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Abstract—Fe-based amorphous feedstock powders are used as 
the matrix into which various ratios of hard B4C nanoparticles (0, 5, 
10, 15, 20 vol.%) as reinforcing agents were prepared using a 
planetary high-energy mechanical milling. The ball-milled 
nanocomposite feedstock powders were also sprayed by means of 
high-velocity oxygen fuel (HVOF) technique. The characteristics of 
the powder particles and the prepared coating depending on their 
microstructures and nanohardness were examined in detail using 
nanoindentation tester. The results showed that the formation of the 
Fe-based amorphous phase was noticed over the course of high-
energy ball milling. It is interesting to note that the nanocomposite 
coating is divided into two regions, namely, a full amorphous phase 
region and homogeneous dispersion of B4C nanoparticles with a 
scale of 10–50 nm in a residual amorphous matrix. As the B4C 
content increases, the nanohardness of the composite coatings 
increases, but the fracture toughness begins to decrease at the B4C 
content higher than 20 vol.%. The optimal mechanical properties are 
obtained with 15 vol.% B4C due to the suitable content and uniform 
distribution of nanoparticles. Consequently, the changes in 
mechanical properties of the coatings were attributed to the changes 
in the brittle to ductile transition by adding B4C nanoparticles. 

 
Keywords—Fe-based amorphous, B4C nanoparticles, 

nanocomposite coating, HVOF. 

I. INTRODUCTION 

E-BASED metallic glasses indicate that it is a 
multicomponent alloy constituted of metal and metalloid 

elements [1]. This amorphous structure of metallic glasses 
gives them many unique properties compared to the 
crystalline materials and show the great candidates for the 
applications in aggressive environmental conditions including 
high wear and corrosion such as in ships, power stations, 
mines, and the machinery [2]-[4]. However, poor wear 
resistance in dry environments and very poor ductility 
significantly limit their range of possible applications as 
engineering and structural materials [1], [5], [6]. Furthermore, 
Fe-based bulk metallic glasses (BMG) always demonstrate no 
plastic deformation after yielding and no work hardening 
during the room temperature deformation due to the formation 
of highly localized shear bands [7]. It was found in the earlier 
study that Fe-based metallic glass coatings exhibited a very 
low-friction coefficient in a lubricating oil environment but a 
high-friction coefficient in a dry one. Therefore, such coatings 
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were relatively poor in protecting against wear [8]. Although, 
considerable efforts have been devoted during the last decade 
to improve their plasticity by composition designing and 
developing BMG composites [2], [6]. 

Interestingly, reinforcement of the secondary phases 
(particles or crystalline phase) in the glass matrix 
microstructure is one of the approaches to overcome these 
drawbacks [8]-[10]. The addition of fine second-phase 
particles such as WC, B4C or TiN in BMG composites often 
improves wear resistance and mechanical properties because 
these particles effectively block the propagation of the shear 
bands [11], [12]. Suh et al. [13] claimed that multi wall carbon 
nanotubes with a high aspect ratio and a strong bonding 
character of the matrix have a great role in reinforcing the Fe-
based composites. Terajima et al. [8] reported that the addition 
of 8 vol.% WC/12 wt.%Co to the Fe-Cr-Mo-C-B matrix 
increased the cross-sectional hardness from 6.47 to 8.53 GPa 
and reduced the friction coefficient from 0.65 to 0.5. These 
composite coatings showed an improved wear resistance by a 
factor of 2–5 as compared to the single-phase amorphous 
coating [8], [9], [14], [15]. 

Boron carbide (B4C) with many unique properties such as a 
high hardness (9.3 Mohs scale), high melting point 2723 K 
(2450 ᵒC), excellent thermal stability, remarkable chemical 
inertness, and high-abrasion resistance, is extremely 
appropriate for moderate and high temperature applications 
[16]. Yoon et al. [17] reported that the friction coefficient of 
Fe-based BMG/B4C composite coating (using nitrogen-
shrouded plasma spraying system) was dependent on the 
fraction of B4C in the BMG matrix. The wear behavior of Fe-
based BMG was controlled by plastic deformation and 
fracture of the wear surface. By embedding a harder material, 
B4C, in a relatively soft matrix, the hardness of the wear 
surface can be increased and the plastic flow can be inhibited.  

Usually, thermal spraying technique is feasible to 
producing thick coatings consisting of amorphous phase since 
it allows rapid quenching of molten particles (around 105–107 
K s-1) [18]-[20]. The large amounts of work have been done 
on depositing amorphous metallic coatings using various 
thermal spraying processes. Recently, studies of Fe-based 
metallic glass coatings applied by the HVOF and some other 
thermal spraying process have been appeared in the literature 
[21]-[23]. These reports presented that the Fe-based metallic 
glass coating remains amorphous after the spraying. The 
HVOF technique was studied because of its ability to produce 
high-density coatings and improved metallurgical bonding to 
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the substrate [15]. Another feature is that the process 
temperature can be controlled in the close range of the glass 
transition temperatures of metallic glasses as reported in the 
previous studies [8], [9], [21], [24]. A mechanism which can 
explain the high-hardness observed due to the formation of an 
amorphous/nanocrystalline composite structure has been 
extensively discussed [25]. 

According to our previous studies [22], [24], [26], [27], the 
as-sprayed (Fe-Cr-Mo-Mn-W-B-C-Si) coating was of almost 
amorphous phase and this structure had a good thermal 
stability. To the best of my knowledge, the effects of B4C 
reinforcing nanoparticles on the microstructures and 
mechanical properties of the Fe-based metallic glass HVOF 
coatings have not been studied systematically. Thus, one of 
the motivations for adding the second phase particles in the 
amorphous matrix was to prevent the propagation of the shear 
bands. It is known that the brittleness of Fe-based BMG limits 
the engineering applications and considerable efforts have 
been made to improve it by introducing a composite structure. 
Mainly, the aims of this study are focused on the 
microstructure, nanohardness and toughness, of the modified 
Fe-based metallic glass HVOF coating reinforced by B4C 
nanoparticles. Hence, the effects of B4C content were 
investigated in detail with an emphasis on the characterization 
and nanoindentation approach.  

II. EXPERIMENTAL PROCEDURE 

A. Feedstock Powder and Coating Preparation 

The feedstock nanocomposite Fe-based metallic glass 
powder was prepared in the planetary high-energy ball mill in 
an argon gas atmosphere. The elemental powders were 
blended to give a nominal composition of (Fe-15%Cr-2%Mo-
4%Mn-4%W-5%B-0.5%C-1%Si) with various amounts of 
B4C nanoparticles (0, 5, 10,15, 20, 25%, all in volume 
percent). Fe, Cr, W, B powders (purity: 99.0%, mean particle 
size: +100 µm), Mo, Mn, Si, C powders (purity: 99.5%, mean 
particle size: -50 µm) and B4C (purity: 99.0%, mean particle 
size: 45-55 nm, US-Research Nanomaterials Inc.) were used 
as the starting materials. The details of the feedstock glassy 
powder fabrication were reported elsewhere [26], [27]. It is 
doubtful, whether the embedding of the B4C nanosized 
powders between the elemental layers during the mechanical 
alloying process could delay the formation of amorphous 
structure. On the other hand, the B4C nanoparticles hinder the 
cold welding and the fracturing process during mechanical 
alloying, and thus, the refining of layer thickness cannot move 
forward. Thus, in the current work, following the formation of 
amorphous phase, the B4C nanoparticles was added to the 
amorphous powder mixture for fabricating nanocomposite 
powders [28].  

HVOF spraying was performed using Metallization Met 
JET III system. The modified spraying conditions have been 
summarized in Table I. The mild steel (BS080A15) substrate 
(50×50×5mm) surfaces were cleaned prior to spraying by 
sand-blast with alumina grit on the one side followed by 
ultrasonic cleaning in acetone to remove any contaminations. 

The substrates were mounted on a vertical axis of a turntable, 
and the rotation speed was set to impart a surface velocity to 
the substrates of approximately 1.1 m/s across the spray path. 
The HVOF gun was positioned in front of them, aligned to 
give a spray path perpendicular to the axis and set to the 
required stand-off from the surface of the substrates. It was 
then scanned vertically up and down at 10 mm/s to build up a 
coating of the required thickness. To avoid significant heating 
during the progress of the process and maintain the substrate 
temperature below 473K (200° C), the substrates were cooled 
on their backside using compressed argon gas.  

 
TABLE I 

HVOF SPRAYING PARAMETERS FOR FE-BASED METALLIC GLASS COATING 

Parameter Value 

O2 gas flow rate (SLPM*) 833 

Fuel (Kerosene) flow rate (SLPM) 0.37 

Nozzle length (mm) 100 

Powder feed rate (g/min) 35 

Stand-off distance (mm) 300 
Scanning velocity (mm/s) 
Coating thickness (µm) 

10 
320-380 

Cooling (Argon gas) yes 

*SLPM: Standard liter per minute 

B. Characterization Techniques 

X-ray diffraction (XRD: Philips XPERT-MPD) was 
performed to study the structural evolutions. All XRD 
experiments were carried out in the continuous scanning mode 
using Cu-Kα radiation (λ=0.1542 nm), time per step of one 
second and 0.03º step size. The cross-sectional 
microstructures of the coatings were investigated using 
scanning electron microscopy (SEM: JEOL JSM-6360A). 
High-resolution transmission electron microscopy (HRTEM) 
was performed using JEOL-JEM-2010 TEM at an 
accelerating voltage of 200 kV and resolution of 0.19 nm. To 
prepare the sample, the coating was first sectioned with a 
diamond saw and then mechanically thinned to about 100 µm 
with emery paper. In the second step, the thickness of the 
thinned layer was decreased down to 5 µm using a dimpling 
machine (Gatan dimple grinder 656). The final step was ion-
milling at a low incident angle (Gatan ion polishing 691) to 
obtain a very thin layer of less than 100 nm.  

C. Mechanical Investigation Tests 

The indentation experiments were carried out on the 
polished surface of the coatings at room temperature using a 
commercial nanoindenter (CSM Instruments SA, Peseux, 
Switzerland) with a Berkovich tip (a few tens of nanometers 
in diameter). In the load schedules employed, the load at the 
constant rate was first ramped up to a peak value of 10 mN 
and then unloading. Each test was performed three times, and 
the average was reported.  

The fracture toughness of HVOF coatings was determined 
by the indentation method. A Vickers indenter (Matsuzawa 
MAXT70) was used on metallographically prepared cross-
sections of coatings with a 20-N load. The indenter was 
positioned such that the two indent diagonals were parallel 
and perpendicular to the substrate/coating interface, 
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respectively. Following the indentation, no cracking was seen 
in the plane perpendicular to the coating/substrate interface, 
but was, generally, though not always, seen to be parallel to 
the coating/substrate interface. The lengths of the latter cracks 
were measured from scanning electron micrographs imaged in 
the secondary electrons (SE) mode. At least 20 indentations 
from each coating were examined. The fracture toughness 
(Kc) values were calculated using cracks parallel to the 
substrate/coating interface. The equation for the indentation 
fracture toughness has been selected for the work due to its 
applicability to systems generating short cracks as given by 
Evans and Wilshaw [29] is:  

 
Kc=0.079(P/a3/2) Log (4.5a/c)                      (1) 

 
where P is the applied indentation load (N); a, the indentation 
half diagonal (m) and c the crack length from the center of the 
indent (m). The recommended c/a ratio for use in this 
equation is 0.6 ≤ c/a < 4.5.  

III. RESULTS AND DISCUSSION 

A. Nanoindentation Approach 

Typical load versus depth of penetration (P-h) curves 
obtained from the nanoindentation tests on the metallic glass 
coatings with different B4C content are shown in Fig. 1. The 
maximum load (Pmax) is 10 mN. The results on nanohardness 

(H), elastic modulus (E), H/E ratio, the maximum 
displacement of the nanoindenter (hmax), final indentation 
depth (hf), hf/hmax ratio, and the percentage elastic recovery of 
displacement on unloading R%=[(hmax-hf)/hmax)×100] for the 
single-phase amorphous coatings, and reinforced with various 
ratios of B4C nanoparticles are summarized in Table II. 

 

 

Fig. 1 Typical load versus depth of penetration (P-h) curves for the 
metallic glass coatings with different B4C content 

 
TABLE II 

SUMMARY OF NANOINDENTION TESTING AND MECHANICAL PROPERTIES OF FE-BASED METALLIC GLASS HVOF COATINGS WITH VARIOUS B4C 

NANOPARTICLES 

Coating compositions (vol%) H GPa E GPa Kc (MPa√m) H/E hf (nm) hmax (nm) hf/hmax R% 

0% B4C 8.1 133 3.0 0.061 163.3 241.2 0.677 32.30 

5% B4C 9.8 161 4.1 0.061 162.1 230.1 0.704 29.55 

10% B4C 10.3 169 4.8 0.061 157.2 222.1 0.708 29.22 

15% B4C 11.6 181 5.5 0.064 151.2 210.1 0.720 28.03 

20% B4C 12.2 185 2.8 0.066 131.1 191.3 0.685 31.47 

25% B4C 13.1 202 2.1 0.065 118.3 177.1 0.668 33.20 

 
The nanohardness and elastic modulus of the coatings can 

be calculated from the curves in Fig. 1. It is evident that the 
maximum penetration depth (hmax) which is decreased by 
raising the amount of B4C content in the amorphous matrix 
probably indicates a higher hardness appeared in the 
reinforced coatings. The measured hardness of the single-
phase amorphous coating is 8.1 GPa, while it is 13.1 GPa for 
coating with 25 vol.% B4C. The higher hardness of the latter 
is probably associated with a high amount of nanoparticles 
distributed in the amorphous matrix. The reported hardness 
values here are slightly higher than those measured by 
conventional microindenters probably because of the indenter 
size effect at small load levels. 

Branagan et al. [30] reported that the hardness of the 
plasma-sprayed Fe-Cr-Mo-B-C-Si-Al coating is 10.7 GPa. 
Cheng et al. [23] reported that the hardness of the Fe-B-Si-Cr-
Nb-Mn-Y amorphous/nanocrystalline coating is around 8.83-
10.3 GPa. According to Salahinejad et al. [31], the hardness of 
the 78Fe-18Cr-4Mn alloy is at a maximum when the material 

is composed of a mixture of crystalline nanoparticles and an 
amorphous phase. It was explained that the amorphous/crystal 
interface had a lower interfacial energy than the crystal/crystal 
interface. This composite structure blocks the propagation of 
the shear bands and cracks. Kim et al. [32] have noted that the 
nanoparticles were too small to contain defects such as 
dislocations, stacking faults, or microtwins. Therefore, 
localized shear deformation in metallic glasses can effectively 
be suppressed by a possible interaction between shear bands 
and nanoparticles. Zhou et al. [33] reported that the Fe-Cr-
Mo-C-B-Y amorphous coatings demonstrate high-average 
microhardness of 9.78 GPa. They concluded that the 
dispersion strengthening of nanocrystals precipitated in an 
amorphous matrix contributes to the high-hardness of as-
deposited coatings. 

Elastic moduli of the reinforced coatings are found to be 
higher than the single-phase amorphous coating. The 
enhancement in elastic modulus is due to the B4C 
nanoparticles which act as hindrances to the shear band 
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propagation. The higher slope of the unloading curves 
indicates a higher stiffness or elastic modulus. It is clear that 
the unloading slope was increased by raising the B4C 
nanoparticles. These results have been well documented in 
some reviews [8], [34]. 

The maximum value of nanohardness to the elastic modulus 
ratio (H/E) for the single-phase amorphous coating is about 
0.061 which is comparable with that for bulk amorphous 
steels and many other BMGs [35]. The hf/hmax ratio and R% 
are two important parameters that can be derived from the (P-
h) curves. The limits of hf/hmax are 0 ൑ hf/hmax ൑ 1. The lower 
limit corresponds to fully elastic deformation, whereas the 
upper limit is characteristic of rigid plastic materials [35]. The 
value of this ratio is found to be increased for coatings with 
B4C up to 15 vol.%, and then, it was decreased for coatings 
with more than 20 vol.% B4C nanoparticles. The reverse trend 
is shown for the percentage elastic recovery (R%) which 
indicates that the single-phase amorphous and reinforced 
coatings with a high amount of nanoparticles (20 and 25 
vol.% B4C) maybe deformed elastically. The hf/hmax ratios in 
the present case are found to be in the range of 0.668–0.720, 
while the percentage elastic recovery ranges between 28.03% 
and 33.2%.  

It is liable that the single-phase amorphous coating of the 
present study has a lower resistance to crack initiation (Kc=3 
MPa√m). It is also possible that it can be correlated to a lower 
susceptibility to plastic flow (R= 32.3%). This is in agreement 
with other studies. Comparable toughness values for Fe-based 
glassy alloys have been reported either by indentation 
techniques, 3.2-3.8 MPa√m [36], [37].  

In amorphous matrix, crack nucleation is effectively 
arrested, but crack propagation is enhanced, and single-phase 

amorphous materials are naturally very brittle under tension. 
Therefore, homogeneously distributed of 5-15 vol.% B4C 
nanoparticles in the amorphous coatings enables providing 
random paths for crack propagation which consumes crack tip 
energy and restrain crack propagation [38]. Therefore, the 
fracture toughness enhances to 4.1-5.5 MPa√m. Accordingly, 
excessive B4C nanoparticles (more than 20 vol%) reduce the 
fracture toughness of the coating and making it brittle and 
easy to be fractured during the indentation test.  

It is well known that the optimization of the Fe-based 
metallic glass HVOF coatings, using a different amount of 
B4C nanoparticles, plays a key role in enhancing the 
mechanical properties in order to obtain a nanocomposite 
coating with high hardness and fracture toughness. Hence, it is 
generally accepted that the optimum composition is Fe-based 
metallic glass with 15 vol% B4C nanoparticles which will be 
discussed in the following sections. 

B. Phase Evaluations and Microscopic Observations 

Fig. 2 shows the XRD pattern of the as-sprayed HVOF 
coating compared to that of starting feedstock powder 
containing 15 vol.% B4C in the Fe-based amorphous matrix. 
Evidently, a very large broad peak maximized at 2ϴ of about 
45° can be observed for the both coating and starting powder, 
although some small peaks from B4C were superimposed. No 
other phases are detected within the sensitivity limits of X-ray 
diffraction. This implies that the presence of B4C during 
spraying did not adversely affect the glass forming ability of 
the matrix. Apparently, the XRD results confirmed that the 
B4C nanoparticles are in the amorphous matrix without 
causing any other phase formation and decomposition.  

 

 

Fig. 2 XRD patterns of Fe-based-15vol.%B4C metallic glass feedstock powder and HVOF nanocomposite coating. 
 

TEM was undertaken to obtain more detailed information 
on the microstructure as shown in Fig. 3, the typical bright 
and dark filed TEM microstructure images of the HVOF 
nanocomposite coating with 15 vol.%B4C nanoparticles. In 

the lattice image, Fig. 3 (a), some B4C particles with a size of 
about 10-50 nm are imaged. The diffused halo Debye ring in 
the selected area electron diffraction pattern (SADP) confirms 
that the matrix regions of coating have an amorphous 
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structure. Furthermore, the fast Fourier transform (FFT) can 
be seen in the inset of Fig. 3 (b). It clearly shows the 
appearance of diffuse spotty patterns indicating the 
amorphous structure of the matrix. The dark filed image, Fig. 
3 (c), validates the existence of B4C crystals in the matrix. The 
HRTEM micrograph (Fig. 3 (b)) confirms the coexistence of a 
mixture of nanocrystalline B4C nanoparticles within an 
amorphous matrix. It is interesting to point out that the diffuse 
characters seen in the SADP images (inset of Fig. 3 (a)) were 
corroborated with the XRD results noted in Fig. 2. It is 
evident to the HRTEM micrograph (arrow indicated in Fig. 3 
(b)) that the B4C nanoparticles are found to be homogeneously 
surrounded by the amorphous phase with semi-uniform 
interface throughout the thickness of the coating. With 
reference to the work of Aizenshtein et al. [39], the wetting 
and the interface phenomena in the (Fe–B–C)/B4C systems 
are controlled by the decomposition of B4C and the formation 
of an interaction zone at the ceramic/metal interface. On the 

other hand, a Fe-rich liquid phase is formed between the 
ceramic particles during thermal spraying and promoted the 
densification of the nanocomposite coatings. 

The SEM image of the cross-section regions in the HVOF 
nanocomposite coating with 15 vol.%B4C nanoparticles is 
shown in Fig. 4. The percentage of porosity in the coating was 
evaluated using image analysis (Digimizer Version 4.6.1). 
The values given are the average of 10 measurements. It can 
be seen that the coating has a highly dense and compact 
structure with porosity of about 0.4%±0.1 and is well bonded 
to the substrate with no cracking. The microstructure of 
HVOF coating was consisted of deformed and partially 
melted particles along with the fine lamellar structure. When 
most of the sprayed particles partially reach the melted state, 
only the melted fraction may form an amorphous phase, while 
the un-melted fraction will keep the original amorphous 
microstructure of the starting powder [40].  

 

 

Fig. 3 (a)-(c) Bright and dark filed TEM micrographs, SADP and FFT of HVOF coating with 15 vol.%B4C nanoparticles 
 

 

Fig. 4 SEM cross-sectional images of HVOF nanocomposite coating 
with 15 vol.%B4C nanoparticles 

IV. CONCLUSION 

In the framework of this approach, the microstructural 
observations confirmed that the B4C nanoparticles which act 
as a reinforcing agent, were well embedded in Fe-based 
metallic glass throughout the coating microstructures. It was 

observed that, with the content of B4C nanoparticles 
increasing to 15 vol.%, the fracture toughness of the coatings 
rises from 3.0 to 5.5 MPa√m. But, when the B4C content is 
higher than 20 vol.%, the fracture toughness decreases to 2.1 
MPa√m. Elastic modulus as well as the hf/hmax ratio was 
increased and the percentage elastic recovery (R%) of the 
coatings was gradually decreased with respect to the increase 
in the volume fraction of B4C up to 15%. In the other words, 
the nanocomposite coating in which B4C nanoparticles were 
embedded in an amorphous matrix, yielded the highest 
hardness compared to the single-phase amorphous coating.  
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