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The Fe66Cr10Nb5B19 alloy coatings with high hardness (≈850 HV300), low porosity (less 3 %), low content of crystalline phase 
(less 2.5 wt.%), elevated nanohardness (average value 13.7 GPa), and high wear resistance were obtained in a wide range of 
detonation spraying modes. The results of dry linearly reciprocating sliding wear tests of coatings carried out according to 
ASTM G 133-05 are presented. The wear resistance of coatings obtained at an explosive charge of 50 – 70 % is significantly 
higher than that of stainless steel. The similar values of volume scratches of Fe66Cr10Nb5B19 coatings obtained at an explosive 
charge of 40 – 70 % are attributed to the similar values of porosity and the content of the crystalline phase. Scratch and spalling 
are the main mechanisms of coatings destruction during scratching with a diamond tip.
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1. Introduction

The fabrication of functional coatings by thermal spraying 
can improve the performance characteristics of the working 
surface, increase the reliability and lifespan of engineering 
components under wear and corrosion. Fe-based glassy 
alloys are promising materials for use as wear and corrosion 
resistant coatings obtained by thermal spraying technologies 
[1]. Fe-based bulk metallic glasses have shown high strength, 
high hardness, superior corrosion and wear resistance 
[2 – 4]. In the last few decades, interest has increased in the 
development of new compositions of amorphous alloys and 
the study of their properties [5, 6]. Fe-based glassy alloys are 
of interest because of their low cost related to iron, but at 
the same time exhibiting a high glass-forming ability [7]. 
The results of studying the tribological properties of thermal 
sprayed Fe-based glassy coatings are presented in [8 –10]. 
It was shown that the content of the crystalline phase in 
the coatings, particularly boride nanocrystals, enhanced 
the hardness and wear resistance. As discussed in [11–14], 
reinforcement with harder particles and additional heat 
treatment can also be used to improve the wear resistance 
of coatings with a retained glassy structure. The corrosion 
resistance of glassy coatings is predominantly dependent on 
the content of the glassy phase and porosity [15].

Nanoscratch testing has now become a simple and versatile 
method for evaluating wear resistance and investigating the 
deformation of thin films, thick coatings, and bulk materials. 
Hodge and Nieh found that the wear resistance of the Zr-based 
and Pd-based glassy alloys when tested for nanoscratches 
did not obey the classical Archard’s equation, i. e., the wear 

resistance was not linearly proportional to the hardness 
[16]. Glassy coatings also contain oxides, pores, and other 
heterogeneous phases that can lead to more complex behavior 
than bulk metallic glasses. During the spraying process, oxide 
films can form on the surface of the sprayed particles, and this 
can have a negative influence on the properties of the coatings 
[17 – 22]. Among the methods of thermal spraying, the 
impulse nature of detonation spraying allows the formation 
of wear resistant and dense coatings with a low content of the 
crystalline phase [23]. The results of a study of the tribological 
and corrosion properties of Fe51.33Cr14.9Mo25.67Y3.4C3.44B1.26  
detonation coatings with a high content of the amorphous 
phase (content of crystalline phase 14.46 wt.%) was presented 
in [24]. Due to the formation of coatings with a partially 
crystalline structure and low porosity (less than 2 %), the wear 
resistance was five-fold higher than that of stainless steel, 
which was used as the substrate material. However, there are 
few special studies in the literature on the processing window 
for ensuring the wear resistant Fe-based glassy coating 
produced by detonation spraying.

The present work was aimed to study the wear 
resistance under dry linearly reciprocating sliding wear 
and nanoscratching of Fe66Cr10Nb5B19 detonation coatings 
with an appreciable glassy structure obtained with different 
explosive charges (fractions of the barrel volume filled with 
an explosive mixture).

2. Materials and experimental methods

Detailed investigations of the phase composition and 
structure of the initial powder of the Fe66Cr10Nb5B19 alloy 
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with a particle size of 45 – 75  µm, which was used for 
detonation spraying in the present studies, were shown in 
our previous work [25]. The powder had a spherical shape 
and a high content of the glassy phase (≈69 wt.%). The glass 
transition temperature and crystallization temperature of 
the Fe66Cr10Nb5B19 alloy were determined as Tg = 794 K and 
Tx = 846 K, respectively. The alloy melts at Ts =1442 K. This 
quaternary alloy shows a high glass-forming ability with a 
wide supercooled liquid region (ΔT = Tx − Tg) equal to 52 K. 
For example, the alloys Fe81Si1.9B5.7P11.4 [26], Fe67Nb4Si5B14 
[27] and Fe48Mo14Cr15Y2C15B6 [28] showed ΔT equal to 
32°C, 45°C and 69°C, respectively; the latter containing 
considerable content of expensive alloying elements such as 
Mo and Y.

In our previous studies [17, 25], the detonation spraying 
modes of Fe66Cr10Nb5B19 powder with a particle size of 
45 – 75  µm were determined. It was shown that using 
50 – 60 % of an explosive charge at a molar ratio O2 / C2H2 of 
1.1 allowed to obtain high-quality dense coatings (thickness 
200 – 350  µm) with high content of the glassy phase (less 
2 wt.% of crystalline phase).

In the presented work, coatings with a thickness of 
500 µm were obtained using 40 – 70 % of explosive charge at 
a ratio O2 / C2H2 of 1.1, on the carbon steel substrate (grade 
St3, GOST 380 – 2005, analog to AISI A570). The substrates 
were cooled by compressed air during spraying. The content 
of the crystalline phase in the coatings obtained at 40 %, 
50 %, 60 %, and 70 % of explosive charges was 2.5 , 2, 1.5, and 
1 wt.%, respectively, as determined from the X-ray diffraction 
patterns by the Rietveld method using TOPAS 4.2 software 
(Bruker AXS). Bonding strength of Fe66Cr10Nb5B19 coatings 
measured by pin test method was 150 MPa [25].

The Fe66Cr10Nb5B19 detonation coatings with a glassy 
structure had a high resistance to atmospheric [29] and 
electrochemical corrosion [30]. Developed coatings can 
be recommended as protective coatings in aggressive 
environments. Due to the high corrosion resistance of 
Fe66Cr10Nb5B19 coatings, stainless steel (grade 12Cr18Ni10Ti, 
GOST 2590 – 2006, analog to AISI 321) was chosen as a 
reference material in this work.

The hardness of the coatings was measured using a 
semi-automatic Wolpert 402 MVD tester at a load of 300 g 
on the polished cross-sections of the coatings. A 136° 
pyramidal diamond indenter was used for measurements 
that forms a square indent. The average values of hardness 
were determined from 10  measurements. The effect of 

low electrical potentials on the microhardness, creep and 
microstructure of metallic materials has been studied in 
[31– 33]. In present work hardness and scratch testings were 
made without electrical potentials. The standard wear tests 
of the Fe66Cr10Nb5B19 detonation coatings and stainless steel 
were performed according ASTM  G  133 – 05 (Procedure 
A) using a ball-on-flat universal wear machine (UMT-2, 
Bruker). The diameter of a counterpart (WC-6Co ball) was 
6.35  mm. The counterpart under applied load was sliding 
against the flat specimen of the samples (Fig.  1a). Before 
testing for wear, nanoscratch and nanoindentation tests the 
surface of the detonation coatings were ground, polished and 
degreased with acetone. The morphology of the worn surface 
after wear tests was studied by scanning electron microscopy 
(EVO50 XVP microscope, Carl Zeiss). The coefficient of 
friction (COF) was analyzed for reciprocating dry sliding 
tests. The wear resistance (Rw) of the coatings and stainless 
steel was calculated by the equation: Rw = NS / Vw, where N is 
the applied load, S and Vw are the total sliding distance and 
the worn volume, respectively [34]. The average values of 
wear resistance were calculated after 5 measurements.

Nanoindentation and nanoscratch tests were carried out 
using a Nanoscan 4D+ (TISNCM) scanning nanohardness 
tester with a standard three-sided pyramid Berkovich tip 
(an angle between the axis and a facet of 65° and tip radius 
200 nm) on the polished surface. Areas on the coating surface 
without pores were selected for the measurements. For 
nanoindentation tests a normal load of 100 μN, a loading rate 
of 10 μN / s, and a peak load holding time of 2 s were applied.

Nanoscratch tests were conducted under rumping loads 
from 10 to 100 μN at a loading rate of 10 μN / s at a traverse 
speed of 0.5 μm / s over a scratch length of 100 μm (Fig. 1b). 
After the scratch test, the wear tracks were investigated 
by optical profilometry coupled to Vision64 software for 
calculation volume loss. The average values of nanohardness 
and nanoscratch were determined from 10 ×10 grid of indents 
(100 indents) and 5 measurements, respectively.

3. Results and discussion

3.1. Microstructure, hardness and wear resistance 
under dry linearly reciprocating sliding conditions 
of coatings

Figure 2 shows morphology and cross-sections of the 
detonation coating obtained at 70 % of the explosive charge 

			      a							              b
Fig.  1.  The diagram of dry linearly reciprocating sliding test (a) and nanoscratch test (b).
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(О2 / С2Н2 =1.1). The presented micrographs are typical for 
the obtained Fe66Cr10Nb5B19 coatings. Melted and unmelted 
particles can be seen on the coating surface (Fig.  2 a). The 
coatings possess a lamellar structure typical for thermal 
sprayed coatings (Fig. 2 b). Except for the coating obtained 
at 40 % of an explosive charge, where the porosity was ≈3 %, 
the porosity of other coatings was less than was less than 1 %.

The results of Fe66Cr10Nb5B19 coatings microstructure 
investigations by transmission electron diffraction 
microscopy proved the amorphous structure of coatings [25]. 
Nanocrystals with chemical compositions corresponding to 
the initial alloy were found at the inter-splat boundaries. In 
the coating / substrate interface, alumina oxide particles can be 
present, which are artifacts after the sandblasting. The surface 
roughness after polishing was approximately Ra = 0.03 µm.

Results of measurements of Vickers hardness, average 
COF value in the steady-state stage, volume loss and wear 
resistance of Fe66Cr10Nb5B19 glassy coatings and stainless steel 
are presented in Table 1. The cross-sectional hardness of the 
detonation coatings obtained at 40 %, 50 %, 60 %, and 70 % 
of the explosive charge were 770, 870, 855, and 840  HV300, 
respectively. The observed hardness of the glassy coatings 
(average value ≈850 HV300) is close to the hardness of some 
Fe-based fully glassy ribbons obtained by single roll melt-
spinning [35].

The highest wear resistance after dry sliding wear test 
was demonstrated by the coatings obtained at 50 – 70 % of the 
explosive charge. These coatings also showed high COF values 
in the range of 0.67 – 0.69. Similar values of wear resistance 
and COF of the coatings obtained at an explosive charge 
of 50 – 70 % can be associated with close values of porosity, 
hardness and crystalline phase content of the coatings. The 
average wear resistance value of Fe66Cr10Nb5B19 detonation 
coatings obtained at an explosive charge of 50 – 70 % was 
6.7 ± 0.6 (1013 Pa).

The reduction of wear resistance of the coatings obtained 
at 40 % of the explosive charge can be explained by low 
cohesion between the splats. As shown in our previous study 
[25], using 40 % of the explosive charge, only particles with 
a size of 45  μm achieved temperatures to the molten state 
of the Fe66Cr10Nb5B19 alloy. The remaining particles in the 
45 – 75  μm fraction did not remained solid or semi-solid 
upon the spraying process. Therefore, the coating was formed 
by molten particles of 45  μm size, and heated deformed 
particles of larger size.

Figure 3 presents images of the worn surface after a dry 
linearly reciprocating test of the coating obtained at 60 % 
of the explosive charge. The worn surface exhibited deep 
scratches, grooves and particle delamination along the 
sliding direction (showed by arrows in Fig. 3 a), indicative of 
an abrasive wear mechanism. Particle delamination can be 
associated with a low temperature in the contact zone of the 
counterpart and coating, which is below the glass transition 
temperature (Tg) in a condition where the glass behaves as 
a solid with high viscosity. Particle delamination indicates a 
fatigue wear mechanism. The delaminated particles stayed in 
the worn surface and served as abrasive particles. However, 
the wear resistance of stainless steel was several times lower 
compared to the Fe66Cr10Nb5B19 detonation sprayed coatings. 
The results of the elemental analysis of the worn surface 
indicate a transfer of the counterpart material to the coating 
surface (Fig. 3 c). It is connected with a partial destruction of 
the counterpart.

3.2. Results of the nanohardness measurements, 
Young’s modulus calculation and scratch tests of 
coatings

The volume loss of Fe66Cr10Nb5B19 detonation coatings after 
nanoscratch tests and nanohardness are presented in Table 1. 

			      a							              b
Fig.  2.  The morphology (a) and cross-sections (b) of the detonation coating obtained at 70 % of the explosive charge.

Table  1.  The hardness, average COF value in the steady-state stage, calculated wear resistance (Rw) after dry sliding tests, volume loss after 
scratch tests, and nanohardness of the Fe66Cr10Nb5B19 detonation coatings and stainless steel. All parameters the confidence intervals are 
given (for a confidence level of 0.95), except for average COF.

Material
Hardness,  

HV300

Average COF value in the 
steady-state stage

Wear resistance, 
1013 Pa

Volume loss after 
scratch test, µm3

Nanohardness,  
GPa

Fe66Cr10Nb5B19, 40% 770 ± 90 0.64 1.55 ± 0.15 220 ± 90 13.5 ± 2.0
Fe66Cr10Nb5B19, 50% 870 ±165 0.69 6.55 ±1.05 145 ± 30 14.0 ± 2.0
Fe66Cr10Nb5B19, 60% 855 ± 55 0.67 5.70 ± 0.30 155 ± 50 12.5 ± 2.5
Fe66Cr10Nb5B19, 70% 840 ± 80 0.69 7.80 ± 0.55 150 ± 25 15.0 ± 3.0

Stainless Steel ≈220 0.58 0.70 ± 0.05 – –
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This series of coatings shows close values (considering the 
given values of confidence intervals) of wear resistance 
(average volume loss value 170 ± 50 µm3) and nanohardness 
(average value 14 ± 2 GPa).

The structure of the detonation coatings presented in 
this work exhibits pores, microcracks and crystalline phases 
in the intersplat [25]. The increase in the scratch depth of 
the coating obtained using 40 % of an explosive gas mixture 
(O2 / C2H2 ≈1) was a result of the heterogeneous structure like 
the presence of pores. Due to the brittle nature of amorphous 
alloys and high stresses on the walls of pores and microcracks 
during the diamond tip indentation into the surface of the 
coatings the cracks propagation started. When the tip was 
moving during the scratch test the cracks was grown on 
the coating surface. The scratch depth (in length) of these 
coatings is significantly less (450 – 600  nm) compared to 
the coating obtained at an explosive charge of 40 % (2 μm). 
The penetration depth depends on hardness and Young's 
modulus of materials. According to the standardized Oliver 
and Pharr method the Young's modulus of the coatings were 
calculated [36]. The Young's modulus of the detonation 
coatings obtained at 40 %, 50 %, 60 %, and 70 % of the explosive 
charge were 140 ± 25, 160 ± 30, 195 ± 30, and 215 ± 25  GPa, 
respectively. It can be seen that with increasing volume of 
explosive mixture the modulus of elasticity rises, which is 
associated with a reduction in the defects of the coatings and 
agrees with other publications [16, 37].

Y.  Wu et al. [38] investigated the wear behavior under 
nanoscratch tests of SAM2X5 and SAM1651 coatings sprayed 
by high-velocity air fuel technology. The wear resistance of 
the obtained coatings was four times higher than that of the 

stainless steel. It was shown that porosity had a significant 
effect on the wear resistance of coatings. It should be noted 
that the nanohardness, Young's modulus and wear resistance 
of the Fe66Cr10Nb5B19 glass coatings are higher compared to 
the coatings presented in [38]. The nanoscratch resistance 
correlates strongly with nanohardness. The wear resistance 
under nanoscratch tests of the Fe66Cr10Nb5B19 coatings 
obtained in wide range of detonation modes does obey the 
J. F. Archard modified wear equation.

4. Conclusions

Wear resistant Fe66Cr10Nb5B19 coatings have been obtained 
in a wide range of detonation spraying modes. The 
wear behavior of detonation coatings under dry linearly 
reciprocating conditions and nanoscratch tests under 
ramping loads was investigated. The wear resistance under 
dry linearly reciprocating conditions of the obtained 
coatings are near nine times higher than that of stainless 
steel. The main wear mechanisms of detonation coatings 
under dry linearly reciprocating sliding conditions were 
fatigue and abrasive. The values of volume loss (after 
nanoscratch testing) and nanohardness are similar for the 
detonation coatings presented in this work. The scratch and 
spalling mechanisms of ploughing occurred due to the crack 
initiation and propagation from the walls of pores.
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			      a							              b

						                     c
Fig.  3.  SEM micrographs of the worn surfaces of the Fe66Cr10Nb5B19 glassy coating obtained at 60 % of the explosive charge: low-
magnification (a), high-magnification (b), results of the elemental analysis of the worn surface of the area selected in Fig. 3 b (c). Deep 
scratches were shown by the arrow.
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