and wear rate 

Hardness and modulus for the Ni–P EMGs were determined by nano- 
indentation using a peak load of 1 N and the corresponding load versus 
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displacement curves are shown in Fig. 2(a). For the same peak load of 1 
N, the displacement decreases in the order of Ni > Ni90P10 > Ni85P15 >

Ni80P20. The peak load was selected to keep the maximum indentation 
depth to less than 3 μm to avoid any potential substrate effect. The 
relative degree of indentation depth indicates that hardness follows the 
trend: Ni80P20 > Ni85P15 > Ni90P10 > Ni. Among the EMGs, the load- 
displacement curves for Ni85P15 and Ni80P20 alloys showed 

pronounced degree of serrations (or pop-ins) in contrast to the smooth 
curve for Ni90P10 as shown by the magnified view in Fig. 2(b). Serrated 
deformation behavior in metallic glasses is associated with shear band 
nucleation for local accommodation of plastic strain [26]. High density 
of pop-ins or serrations for Ni85P15 and Ni80P20 indicates localized 
deformation and brittle behavior in contrast to Ni90P10 EMG, which 
showed smooth deformation indicative of relatively more ductile 

Fig. 1. (a) Cross-section SEM image of electro
deposited Ni80P20 alloy showing uniform and 
smooth surface with average thickness of ~36 μm; 
(b) cross-section EDS map of Ni80P20 alloy indi
cating uniform distribution of Ni and P; (c) XRD 
plot for the electrodeposited Ni–P alloys showing 
transition from pure crystalline Ni to amorphous 
Ni90P10, Ni85P15, and Ni80P20 alloys; (d) DSC plot 
for the three electrodeposited Ni–P metallic glasses 
at 20 ◦C/min with glass transition temperature (Tg) 
with an inset figure indicating glass transition 
phenomena, and crystallization temperature (Tx) 
shown alongside the curves.   

Fig. 2. (a) Nano-indentation load-displacement 
curves for pure Ni and Ni–P electrodeposited alloys; 
(b) high-magnification view of the selected region 
in (a) showing serrated behavior for Ni85P15 and 
Ni80P20 in contrast to smooth curves for Ni90P10 and 
Ni; (c) hardness and reduced modulus as a function 
of phosphorus content for the electrodeposited al
loys indicating higher hardness and lower modulus 
for the metallic glasses compared to pure Ni; (d) H/ 
E and H3/E2 ratios as a function of phosphorus 
content for the electrodeposited alloys showing 
higher values for the metallic glasses compared to 
pure Ni.   
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behavior [27]. The average hardness increased with increase in phos
phorous content as shown in Fig. 2(c). The Ni–P EMGs showed almost a 
three-fold higher hardness (H) but lower modulus (E) compared to 
electrodeposited pure Ni. The modulus for the EMGs was about 30% 
lower compared to that of crystalline Ni due to relatively lower bond 
strength and less dense packing in the amorphous structure compared to 
its crystalline counterpart [28]. Among the amorphous alloys, a small 
increase in modulus was seen with increase in phosphorus content. This 
may be attributed to more short range ordering and bicapped square 
antiprism (BSAP) atomic clusters with increase in the metalloid content, 
as we demonstrated recently [10]. H/E is a measure of the limit of elastic 
behavior in a surface contact and H3/E2 dictates the resistance to plastic 
deformation of materials in loaded contact [29,30]. H/E and H3/E2 ra
tios increased with increase in phosphorus content as shown in Fig. 2 
(d). Materials with higher values of H/E and H3/E2 ratios typically show 
better elastic recovery and higher wear resistance under dynamic 
loading [31–35]. The average hardness (H), modulus (E), H/E, and 
H3/E2 values for all the electrodeposited alloys are summarized in 
Table 1. 

The average coefficient of friction for the electrodeposited alloys 
sliding against AISI 52100 steel counterface at frequency of 5 Hz as a 
function of load (1 N, 5 N and 10 N) is shown in Fig. 3(a). The COF 
increased with increase in load from 1 N to 5 N and remained roughly 
unchanged for increase in load from 5 N to 10 N for all the alloys. The 
increase in COF may be attributed to mechanical instability of the oxides 
formed leading to increase in material removal rate at higher load 
[36–38]. Fig. 3(b) shows the COF for all alloys as a function of sliding 
frequency at a normal load of 5 N. The average COF was in the range of 
0.45–0.5 for the three EMGs, which was 15–25% lower than electro
deposited pure Ni (~0.6) irrespective of sliding frequency. All the alloys 
showed a slight increase in COF at 5 Hz which may be attributed to 
change in contact area and severe plastic deformation on the contact 
surface creating more asperity junctions [37,39]. In contrast, Ni based 
BMGs showed an increase in frictional force with increase in contact 
pressure indicating an increase in COF with load [40]. Fig. 3(c) and (d) 
show the 2-dimensional (2D) wear track cross-section profile for pure Ni 
and the Ni–P electrodeposited alloys at the loads of 1 N and 10 N at 5 Hz 
reciprocation frequency. The wear width and depth decreased with in
crease in phosphorous content at low load (Fig. 3(c)), which may be due 
to the higher H/E and H3/E2 values that reduce the contact pressure 
upon sliding. The saw-tooth cross section profiles may be attributed to 
elimination of wear debris and localized fractures in the wear tracks. 
With increase in load to 10 N, the wear scar cross-section width and 
depth increased due to higher contact stresses and the Ni–P amorphous 
alloys showed significantly smaller wear volume compared to pure Ni 
(Fig. 3(d)). The 2D wear track cross-section profiles for pure Ni and Ni–P 
alloys at frequencies of 1 Hz and 10 Hz at 5 N load are shown in Fig. 3(e) 
and (f). The wear scar dimensions decreased with increase in recipro
cation frequency, which may be attributed to the formation of oxide film 
at higher frequency that reduced metal-metal contact. Fig. 3(g) and (h) 
show the wear rates for the electrodeposited alloys as a function of 
normal load and frequency, respectively. Pure Ni showed significantly 
higher wear rates compared to the Ni–P EMGs, particularly at higher 

loads and higher frequencies of reciprocation. Higher wear rate with 
increase in load may be attributed to large plastic deformation or 
delamination with the formation of asperities [41]. Among the EMGs, 
wear rate decreased in the following order: Ni90P10 > Ni85P15 > Ni80P20. 
This is attributed to the increase in hardness (H), H/E, and H3/E2 values 
with higher phosphorus content. The wear rate decreased with increase 
in sliding frequency for all the alloys (Fig. 3(d)), which may be because 
of the increase in frictional heat and formation of tribo-layer and 
transfer layer leading to self-lubrication from the decreased metal-metal 
contact. With the increase in phosphorus content, bicapped square 
antiprism (BSAP) atomic clusters tends to increase resulting in strong 
network structure, which can lead to higher hardness and modulus [10]. 
This likely explains the lowest wear rates for Ni80P20 both as a function 
of load and sliding frequency. 

3.3. Wear mechanism as a function of load and frequency 

Fig. 4 shows SEM images of the wear tracks on electrodeposited Ni 
and Ni–P alloys as a function of different loads against AISI 52100 
counterface. Fig. 4(a–c) show the SEM images of the wear tracks for 
electrodeposited Ni as a function of load. At the low load of 1 N, elec
trodeposited Ni exhibited a combination of micro grooves, plastic 
deformation and delamination resulting in abrasive wear. With increase 
in load, ploughing was reduced and there were signs of more adhesive 
wear and delamination which became more prominent at the highest 
load of 10 N. The increase in contact stress resulted in a transition from 
abrasive wear to severe delamination, which explains the monotonic 
increase in wear rate for Ni as a function of load. EDS analysis (Sup
plementary Table S1) showed an increase in oxygen content on the wear 
scar with increase in normal load. Fig. 4(d–f) show the SEM images of 
wear scars on Ni90P10 as a function of load. The extent of plastic 
deformation was less at the minimum load with shallow grooves, mild 
delamination on the surface and starting signs of decohesion and 
cracking of the oxide layer. At the highest load of 10 N, the extent of 
plastic deformation increased with dense cracks on the surface oxide 
layer. No third body abrasion was seen at the higher loads supporting 
the lowest wear rate for Ni90P10 at 10 N load. Supplementary Table S2 
shows increase in oxygen content on the wear scar with increase in 
normal load for Ni90P10 indicating oxidative wear at the higher loads. 
Fig. 4(g–i) show the SEM images of wear tracks for Ni85P15 as a function 
of load. Similar kind of behavior was seen for this alloy, showing min
imal plastic deformation at lower loads with fine wear debris resulting in 
micro ploughing and partial abrasive wear. Formation of discontinuous 
tribo-layer and cracks in the oxide layer were also seen. Presence of 
constituent elements and oxygen partition on the wear track (summa
rized in Supplementary Table S3) indicates partial oxidative wear for 
Ni85P15. At 10 N load, extensive plastic deformation was seen on the 
wear scar with increase in contact area. Formation of oxide layer with 
micro shear cracks were also observed on the scar at high load. The 
oxygen content did not change significantly with increase in load for 
Ni85P15 as shown in Supplementary Table S3. SEM images of wear tracks 
for Ni80P20 as a function of load are shown in Fig. 4(j–l). At low load of 1 
N, there was a combination of abrasive wear with deep grooves and 
plastic deformation on the scar as well as discontinuous tribo-layer 
formed on the wear track. The extent of plastic flow increased, and 
the degree of abrasion decreased with increase in applied stress for 
Ni80P20 electrodeposited alloy. In addition, the oxide layer formed on 
the surface did not undergo severe cracking with increase in load, which 
may be attributed to the higher H/E and H3/E2 ratios for this alloy. 
Supplementary Table S4 shows high oxygen content in the wear track of 
Ni80P20 tested at 10 N, which may be attributed to the relatively higher 
temperature rise in the contact area for this alloy. Similar signs of plastic 
deformation, grooving, and pile-up around the wear track were 
observed for Ni based BMGs [42]. In contrast, Zr based BMGs showed 
shear mediated adhesive wear, where plastic deformation and plough
ing were less pronounced [43]. 

Table 1 
Nano-mechanical and scratch properties of all the electrodeposited alloys.  

Alloys H (GPa) Er 

(GPa) 
H/E H3/E2 

(GPa) 
Critical Load for Initial 
Failure (N) 

Ni 2.66 ±
0.35 

237 ±
6 

0.011 0.0003 43 ± 3 

Ni90P10 6.66 ±
0.11 

155 ±
3 

0.043 0.012 53 ± 3 

Ni85P15 7.20 ±
0.10 

163 ±
4 

0.044 0.014 58 ± 2 

Ni80P20 7.34 ±
0.10 

163 ±
3 

0.045 0.015 62 ± 4  
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SEM images of the wear scars on the electrodeposited alloys against 
AISI 52100 counterface at different sliding frequencies are shown in 
Fig. 5. SEM images of the wear tracks for electrodeposited Ni are shown 
in Fig. 5(a–c). The wear scar exhibited extensive material removal with 
abrasive grooves and severe delamination in the sample at 1 Hz, as 
shown in Fig. 5(a). With increase in reciprocation frequency, there was 
decrease in the extent of delamination and wear rate with corresponding 
change in mechanism to oxidative wear. Supplementary Table S5 clearly 
illustrates the change in mechanism to oxidative wear with increase in 

oxygen fraction on the wear track with increase in sliding frequency. 
Fig. 5(d–f) show the SEM micrographs of the wear track for Ni90P10 alloy 
as a function of sliding frequency varied from 1 Hz to 10 Hz. Abrasive 
grooves, plastic deformation, and extensive material removal was seen 
for the wear scars at lower frequency indicating abrasive wear mecha
nism. Increased metal-counterface contact led to high wear rate at low 
frequency. With increase in sliding frequency, the extent of micro 
grooves and severe deformation of the wear surface decreased with the 
formation of discontinuous tribo-layer that acted as a lubricious surface 

Fig. 3. Average coefficient of friction for electro
deposited Ni and Ni–P electrodeposited metallic 
glasses as a function of (a) normal load at 5 Hz 
reciprocation frequency and (b) sliding frequency at 
5 N load; (c, d) wear track cross-section profiles at 
normal loads of 1 N and 10 N at 5 Hz frequency; (e, 
f) wear track cross-section profiles at sliding fre
quencies of 1 Hz and 10 Hz at 5 N load; (g) wear 
rate as a function of normal load at 5 Hz recipro
cation frequency; (h) wear rate as a function of 
sliding frequency at 5 N normal load.   
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lowering the overall wear rate. EDS analysis confirmed the increase in 
oxygen content with increase in sliding frequency (Supplementary 
Table S6). Similar wear mechanisms were seen for Ni85P15 electro
deposited alloy as shown in Fig. 5(g–i). At 1 Hz frequency, Ni85P15 
exhibited high material removal rate with abrasive grooves and 
agglomerated wear debris (shown in Fig. 5(g)) which contributed to 
high wear rate. With increase in frequency to 5 Hz, formation of 
discontinuous oxide layer increased with finer wear debris and cracks 
(Fig. 5(h)) resulting in decreased wear rate as shown in Fig. 3(d). At 10 
Hz frequency, the Ni85P15 alloy showed very fine micro grooves, fine 
deformation of the surface, oxide layer with minimal cracks and very 
fine micro tears on the tribo-layer. The EDS results, summarized in 
Supplementary Table S7, confirmed the increase in oxygen content on 
the wear scar indicating a transition in wear mechanism from abrasive 
wear to oxidative wear. SEM micrographs of the wear tracks for Ni80P20 
EMG at different sliding frequencies are shown in Fig. 5(j–l). At 1 Hz 
frequency, material removal from the wear track was in the form of 
small adhesive patches and mild abrasive wear was observed with 
cracked oxide patches as shown in Fig. 5(j). Similar behavior was seen at 
5 Hz with relatively more cracked oxide layer (Fig. 5(k)). At 10 Hz 
frequency, the wear track exhibited very small pores indicating mild 
abrasive wear with discontinuous tribo-layer. EDS analysis of the wear 

scar for Ni80P20 is summarized in Supplementary Table S8 confirming 
the increase in oxygen content with increase in sliding frequency. 

3.4. Scratch behavior and critical load for cohesive failure 

Coefficient of friction (COF) was evaluated for the electrodeposited 
alloys as a function of normal load by progressive scratch tests (Sup
plementary Fig. 1). The COF reached steady state at a load of ~60 N and 
was in the range of ~0.35–0.45 for all the alloys after showing fluctu
ations during the initial stage of loading possibly due to surface 
roughness of the deposited alloys. Absence of a large drop or spike in the 
COF curve for each of the alloys indicated that the progressive scratch 
did not reach the substrate till the final load. The critical load for 
cohesive failure was calculated by measuring the length from the 
starting point of the scratch to the crack initiation point. Fig. 6 shows the 
SEM images of the progressive scratch test for each of the alloys. The 
critical length for damage initiation (lc) is marked for each of the alloys, 
which increased with increase in phosphorus content. Supplementary 
Figures 2 through 4 show the SEM images of the progressive scratch for 
Ni90P10, Ni85P15, and Ni80P20 electrodeposited alloys with zoomed in 
view showing the region separating the damaged from the undamaged 
sections highlighted with dashed yellow lines as a guide to the eye. For 

Fig. 4. SEM images of wear tracks at 5 Hz corresponding to 126 m of sliding distance as a function of normal load for (a-c) pure Ni, (d-f) Ni90P10, (g-i) Ni85P15 and (j- 
l) Ni80P20. Pure Ni showed a transition from mild abrasive wear and plastic deformation at low load to delamination and extensive deformation at high load. Ni90P10 
and Ni85P15 showed abrasive wear at low load and deformation with discontinuous oxide patches at the higher loads. Ni80P20 electrodeposited alloy showed abrasive 
wear with plastic deformation at low load and mild abrasive wear with discontinuous oxide patches at the higher loads. 
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each alloy, the damage initiation point is highlighted in the supple
mentary figures. The critical load for damage initiation (LC) was calcu
lated according to Equation (3) and summarized in Table 1. The EMGs 
showed ~25–45% higher critical loads as compared to pure electro
deposited Ni. Among the EMGs, Ni80P20 showed the highest critical load 
for damage initiation of ~62 N. 

Schematics for cohesive damage mechanism as a function of pro
gressive load for the electrodeposited alloys are shown in Fig. 7, where 
X(0) indicate the critical length for damage initiation. The initial cohe
sion damage in case of pure electrodeposited Ni was mainly in the form 
of spallation within the wear scar (Fig. 7(a–b)). In certain regions, the 
alloy detached from the substrate on both sides of the groove which may 
be attributed to elastic recovery of the alloy behind the indenter that led 
to cohesive failure. Localized collapsing of the material was also seen, 
where the indenter tip penetrated the surface lowering the load bearing 
capacity of the alloy [44]. Fig. 7(c) shows the schematic of cohesive 
failure mechanism for Ni90P10 alloy characterized by arc tensile cracks 
during the initial stage of cohesive failure with a series of nested 
micro-cracks. SEM micrograph in Fig. 7(d) shows that the arc tensile 
cracks were mainly limited within the scratch groove and were not fully 
developed. The arc showed opening towards the direction of scratch and 
formed beyond the tip. These cracks indicate that the maximum tensile 
stress occurred at the trailing edge of the indenter [44]. A schematic of 
cohesive damage mechanism for Ni85P15 is shown in Fig. 7(e) 

characterized by conformal/semi-circular cracks that expanded outside 
the grooves as clearly seen in the corresponding SEM image of the 
scratch groove in Fig. 7(f). Both angular cracks and developed conformal 
cracks were observed in this alloy. Similar type of failure has been re
ported previously for thermally sprayed TiN hard coatings [45]. The 
failure appeared to be more rounded as compared to arc tensile cracks 
and opened away from the scratch direction. Formation of semi-circular 
developed cracks may be due to stress exceeding the ultimate tensile 
strength and relatively low tensile ductility of the alloy [46]. Similar 
kind of failure mechanism was seen for Ni80P20 (schematic in Fig. 7(g)) 
with deep semi-circular/conformal cracks observed in the correspond
ing SEM micrograph of the scratch groove (Fig. 7(h)). In sum, Ni90P10 
alloy showed ductile mode of cohesive failure while Ni85P15 and Ni80P20 
alloys displayed relatively more brittle behavior. These findings are 
consistent with the nano-indentation results of Fig. 2(b), where high 
degree of serrations (or pop-ins) were observed for Ni85P15 and Ni80P20 
indicating their brittle nature in contrast to the smooth 
load-displacement curve for Ni90P10 EMG supporting its relatively more 
ductile behavior. All the EMGs were in a tensile state of stress with very 
good interface bonding with the substrate and showed no signs of 
delamination after the scratch tests. 

Wear rate versus hardness for various bulk metallic glasses (BMGs) 
[47–55] is shown in Fig. 8. In comparison to the bulk glasses, the Ni–P 
electrodeposited amorphous alloys investigated in this study showed 

Fig. 5. SEM images of wear tracks at 5 N load corresponding to 12.6 m, 63 m, and 126 m of sliding distances as a function of sliding frequency for (a–c) pure Ni, (d–f) 
Ni90P10, (g–i) Ni85P15 and (j–l) Ni80P20. Pure Ni showed a transition from abrasive wear at low frequency to oxidative wear at the higher frequencies. Ni90P10, and 
Ni85P15 showed abrasive wear with mild deformation at low frequency and partial oxidative wear at the higher frequencies. Ni80P20 electrodeposited alloy showed a 
combination of adhesive and abrasive wear at low frequency and oxidative wear with deformation at the higher frequencies. 
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excellent wear resistance at relatively lower hardness. Wear volume loss 
(Vw) and wear rate (WR) are inversely proportional to the hardness (H), 
as represented by Archard’s relationship in equations (4) and (5) and 
shown schematically by the dashed line in Fig. 8: 

Vw = k
s.N
H

(4)  

WR =
k
H

(5) 

Fig. 6. SEM images of scratch scars showing the critical length at which crack initiated during progressive scratch test for (a) pure Ni, (b) Ni90P10, (c) Ni85P15, and 
(d) Ni80P20. 

Fig. 7. Schematic and SEM image showing cohe
sive failure mechanisms for the electrodeposited 
alloys from progressive scratch tests, where X0 
indicate the critical length for crack initiation: (a, b) 
pure Ni showed localized collapse of material and 
spallation; (c, d) Ni90P10 showed damage in the 
form of arc tensile cracks under the moving 
indenter indicating ductile nature; (e, f) Ni85P15 
showed angular/semicircular cracks at the scratch 
groove edge; (g, h) Ni80P20 showed deep angular/ 
semicircular cracks indicating brittle nature.   

M. Pole et al.                                                                                                                                                                                                                                    



Materials Science & Engineering A 816 (2021) 141315

9

where, k is the dimensionless wear coefficient, s is the sliding distance, 
and N is the applied load [56]. Mg-based BMGs exhibited some of the 
highest wear rates while Fe-based BMGs showed the lowest wear rates 
among the reported alloys [51,55]. For some BMGs, wear rate has been 
found to be hardness dependent while others show significant deviation 
from this relationship suggesting other mechanisms in play including 
the underlying fracture behavior [50,52,55]. The predominant wear 
mechanism of viscous flow along with discontinuous transfer film for Zr- 
and Ti- based BMGs increased their wear rates [52]. In contrast, the 
primary wear mechanisms for the Ni–P EMGs was found to be oxidative 
wear and plastic deformation. In comparison to BMGs, the Ni–P EMGs 
developed in the present study showed some of the lowest wear rates, 
which may be related to the high H/E and H3/E2 values that are indic
ative of high fracture toughness for these electrodeposited alloys 
together with the distinctly different wear mechanism. 

4. Conclusions 

The sliding wear and scratch behavior of electrodeposited Ni and 
Ni–P alloys were studied systematically as a function of composition. 
The following main conclusions may be drawn from this study:  

1. Amorphous alloy formation was seen in the case of Ni100-xPx system 
by electrodeposition for phosphorus content (x) in the narrow range 
of 10–20 at. %.  

2. A three-fold higher hardness was observed for the electrodeposited 
Ni–P metallic glasses, namely Ni80P20, Ni85P15, and Ni90P10, as 
compared to pure electrodeposited Ni. Nanoindentation load- 
displacement curves showed high degree of serrations (or pop-ins) 
for Ni85P15 and Ni80P20 indicating their brittle nature in contrast to 
smooth load-displacement curve for Ni90P10 supporting its ductile 
behavior. 

3. Coefficient of friction and wear rates were lower for the electro
deposited metallic glasses as compared to pure Ni. Among the elec
trodeposited metallic glasses, wear rate decreased in the order: 
Ni90P10 > Ni85P15 > Ni80P20, which was attributed to the increase in 
hardness (H), H/E, and H3/E2 values with higher phosphorus 
content. 

4. The wear mechanism was studied as a function of load and fre
quency. For the electrodeposited metallic glasses, there was a tran
sition from mild abrasion to oxidative wear and plastic deformation 
with increase in load and frequency. In contrast, a transition from 
abrasive to oxidative wear with severe delamination was observed 
for electrodeposited pure Ni with increase in load and frequency.  

5. Progressive scratch response showed an increase in critical load to 
initial failure with increase in phosphorus content. The Ni80P20 alloy 

showed the highest load to critical failure with average value of 
about 62 N among the studied alloys.  

6. The cohesive failure mechanism was observed to be spallation in case 
of electrodeposited pure Ni in contrast to conformal/developed 
semicircular cracks for the electrodeposited metallic glasses. 
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