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ABSTRACT

This paper presents the results of studies of the structure of coatings obtained from powders based on chromium (75Cr,C, +
25NiCr) (wt.%) and tungsten carbides (WC+12Co) (wt.%) by detonation-gas spraying with energy accumulation in multi-
chamber devices. It has been established that this technology provides high-density coatings with a thickness of 200-500 pm
with porosity of less than 1 % and microhardness HV ;= 1235 + 80 (WC + 12Co) (wt.%) and 1547 + 150 (75Cr,C, + 25NiCr)
(Wt.%). A characteristic feature of these coatings is the formation of a substructure with the size of 1-8 pm and of carbide-type
strengthening phases with dimensions of 100-800 nm, which are evenly distributed in the volume of the coating material. It
was established that a high level of structural strengthening of these coatings is provided by formation of a material with a
dispersed subgranular structure with a uniform distribution of particles of strengthening phases in it.

KEYWORDS: protective coatings, multichamber detonation-cumulative spraying, microstructure, microhardness, substruc-
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INTRODUCTION

Improvement of operational reliability of the mech-
anisms of oil-pumping equipment in technological
facilities envisages application of wear-resistant coat-
ings, exposed to elevated temperatures in service.
In this research area a promising approach is appli-
cation of materials based on chromium and tungsten
carbides. Formation of such composites and coatings
on their base is performed by thermal spraying [1-3],
including highly productive method of detonation
spraying at process speed, exceeding the velocity of
sound several times [4-7].

Compared to other methods of producing the coat-
ings [8—12] such as flame, plasma or laser methods
and hybrid technologies, the method of multichamber
detonation spraying provides better technological ef-
fect of coating formation through realization of the cu-
mulative energy effect in specially designed chambers
[6, 7]. In this case, the pressure of pulsed gas flow rises
that results in an increase of the velocities of detona-
tion combustion products in the nozzle (1800 m/s) and
velocity of powder transportation (1200—-1500 m/s) to
the surface to form the coatings. This method allows
forming sound poreless nanostructured coatings, in-
cluding those based on carbides, with high adhesion
and cohesion characteristics and density [13—16].

Interesting from the scientific and practical view-
point is application of dispersed WC—Co, Cr,C,-NiCr
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powder materials that have proven themselves well
at formation of protective coatings on the surfaces
of parts, and components of mechanisms and ma-
chines of different functional purposes. Selection
of the abovementioned materials is due to the tem-
perature conditions of their operation at 500-520 and
820-870 °C, respectively, under the conditions of ero-
sion and cavitation wear and at dynamic alternating
loads. Formation of WC- and Cr,C -based materials
with Co and Ni content leads to appearance of a nano-
crystalline structure and zones with a non-crystalline
structure in the coating material [3, 17, 18]. It allows
improving the wear resistance and crack resistance
due to strengthening on the interface and increasing
the strength of adhesion bonding of the coatings with
the base.

Application of the abovementioned materials is not
limited by oil-transportation equipment. Particularly
promising is application of such protective coatings
in the mining industry, for equipment used in oil well
drilling, agricultural machinery and for metal-cutting
tools, and equipment repair by restoration of the wear-
ing surfaces. Application for all the types of valves,
water turbines, rolls for sheet steel rolling, shafts for
protection of their working surfaces is promising.

At present insufficient attention is paid to studying
the features of formation of the abovementioned coat-
ings, produced by the method of multichamber deto-
nation spraying and to determination of their struc-
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tural-phase characteristics, influencing their service
properties.

The objective of the work is investigation of the
structure of coatings from powders of different sys-
tems: WC—Co; Cr,C,-NiCr, produced by the method
of multichamber detonation spraying and of the in-
fluence of structural-phase characteristics on hardness
values.

MATERIALS AND INVESTIGATION
PROCEDURES

Coatings for investigation performance were depos-
ited at the Scientific-Research Institute of Welding
Technologies named after E.O. Paton in Zhenjiang
Province (PRC) in a robotic detonation-gas spraying
system developed at PWI (Figure 1).

Coating deposition was performed by a multicham-
ber detonation device (Figure 1), which includes: spe-
cially profiled forechamber which allows significantly
shortening the section of transition from the arcing to
detonation mode; main cylindrical chamber used for
development of the detonation process, creation of the
main gas-dynamic pressure of detonation combustion
products, which accelerate and heat the powder; cir-
cular chamber, designed for forming an additional
gas-dynamic flow, which “backs up” in the cylindrical
barrel the detonation products from the second (main)
chamber, and expands the powder heating and accel-
eration zone. Application of such a design of multi-
chamber detonation device provides intensification of
the detonation arcing mode, accumulation of detona-

tion energy, and creation of the effect of detonation
wave compression [6, 7].

The following powders were used for coating depo-
sition: WC + 12Co (wt.%) (AMPERIT® 518.074);
75Cr,C, + 25NiCr (wt.%) (AMPERIT®585.003) with
particle size of 15-45 um, Abrasive-jet treatment of the
base material surface (St. 3) with white electrocorund-
undum of F16 grade was performed (1-2 mm fraction)
before spraying. Spraying mode was as follows: gun
movement speed — 1500 mm/min; gun barrel length/
diameter ratio (//d) — 325/16 mm; oxygen flow rate —
O, =41 /min (chamber 1), O, = 35 I/min (chamber 2); in
each chamber the flow rate of air was 11 1/min and flow
rate of C;H, was 11 I/min; powder flow rate — 1600 g/h.
Spraying distance (distance from the multichamber de-
vice nozzle to steel base surface) was 60—70 mm. Coat-
ing No. 1 (WC + 12 Co) was sprayed in three passes,
No. 2 (WC +12 Co) and No. 3 (75Cr,C, + 25NiCr) were
deposited in seven passes.

Microstructural studies of the coatings were con-
ducted with application of light microscopy (Zeiss
Axio Imager M2m microscope). Coating thickness
(0), microhardness (HV), dimensions of the structur-
al components — lamel width (%) and their volume
fraction (¥, %), and porosity (P, %) were determined.
Coating porosity and volume fraction of the lamels
were determined using metallographic software with
application of “Pro Imaging” software package (Zeiss
Axio Imager M2m). Microhardness was measured in
VH1102 instrument (USA) at 0.5 kg load.

Figure 1. Appearance of multichamber detonation device (a, b) and process of detonation-gas spraying (c) with energy accumulation
in the multichamber device: / — forechamber; 2 — main chamber; 3 — cylindrical chamber
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Figure 2. Microstructure of coating No. 1 from (WC + 12C0) powders (¢ — x100; b — x500; ¢, d — x1000)

INVESTIGATION RESULTS

Three types of coatings were produced from the ini-
tial powders: No. 1 — from (WC + 12Co) powder of
thickness 6 = 200 um (Figure 2, a); No. 2 — (WC +
12Co) of thickness & = 520 um (Figure 3, a); No. 3 —
(75Cr,C,-25NiCr) of thickness 6 = 500 um (Figure 4,
a). Coating materials differ by the volume fraction of
the lamels (Table 1).

Coating from (WC + 12Co) powder is character-
ized by volume fraction of the lamels (V) of 5-10 %
(coating No. 1) and of 1015 % (coating No. 2) in the
matrix, respectively (Figures 2, b; Figure 3, b). Spray-
ing of Cr,C ~NiCr ensures lamellation with V, = 25~
30 % (Figure 4, b).

At application of Cr,C,~NiCr powder in the mate-
rial of coating No. 3 the lamel width is 4, = 1-20 pm
(Table 2). Here, formation of the grain structure at
D, = 1020 um (Figure 4, b) and of a substructure
with size d_=2-8 um (Figure 4, ¢, d) with microhard-
ness HV ;= 1417+ 67 MPa (across coating thickness)
and HV ;= 1547 = 150 MPa (along the thickness of
the coating middle zone) (Table 2) was observed.
Presence of particles of dispersed phases with size
d 0.15-0.3 um is also characteristic with their uni-
form distribution at distances ?» =0.2-0.45 pm (Fig-
ure 4, c).

In case of producing coating No. 2 from (WC +
12Co) powder the lamel width 4, = 20-30 pm, grain

size is D, = 10-20 pm at microhardness HV , =
= 1235 + 80 (across coating thickness) and HV . =
= 1209 + 80 MPa (along the coating middle zone
length), Table 2. Also observed was formation of a
substructure with size d = 1.2-3.0 um (Figure 3, ¢)
in the presence of dispersed phase particles of size
dp =0.15-0.45 pum at distances kp =0.25-0.6 um (Fig-
ure 3, d).

Material of coatings No. 1 sprayed using (WC—
Co) powder is characterized by formation of grain and
subgrain structures with sizes D, = 10-20 pm (Fig-
ure 2, b) and d_ = 2-5 pm (Figure 2, ¢, d) with micro-
hardness HV ;= 1120 + 100 MPa (across the thick-
ness) and HV, = 1184 = 66 MPa (along the length
of the coating middle zone), Tables 1, 2. The size of
dispersed phase particles is d, = 0.1-0.8 pm, distance
between them is A = 0.16-1.0 pm (Figure 2, d). The
main phases forming in the material of coatings from

Table 1. Structural parameters of the coatings

HV,
Coating 8, Hm | Acrossthe | Alongthe | V» 7
thickness length
No. 1 (WC—Co) 200 1120£100 1184+66 5-10
No. 2 (WC—Co) 520 1235+80 1209+80 10-15
No. 3 (Cr,C,-NiCr) 500 141767 1547150 | 25-30
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Table 2. Microstructural parameters of coating material

Structural parameters
Coating
hy, um D, pm D, um d,pm A, um
No. 1 (WC-Co) 20-30 10-40 2.0-5.0 0.15-0.45 0.25-0.60
No. 2 (WC-Co) 8-20 10-20 1.2-3.0 0.10-0.80 0.16-1.00
No. 3 (Cr,C,~NiCr) 2-20 10-20 2.0-8.0 0.15-0.30 0.20-0.45
powders based on tungsten carbide are WC and W, C  (light lamels); HV ;= 1039-1573 (dark lamels). This

[19, 20].

Thus, metallographic studies of material structure
in coatings produced by the method of multichamber
detonation spraying of powders based on tungsten and
chromium carbides, showed the following. The coat-
ings are characterized by porosity of less than 1 %,
and differ by microhardness and lamellation. The
level of material microhardness is without significant
gradients. Microhardness is practically the same in
coatings of different thickness (Nos 1 and 2), sprayed
from WC-based powder (Figure 5).

The highest microhardness was observed in Cr,C
NiCr coating (Figure 5). At detailed measurements of
HV, of different structural components, such as un-
molten particles (Figure 6, a), light (Figure 6, b) and
dark lamels (Figure 6, ¢) it was established that their
microhardness was found to differ as follows: HV, . =
= 579-1147 (unmolten particles); HV = 826-1776

is indicative of the activity of phase formation process
when producing the coatings. Application of Cr,C -
NiCr powder for spraying of coatings led to appear-
ance of particles of Cr,C, (30-50 %) and Cr,C, +
Cr,0O, phases (30-40 %) [13, 21-23].

Compared to Cr,C —NiCr coating in coatings from
WC-Co powder the microhardness decreases 1.2
times on average. At spraying of (WC-Co) powder in
the material of coating No.1 (of thickness 6 =200 um)
the lamel width and grain size increase 2.2 times at
substructure coarsening 2.6 times.

Measurements of phase particle size and distribu-
tion in the coating matrix were conducted. Software
for metallographic microscope Zeiss Axio Imager
M2m was used. Analysis of microstructure fragments
obtained at magnifications of x1000 (Figure 2, d; Fig-
ure 3, d; Figure 4, ¢) further magnification of the im-
ages 10—15 times was performed.
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Figure 5. Change of microhardness across the thickness (8) of coatings and length (L) of middle zone of coatings produced from
WC—-Co (Nos 1, 2) and Cr,C, + NiCr (No. 3) powders
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Figure 6. Different structural components in coating No. 3 (Cr,C,~NiCr): unmolten particles (), light (b) and dark lamels (c)
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Table 3. Calculated values of coating material structural strengthening

Structural strengthening
Coating
Ac, Acsgr Ao, Ac,, ZAcy (average)
17-5°
No. 1 (WC—Co) 46 128181 291-460 1341-1849 2208
10-16"
No. 2 (WC—Co) 60 135.192" 375-593 811-2159 2206
. 32-3"
No. 3 (Cr,C,~NiCr) 34 75-150° 230460 750-1812 1809
‘Lamels. “*Grain.
cally assessed, allowing for the contribution of each of
5 (?0‘; MEd the structural parameters (size of lamels and grains —
_-_-_-_-_-_-_-_‘—-—- P . . .
I 200y, 3:33 D, subgrain — d , dispersed phase particles — dp and
- distances between them Xp) [21-24]. Calculation of
10 the structural strengthening components 6,; 6, ; 65 G,
2000 [ Asy  was performed (Table 3, Figure 7). A similar approach
1200 ® Ao,  Was also tried out on other materials, where signifi-
1600 m A cant results were obtained as regards the experimental
Ty . . . .
60 ' values of mechanical properties in the structure of dif-
B Adis ferent materials — steels of different class, aluminium
1200 —XAoy  and titanium alloys, tungsten single-crystals, protec-
400 tive coatings, etc. [25-27].
800 As a result it was established that the average in-
0 tegral values of strengthening (£Ac,) for (WC-Co)
No. 2 400 coatings No. 1 (thickness 6 = 200 um) and No. 2

No. 3

Figure 7. Histograms of the contribution of average values of
structural strengthening of coatings from the following powders:
Nos 1, 2 — (WC—Co); No. 3 — (Cr,C,~NiCr): — lattice friction
(Ac,), grain (Acsgr), subgrain (Ac, ) and dispersion (Ac,, ) strength-
ening

In case of application of (Cr,C,-NiCr) powder, the
size of dispersed phase particles dp = 150-300 nm in
the coating matrix is negligibly small compared to
coatings No. 1 (WC—Co), where dp = 150-450 nm
(Table 2). Distance (Kp) between the particles is also
reduced, which is characterized by increase of their
volume fraction in the coating matrix up to 30 %.
However, in coating No. 2 (WC—Co) at minimal siz-
es of dispersed phases (dp = 100 nm) and distances
between them (Kp = 160 nm) their volume fraction in
the coating matrix rises up to 43 %. This will ensure
a high level of dispersion strengthening of the coating
material [13, 15, 21-24].

It should be noted that a characteristic feature of
the produced coatings is presence of dispersed phase
particles (Figure 2, d; Figure 3, d; Figure 4, ¢) of the
size from 100—150 up to 300—-800 nm at substructure
formation (Figure 2, c; Figure 3, c; Figure 4, d).

In order to study the influence of the structure on
the mechanical characteristics of the coating material
the structural strengthening index (ZAoy) was analyti-

(6 = 500 um) are equal to EAo, = 2208 MPa and
ZAc, = 2206 MPa, respectively (Figure 7, Table 3).
A slight reduction of £Ac, is observed in the material
of (Cr,C,~NiCr) coating. In all the cases, the maxi-
mal contribution (up to 70 %) into the total strength-
ening value is made by strengthening of the coating
matrix due to dispersed particles of nanosized phases
(Orowan dispersion strengthening): A, = 1595 MPa
(coating No. 1); Ac, = 1485 MPa (coating No. 2):
Ac, = 1281 MPa (No. 3). Here, the contribution of
grain and subgrain strengthening for the studied coat-
ings is equal to 89 % (As,) and 17-22 % (Ac)), re-
spectively.

Thus, the high level of structural strengthening
of coatings from powders based on WC and Cr,C, at
application of the method of multichamber cumula-
tive-detonation spraying is ensured predominantly
due to dispersion strengthening by phase particles at
their uniform distribution in the coating material.

CONCLUSIONS

The structural features were revealed in coatings
from (WC + 12Co) (wt.%) powders deposited on the
steel surface by the method of multichamber cumu-
lative-detonation spraying. A high density coating of
200-500 pum thickness was produced with less than
1 % porosity, with a gradientless microhardness level.
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A characteristic features of the coating microstruc-
ture formed at multichamber cumulative-detonation
spraying, is formation of a dispersed substructure of
1-8 um size and carbide-type strengthening phases
of 100-800 nm size, evenly distributed in the coating
material volume. Such submicron and nanosized sub-
structure of the carbide phases provides higher val-
ues of coating microhardness HV ;= 1014-1352 for
(WC + 12Co) (wt.%) coating and HV , = 1256-1785
for (75Cr,C, + 25NiCr) (wt.%).

It was found that the high level of structural
strengthening of the produced coatings is ensured due
to dispersion strengthening by submicron and nano-
sized carbide phases at their uniform distribution in
the coating material.
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