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Abstract 10 

In this study, detonation coatings were preapplied as adhesive intermediate layers 11 

obtained from WC-Co, WC-Ni(10), WC-Ni(20), WC-Co-Cr and NiCr-Cr3C2 powders. 12 

Tungsten hexafluoride WF6 is used for chemical vapor deposition of tungsten coatings. The 13 

dispersed composition of the powders was studied via laser diffraction, the phase composition 14 

of the powders and coatings obtained from them via X-ray diffraction, and chemical element 15 

analysis via EDS. The powder shape and the “detonation coating/tungsten coating” and 16 

“detonation coating/substrate” interfaces were examined by scanning electron microscopy. 17 

The combined use of detonation spraying and chemical vapor deposition allows the 18 

distributed deposition of tungsten coatings on a steel substrate from the detonation coating 19 

sublayer and regulates the porosity of the surface of detonation coatings by depositing a layer 20 

of tungsten on them via chemical vapor deposition. 21 

 22 

Keywords: detonation spraying coatings, chemical vapor deposition, tungsten coating, 23 

tungsten hexafluoride WF6 24 

 25 

Introduction 26 

The general causes of failure of industrial equipment components and parts are friction 27 

and abrasive types of wear [1]. Various types of surface treatment are used to increase wear 28 

resistance: chemical and thermal treatment [2], thermal spraying coatings (HVOF, HVAF, 29 

laser cladding, and plasma spraying), physical vapor deposition (PVD) (magnetron, ion and 30 

vacuum types of deposition), chemical vapor deposition (CVD), laser melting, arc deposition, 31 

and galvanic coatings, as well as hardness and superhard alloys, and the introduction of 32 

special alloying additives into their composition (tungsten, molybdenum, chromium, ceramic 33 

species, etc.) [3-5]. 34 
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A flexible approach is to use hardness wear-resistant coatings, which are available via 35 

a limited number of methods. Chromium-based hardness galvanic coatings are good examples 36 

for wear-resistant applications [6], but the high degree of toxicity of the chrome plating 37 

process limits their use [7]. The hardness of compound layers produced via physical vapour 38 

deposition methods is difficult to obtain with equal compositions and thicknesses of complex 39 

products [8]. Thermal spraying coatings are widely used [9], but they have high porosity, 40 

which is unacceptable for most applications, and contain a multiphase structure, which 41 

reduces their operational properties [10]. Tungsten-based CVD coatings, including tungsten 42 

carbides [11, 12], cannot be directly deposited on steel surfaces [13]. 43 

 Combining hardness coating technologies to obtain the best quality product for 44 

industrial practical application is an extremely urgent task. The approach of depositing PVD 45 

layers onto a WC-Co-system hard alloy substrate has already been applied [14-18]. 46 

Detonation-gaseous spraying (D-gun), which is one of the methods of thermal spraying, 47 

allows the application of coatings that preserve the original phase-element composition of the 48 

original powders, with good adhesion to the surface, uniformity and equal thickness without 49 

surface heat treatment, including on internal surfaces (with some restrictions). The 50 

combination of D-gun and CVD makes it possible to provide porosity closure via CVD layers 51 

for D-gun coatings and, conversely, to provide adhesion contact CVD coatings for steel 52 

subscribed underlayer D-gun coatings. This research is dedicated to matching the same layers. 53 

 54 

Experimental 55 

The detonation-gaseous spraying of metal and ceramic powders was implemented via 56 

the D-gun automatic technologic complex ADU “Ob” (NTC Detonatsiya, Russia) [19]. 57 

Acetilene C2H2 (pure A, NII KM, Russia) was used as a gas fuel, and the oxidant was gaseous 58 

oxygen O2 (99.99%, NII KM, Russia). Sample surfaces were previously cleaned of dirt and 59 

scale with activation immediately before being sprayed with quartz sand via air abrasive 60 

treatment (species scale 0.5–1.5 mm) [20-22]. 61 

Tungsten layers were obtained via CVD in a vacuum reactor with a heat side with the 62 

tungsten precursor tungsten hexafluoride WF6 (99.99%, NPO Luch, Russia) and a reduction 63 

in gaseous hydrogen H2 (99.999 %, NII KM, Russia). Highly active chemical transformation 64 

products were deactivated by spraying aqueous alkaline solution in a scrubber, which was 65 

installed in series after the rotary vane vacuum pump [23]. 66 

Samples preparation (steels St3 or St45 20х30х3 mm3) were performed via a 67 

metallographic cutting machine, MICRACUT 202 (Metkon, USA), with subsequent 68 
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production of a metallographic section on a pressing machine, ECOPRESS 52 (Metkon, 69 

USA), and grinding and polishing on an automatic grinding and polishing machine, 70 

FORCIPOL 102 (Metkon, USA). 71 

The powders granulometric composition were measured on a particle size analyser via 72 

a laser diffraction Mastersizer 2000 M (Malvern Instruments, GB) via an automatic liquid 73 

dispersion and a sample feeding module Hydro 2000S [24-26]. Powder flowability and bulk 74 

density were investigated via the weight method via a Hall funnel [27, 28]. 75 

The D-gun powders used were No. 1 – WC-Co(17) (Sulzer Metco, USA), No. 2 – 76 

WC-Ni(10) (n/n, CPR), No. 3 – WC-Ni(20) (Technikord, Russia), No. 4 – WC-Co-Cr 77 

(Gorizont pokritiy, Russia), and No. 5 – NiCr-Cr3C2 (HTC, CPR). 78 

Powders morphology and particle size analysis were carried out on an ICOE 79 

CB800PRT optical microscope (Synercon, Russia) in bright field mode [29-31]. The 80 

microstructure and thickness of the coatings were investigated via a metallographic inverted 81 

microscope (ICOE MIV5500D; Synercon, Russia) according to standard methods [32]. 82 

Powder and coating phase element analyses were performed via X-ray phase analysis 83 

(XRD) on an X-ray diffractometer (Tongda TD-3700; Dandong Tongda, КНР) with CuKα 84 

radiation. The results of the experiment were processed via QualX software. 85 

Powder species and multilayer coating microstructures were investigated by scanning 86 

electron microscopy (SEM) SM-32A (Melytec, CPR) with an X-ray detector Xplore 30 87 

(Oxford Instruments, GB) for energy dispersive analysis (EDX) to study the elemental 88 

chemical composition of the powders and coatings [33, 34]. The accumulation and processing 89 

of X-ray spectra were performed with AZtecOne software. 90 

 91 

Results and discussion 92 

Powders investigation 93 

The average bulk diameter of species and specific surface area for powder No. 1 are 94 

43.62 μm and 0.162 m2/g, respectively; No. 2, 49.78 μm and 0.254 m2/g; No. 3, 32.39 μm and 95 

0.387 m2/g; No. 4, 32.42 μm and 0.197 m2/g; and No. 5, 38.76 μm and 0.168 m2/g. 96 

Powder No. 1 (Fig. 1,a) contains particles of an elongated shape that are close to 97 

spherical. The particles of powder No. 1 mostly have a spherical shape of approximately the 98 

same geometric dimensions; as a result of the particle spheroidization operation, no dust 99 

fraction was detected. The single powder particles consisted of sintered polycrystals of 100 

submicron size. Powder No. 2 (Fig. 1,b) contains species with predominantly spherical 101 
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shapes, and ultrafine particles of submicron sizes that do not participate in the coating 102 

spraying process burn when the detonation products are fired. Powder particle No. 2 has a 103 

spherical shape with no signs of agglomeration; the particles themselves consist of WC 104 

tungsten carbide crystals interconnected by nickel bonds. Owing to the application of the 105 

particle spheroidization operation, WC crystallites have rounded fused faces. Powder No. 3 106 

(Fig. 1,c) contains mainly particles of complex multifaceted shapes, as well as many ultrafine 107 

particles of submicron sizes. Powder particles No. 3 have arbitrary polyhedral shapes with 108 

geometric dimensions in a wide range. Apparently, the powder was not subjected to any 109 

postprocessing (screening, size concentration, spheroidization, etc.). Powder No. 4 (Fig. 1, d) 110 

consists mainly of spherical species with a low dust fraction. The particles of powder No. 4 111 

have a spherical shape, which is obtained as a result of the particle spheroidization operation, 112 

and have similar geometric dimensions. No dust fraction was detected. The single powder 113 

particles consisted of sintered polycrystals of submicron size. No. 5 (Fig. 1, e) is mainly 114 

represented by spherical species, and there are enlarged agglomerates of species. Powder No. 115 

5 is predominantly spherical in shape with agglomeration of smaller submicron particles with 116 

larger microscale sizes, and the surface of the powder species is represented by individual 117 

crystallites without sharp angles that are "fused" during spheroidization. 118 

   
a) 

   
b) 

   
c) 
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d) 

   
e) 

Fig. 1. SEM images of powder samples: a) No. 1, b) No. 2, c) No. 3, d) No. 4, e) No. 5 119 

Powder No. 1 (Fig. 2a) consists of W, Co, C, O and Cr 65.93/23.17, 22.92/25.13, 6.10/32.79, 120 

4.51/18.23 and 0.55/0.68 wt.%/at.%, respectively. Powder No. 2 (Fig. 2,b) consists of W, C 121 

and Ni at 82.36/23.59, 9.45/57.26 and 8.18/10.14 wt.%/at.%, respectively. Powder No. 3 (Fig. 122 

2,c) contains W, Ni, C, Cr, O, Fe and Co 45.37/12.50, 29.31/25.30, 9.49/40.03, 6.11/5.95, 123 

3.34/10.58, 3.25/2.95 and 3.14/2.70 wt.%/at.%, respectively. The presence of Fe, Co, Cr and 124 

O impurities in the powder composition indicates the ingress of materials from the lining of 125 

pipelines and assemblies of technological machines, most likely represented by stainless 126 

steels containing these elements, during the powder production process owing to the higher 127 

hardness of the phases in the processed powder materials and their dry abrasive action, as well 128 

as the absence or insufficient organization of quality control of manufactured powder 129 

products. Powder No. 4 (Fig. 2, d) consists of W, C, Co, O and Cr at 79.00/26.99, 130 

10.63/55.58, 6.22/6.62, 2.13/8.36 and 2.02/2.44 wt.%/at.%, respectively. Powder №5 (Fig. 2e) 131 

consists of Cr, C, Ni and W at 76.17/49.93, 16.30/46.24, 6.16/3.58 and 1.37/0.25 wt.%/at.%, 132 

respectively. 133 

     
 W Mα1 Co Lα1,2 C Kα1,2 O Kα1 

a) 
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 W Mα1 Ni Lα1,2 C Kα1,2 

b) 

       
 W Mα1 Ni Lα1,2 C Kα1,2 Cr Kα1 Fe Kα1 Co Lα1,2 

c) 

      
 W Mα1 C Kα1,2 Co Lα1,2 O Kα1 Cr Kα1  

d) 

     
 Cr Kα1 C Kα1,2 Ni Lα1,2 W Mα1 

e) 

Fig. 2. Distribution of elements over the surface of powder particles: a) No. 1, b) No. 2, 134 

c) No. 3, d) No. 4, e) No. 5 135 

Detonation- gaseous spraying coatings 136 

The detonation coatings produced by spraying technology are shown in Table 1. 137 

Table. 1. D-gun coating spraying technique 138 

No. Composition L, mm FF, % O2/C2H2 h, μm υ, mm/min 

1 WC-Co(17) 150 48 1.08 5 2000 

2 WC-Co-Cr 150 48 1.07 5 2000 

3 NiCr-Cr3C2 160 27 1.1 5.5 1800 

4 WC-Ni(10) 150 47 1.08 6 2100 

5 WC-Ni(20) 160 45 1.08 5.5 2000 

L – distance from the trunk section to the sprayed plane, mm; FF – barrel fill factor, %; 139 

h – thickness of a single layer, μm; υ – speed of movement of the manipulator, mm/min. 140 

Coating No. 1 (Fig. 3a) is characterized by a dense uniform microstructure with an 141 

observed regular microporosity. The “coating/substrate” interface border has no peeling 142 

throughout, which indicates sufficient coating adhesion on the surface. Coating No. 2 (Fig. 3, 143 
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b) is characterized by a porous microstructure with the possibility of forming pores according 144 

to its coating bulk in the presence of satisfactory coating adhesion on the substrate surface, as 145 

expressed by the absence of peeling of the coating sections. Coating No. 3 (Fig. 3,c) has a 146 

dense, homogeneous microstructure with a minimum number of micron-scale pores. The 147 

“coating/substrate” interface border has distinct halos with the possibility of forming “shells” 148 

that do not noticeably affect the adhesion of the sprating layer. In coating No. 4 (Fig. 3, d), 149 

irregular cracks are observed, which in turn do not lead to deterioration of coating adhesion or 150 

detachment. The coating microstructure is quite homogeneous, with the possibility of the 151 

appearance of closed pores at the micron scale in the near-surface coating layer. Coating No. 152 

5 (Fig. 3e) has a “loose” microstructure with the possibility of forming an open, branched 153 

porosity on the coating bulk. The “coating/substrate” interface border has no signs of peeling. 154 

   
a) 

   
b) 

   
c) 
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d) 

   
e) 

Fig. 3. SEM images of D-gun coatings: a) No. 1, b) No. 2, c) No. 3, d) No. 4, e) No. 5 155 

Coating No. 1 (Fig. 4a) containing phases of WC and Co, which are contained in the 156 

initial powder, and α-W results in dissociated tungsten carbide (WC) during D-gun spraying. 157 

Coating No. 2 (Fig. 4,b) contains phases of WC and Ni, which are present in the original 158 

powder, and W2C and W result in the dissociation of tungsten carbide WC during D-gun 159 

spraying. Coating No. 3 (Fig. 4,c) contains phases of WC and Ni, which are contained in the 160 

initial powder, and W2C, W results in dissociated tungsten carbide (WC) during D-gun 161 

spraying. Coating No. 4 (Fig. 4, d) contains phases of WC and Co, which are contained in the 162 

initial powder, and W2C results in the dissociation of tungsten carbide WC during D-gun 163 

spraying. The Cr phase, which is present in the original powder, was not detected in the 164 

coating; most likely, chromium partially burned out at low temperatures, and its small amount 165 

in the spraying coating could not be detected by XRD because of the detection limit of the 166 

compounds by a diffractometer. Coating No. 5 (Fig. 4e) contains the phases Cr, NiCr and Ni, 167 

which are contained in the initial powder, as well as Cr3C2 and Cr2O3, which are formed 168 

during spraying coating. 169 
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a) b) 

 
 

c) d) 

 

 

e)  

Fig. 4. Powders and D-gun coatings diffractograms: a) No. 1, b) No. 2, c) No. 3, d) No. 4, 170 

e) No. 5 171 

CVD tungsten coatings 172 
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CVD tungsten coatings were obtained via the following methods: 1 l/h WF6, 5.5 l/h 173 

H2, a precipitation temperature of 530 °C, a pressure of 180 ± 10 Torr, and precipitation for 174 

40 min. 175 

The two-layer WC-Co coating with deposited tungsten has a uniform microstructure, 176 

the "substrate-detonation coating" boundary is clearly visible, and the "detonation coating-177 

CVD coating" boundary is distinguishable by the presence of a denser outer CVD layer of 178 

tungsten. Submicron-sized pores are also discernible in the detonation layer. The 179 

microstructure of the detonation layer contains some porosity with submicron‒micron 180 

dimensions (Fig. 4a). Two-layer WC‒Ni(10) coatings with deposited tungsten have a uniform 181 

phase distribution in the detonation layer, and the boundaries of the layers are distinguishable. 182 

The closure of the surface porosity in the detonation layer by the deposited CVD layer of 183 

tungsten is also noticeable (Fig. 4,b). The two-layer WC-Ni(20) coating with deposited 184 

tungsten has distinguishable "substrate-detonation coating" and "detonation coating-CVD 185 

coating" boundaries, and no porosity was visually detected in the coating layers (Fig. 4,c). 186 

The two-layer WC-Co-Cr coating with deposited tungsten has a clear "substrate-detonation 187 

coating" boundary, and the CVD layer of tungsten on the detonation layer has a small 188 

thickness and is distinguishable on the outer surface of the sample because of the denser 189 

microstructure of tungsten (Fig. 4,d). The two-layer NiCr-Cr3C2 coating with deposited 190 

tungsten has a clearly distinguishable boundary "substrate-detonation coating" and 191 

"detonation coating-CVD coating" (Fig. 4e). 192 

   
a) 
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b) 

   
c) 

   
d) 

   
e) 

Fig. 5. SEM images of D-gun coatings with deposited W coatings: a) WC-Co/W, b) WC-193 

Ni(10)/W, c) WC-Ni(20)/W, d) WC-Co-Cr/W, e) NiCr-Cr3C2/W 194 
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The two-layer WC-Co/W coating contains W with a uniform thickness distribution, 195 

and Co is less evenly distributed: the concentration decreases slightly towards the sample 196 

surface, and carbon in the D-gun layer is poorly expressed owing to its identification features. 197 

The outer CVD layer of tungsten is distinguishable on the surface of the sample (Fig. 5a). The 198 

WC‒Ni(10)/W coating consists of W, Ni and C with a uniform thickness distribution. The 199 

outer CVD layer of tungsten is distinguishable on the surface of the sample (Fig. 5,b). The 200 

WC-Ni(20)/W coating consists of W, Ni and C with a uniform thickness distribution. The 201 

outer CVD layer of tungsten is distinguishable on the surface of the sample (Fig. 5,c). The 202 

WC-Co-Cr/W coating contains W, Co, and Cr with a uniform thickness distribution; carbon 203 

in the D-gun layer is poorly expressed because of its identification features. The outer CVD 204 

layer of tungsten is distinguishable on the surface of the sample (Fig. 5,d). The NiCr-Cr3C2/W 205 

coating contains Ni, C and Cr with a uniform thickness distribution. The outer CVD layer of 206 

tungsten is clearly visible on the surface of the sample (Fig. 5,e). 207 

     

 

 W Mα1 C Kα1,2 Co Lα1,2 Fe Kα1  

a) 

     

 

 W Mα1 Ni Lα1,2 C Kα1,2 Fe Kα1  

b) 

     

 

 W Mα1 Ni Lα1,2 C Kα1,2 Fe Kα1  

c) 

      
 W Mα1 C Kα1,2 Co Lα1,2 Cr Kα1 Fe Kα1 

d) 
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 W Mα1 Ni Lα1,2 Cr Kα1 C Kα1,2 Fe Kα1 

e) 

Fig. 6. Distribution of elements on various metallographic detonation coatings and deposition 208 

of CVD layers of tungsten on a) WC-Co/W, b) WC-Ni(10)/W, c) WC-Ni(20)/W, d) WC-Co-209 

Cr/W, e) NiCr-Cr3C2/W 210 

 211 

Conclusions 212 

The chemical vapour deposition of a tungsten coating from tungsten hexafluoride WF6 213 

onto detonation coatings composed of WC-Co, WC-Ni(10), WC-Ni(20), WC-Co-Cr and 214 

NiCr-Cr3C2 sprayed onto a steel substrate was considered. Owing to the lack of adhesion 215 

between WF6 CVD coatings and steel surfaces, detonation coatings can act as intermediate 216 

adhesive support layers on which tungsten CVD coatings can be obtained. This was 217 

confirmed by SEM, XRD, and EDS analyses of the obtained two-layer coating systems. The 218 

"substrate-detonation coating" and "detonation coating-tungsten coating" interfaces clearly 219 

have distinguishable boundaries. Notably, owing to the porosity of the detonation coatings 220 

resulting from the spraying process, it is possible to close part of the surface porosity by 221 

depositing a tungsten CVD coating. This effect of decreasing the porosity of CVD detonation 222 

coatings with a tungsten coating can be used to increase the corrosion resistance and wear 223 

resistance of coated parts and to obtain a smoother surface morphology without the need for 224 

rough machining. 225 
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