DOI 10.1007/s11041-015-9856-8

Metal Science and Heat Treatment, Vol. 57, Nos. 3 —4, July, 2015 (Russian Original Nos. 3 —4, March — April, 2015)

SURFACE ENGINEERING

UDC 621.793.6:621.791.93

FORMATION OF WEAR-RESISTANT CHROMIUM-NICKEL COATING
WITH EXTRA HIGH THERMAL STABILITY
BY COMBINED LASER-AND-HEAT TREATMENT
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The influence of heat impact at 200 — 1050°C on the structure, phase composition, microhardness and tri-
bological characteristics due to sliding over a NiCrBSi fixed abrasive (corundum) is studied for a PG-10N-01
coating deposited by a gas-powder laser method. A combined laser-and-heat treatment is suggested, which
yields a heat-resistant chromium-nickel coating containing a thermally stable high-strength wear-resistant
skeleton of coarse carbides and chromium borides.
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heat resistance.

INTRODUCTION

An effective means for raising the reliability and endu-
rance of parts and tools is facing them with wear-resistant
chromium-nickel-base alloys that possess high technological
properties and elevated resistance to corrosion and abrasive
and adhesive wear [1—3]. Coatings from alloys of the
Ni— Cr— Si— B system are used widely for improving the
quality of articles operating under considerable heating (rolls
and cooling tables in hot rolling mills, hot deformation dies,
parts of heat exchangers, turbines, solid-fuel boilers etc.)
[3-5]. It is important to raise the thermal stability of the
structure and properties of chromium-nickel coatings.

Published data on the effect of heating on the characteris-
tics of NiCrBSi coatings formed by different processes are
contradictory. In some works [6 — 9] the hardness and the re-
sistance of coatings obtained by plasma-arc and gas-flame
spraying to impact and abrasive impacts and sliding friction
are reported to be preserved after heating to 500 — 550°C.
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Even a long-term annealing (for 250 h) at 650°C does not
lower the hardness and the resistance to sliding friction of a
plasma NiCrBSi coating [10]. When the temperature is
raised to 700 — 800°C, the hardness and the wear resistance
of chromium-nickel plasma and laser coatings degrade no-
ticeably [6, 7, 11]. Heating to 800, 900, 1000 and 1100°C
(with a hold for 1h) causes continuous softening of a
N73Kh16S3R3 coating formed by plasma-power surfacing
[12]. It is reported in [7] that the degradation of the matrix of
NiCrBSi coatings at a temperature exceeding 700°C limits
their high-temperature application.

However, some authors speak of nonmonotonic variation
of the hardness of coatings under heating, which may imply
that their properties may by improved by heat treatment. For
example, the minimum at 400°C and maximum at 600°C on
the curve describing the dependence of the microhardness of
a laser NiCrBSi coating on the heating temperature are asso-
ciated with the development of two processes, namely, low-
ering of the metastability of the solid solution and precipita-
tion of hardening phases [11]. The authors of [1] report
growth in the hardness of a laser clad NiCrBSi coating from
500 — 700 HV to 850 — 1120 HV as a result of 1.5-h anneal-
ing at 1120°C and explain this fact primarily by precipitation
of M,;B, Ni;B and CrB borides from the supersaturated me-
tallic matrix. The microhardness of a plasma NiCrBSi coat-
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ing is reported to increase considerably under heating to
700°C due to precipitation of new Ni,Si, Ni3Si and Ni;B
phases [13].

It is important that the heat resistance of chromium-
nickel-base coatings depends not only on their composition
but also on the method of their forming [9]. Among the dif-
ferent methods of forming wear-resistant coatings laser sur-
facing has obvious advantages, because it provides good co-
hesion between the coating and the substrate, possibility of
forming the coating only on the worn area, and low warping
of the part due to local heating [14, 15]. The high rates of
cooling in laser surfacing (10° — 108 K/sec) due to intense
removal of heat into the depth of the part are responsible for
formation of a supersaturated metastable structure in the
coatings [1, 11, 15]; their transformations under heating may
promote hardening of the alloys. As a rule, the heating tem-
peratures of laser clad chromium-nickel coatings do not ex-
ceed 550 — 800°C [1, 11].

The aim of the present work was to study the effect of
thermal impacts in a wide temperature range (200 — 1050°C)
on the structure, phase composition, microhardness and tri-
bological properties of a PG-10H-01 laser surfaced coating
under sliding against a fastened abrasive and to determine
the temperature conditions of application of such coatings
and the possibilities of improving their characteristics by a
combined laser-and-heat treatment.

METHODS OF STUDY

The material for the coatings was self-fluxing powder of
the Ni—Cr—B —Si system of grade PG-10N-01 with the
following composition (in wt.%): 0.8 C, 16.0 Cr, <5.0 Fe,
4.0 Si, 3.5 B, the remainder Ni (TU 1970007-002-
76942199-06).

The powder was surfaced onto plates from steel St3
100 x 100 x 18 mm in size using a continuous CO,-laser at a
radiation power of 1.4 — 1.6 kW, a speed of 180 mm/min, a
powder flow of 4.9 g/min, and a size of laser spot on the sur-
face 6.0 x 1.5 mm. The powder mixture with particle size
40 — 100 um was transported to the zone of surfacing by an
inert gas (argon) at a pressure of 50.7 kPa (0.5 atm). To re-
duce the surface stresses the surfacing was performed in two
passes by depositing one layer onto another.

To study the influence of the thermal action on the struc-
ture and properties of the coatings, the specimens with sur-
faced layer were heated to 200 — 1050°C (with 1-h hold) and
then cooled in air and in a vacuum furnace.

The tests for abrasive wear were performed under sliding
of the end surfaces (7 x 7 mm) of the surfaced specimens
against a fastened abrasive (corundum with grain size
160 um) at an average speed of 0.175 m/sec at a load of 49 N,
a travel path of 100 mm, a friction path of 18.0 m, and a
transverse displacement of the specimen of 1.2 mm per pass.
Four parallel tests were conducted for each specimen. The
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wear intensity was computed by the formula 72 = Q/(pSL),
where Q is the loss in the mass of the specimen (g), p is the
density of the coating (g/cm?), S is the geometrical contact
area (cm?), and L is the friction path (cm). The friction factor
was determined as the ratio of the friction force F to the nor-
mal load N, i.e., f=F/N. The specific work of the abrasive
wear was computed by the formula W= f NLp/Q, where [ is
the friction factor and L is the friction path (m).

The microhardness HV,, js was measured using a Leica
VMHT microhardness meter at a load of 0.49 N, a loading
speed of the Vickers pyramid of 40 um/sec and a hold of
15 sec under the load; we took the arithmetic mean of
10 measurements. The error of the measurement of the
microhardness was evaluated in terms of the standard devia-
tion. The microstructure, the chemical composition, and the
distribution of the elements were studied with the help of a
Tescan VEGA II XMU scanning electron microscope equip-
ped with an Inca Wave 700 wave dispersive microanalyzer
and an Inca Energy 450 XT energy dispersive microanalyzer.
The x-ray diffraction study was performed with the help of
a Shimadzu XPD-7000 diffractometer in chromium K, ra-
diation.

RESULTS AND DISCUSSION

The two-layer laser surfacing formed a coating with a
thickness of 1.4 — 1.5 mm on steel St3. The structural com-
ponents were distributed quite uniformly over the whole of
the depth of the coating. The levels of the microhardness and
of the abrasive wear resistance were also approximately con-
stant [16, 17]. By the data of the scanning electron micros-
copy and microscopic x-ray spectrum and diffraction analy-
ses (Fig. 1) the metallic matrix of the PG-10N-01 coating
was represented by a nickel-base y-solid solution (400 —
450 HV, 5 ) and an eutectic (580 — 750 HV}, ys), which con-
sisted of a y-solid solution and Ni;B borides (1000 —
1140 HV,,ys). The main hardening phases in the coating
were Cry; chromium carbides (1650 — 1800 HV o5 ) and CrB
chromium borides (1950 — 2400 HV, s ).

The studied coating has an average microhardness of
870 HV,ys. Under the conditions of testing against a fastened
abrasive (corundum) the coating is characterized by wear in-
tensity 17 =15.9 x 109, specific work of abrasive wear
W =175kl /cm?, and friction factor /= 0.46 (Fig. 2). Accord-
ing to the data of Fig. 2, heating to 200 — 600°C with a hold
of 1 h does not produce a noticeable effect on the microhard-
ness of the coating. The microhardness decreases to
850 HV,ys and 780 HV, s only after heating to 700 and
800°C, respectively. The tribological properties of the coat-
ing sliding against corundum (the wear intensity and the spe-
cific work of the wear, the friction factor) remain virtually
unchanged at up to 800°C. Heating to 900 — 950°C causes
intense softening of the coating; the hardness decreases to a
minimum value of 470 — 480 HV 5. This is accompanied
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Fig. 1. Microstructure (@) and x-ray diffrac-
tion pattern (b ) of PG-10N-01 coating formed
by laser surfacing: /) y-Ni; 2) Cr,Cs; 3) Ni3B;
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by marked growth in the wear intensity to Jh=
(18.6 —19.5) x 10~° (and, accordingly, by decrease in the
wear resistance of the coating), decrease in the specific work
of the wear to W =37 kJ/cm? (i.e., a lower work is required
for failure of the material), and growth in the friction factor
to f=0.69—0.72.

Heating of the PG-10N-01 coating to a temperature of
1000 — 1050°C, which is close to the melting point, results in
considerable growth in the hardness and in the specific work
of the abrasive wear, and marked decrease in the wear inten-
sity and in the friction factor (Fig. 2). The hardness ap-
proaches that of the coating not subjected to thermal impact,
and the tribological characteristics of the coating even ex-
ceed noticeably the tribological properties of the initial coat-
ing; after heating to 1050°C the coating exhibits minimum
levels of the wear intensity /4 =2.1 x 10~ ¢ and of the fric-
tion factor f= 0.33 and maximum specific work of the abra-
sive wear W =158 kJ/cm?.

Let us consider the structural changes developed in the
coating as a result of thermal impact. After heating to 800°C
the structure changes little (Fig. 3) due to the occurrence of
diffusion processes. The Cr,C; carbides transform into com-
plex carboborides (Cr, Ni),(C, B);. This can be inferred from
the data of the microscopic x-ray spectrum analysis (Table 1)
indicating growth in the content of boron and nickel in re-
gion /I (Fig. 3a ) as compared to region / (Fig. la ). The main
hardening phase CrB is preserved in the coating after the
heat treatment at 800°C (Fig. 3). These relatively low
changes in the structure only lower somewhat the microhard-
ness (to 780 HV), s ) but do not affect much the tribological
characteristics of the coating (Fig. 2).

The thermal impact at 900°C results in dissolution of the
hardest hardening phase (the CrB boride) not detected in the
structure by the x-ray spectrum analysis (Fig. 4). The more
intense (as compared to heating to 800°C) occurrence of the
diffusion processes causes partial dissolution of nickel bo-
rides Ni;B from the y + Ni;B eutectic in the matrix y-phase.
Complex particles of type (Ni, Cr);(B, C) form in the place
of the prior nickel borides (Fig. 4), and the content of nickel
and boron increases in particles of type M,(C, B), where
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Fig. 2. Effect of heating temperature (with 1-h hold) on microhard-
ness HV) o5, wear intensity /A, friction factor £, and specific work of
wear W for a PG-10N-01 laser clad coating tested against corundum.

M = Cr, Ni (region //] in Table 1). The decrease in the con-
tent of hardening phases after holding in the temperature
range of 900 — 950°C is responsible for strong lowering of
the microhardness and of the specific work of abrasive wear
and for a marked increase in the wear intensity and in the
friction factor in the tests against fastened abrasive (Fig. 2).
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Fig. 3. Microstructure (@) and x-ray diffraction
pattern (b ) of a PG-10N-01 laser clad coating
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Fig. 4. Microstructure (a) and x-ray diffraction
pattern (b ) of a PG-10N-01 laser clad coating
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Heating to a higher temperature (1000°C and above)
causes complete dissolution of the Ni;B particles in the ma-
trix solid solution. After the slow cooling in air from 1025°C
the structure of the coating acquires a new phase, i.e., Ni;Si
nickel silicide entering the y + Ni;B + Ni;Si eutectic (Fig. 5).
Such a transformation under cooling in the range of
940 — 955°C, which yields an eutectic containing nickel
boride and nickel silicide, has been observed in
Ni— Cr — B — Si-base alloys in [18, 19]. In the B — Ni— Si
system a ternary y + Ni;Si + Ni;B eutectic forms from liquid
phase at 993°C [20]. Since the transformation follows the
formation of a y + Ni;B eutectic [19], the precipitation of a
high content of Ni;B under slow cooling causes decrease in

TABLE 1. Chemical Composition of the Coating in Regions /— V'

the content of the y-solid solution that may contain Si, and
therefore the excess silicon goes to form silicides. Phase
Ni;Si does not form under the conditions of accelerated cool-
ing in the process of laser surfacing (Fig. 1).

The data of Fig. 5 and the results of mapping of the ele-
ments presented in Fig. 6 show that heating to 1025°C and
subsequent air cooling yield coarse particles of CrB boride
and Cr,C; carbide in the structure of the laser coating. Ac-
cording to the data of Table 1, region VI (Fig. 5a), which
corresponds to Cr,C; boride, is characterized by a reduced
content of nickel and boron as compared to regions /// and /1
(Figs. 4a and 3a) that correspond to complex nickel-bearing
carboborides. The presence of coarse inclusions of hardening

Content of elements, at.%

Region Phase
B C Si Cr Fe Ni
1 (Fig. la) 2.8 36.6 0.4 51.0 2.1 7.1 Cr,C;
1I (Fig. 3a) 9.3 28.6 2.4 37.7 2.9 19.1 M5(C, B)s
11 (Fig. 4a) 23.0 20.6 2.1 22.7 2.5 29.1 M;(C, B)s
1V (Fig. 5a) 2.4 43.5 0.1 52.5 0.5 1.0 Cr,C;
V (Fig. 8a) 2.9 33.2 0.7 51.2 2.7 9.3 Cr,C,
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Fig. 6. Microstructure (a) and distribution of
elements (b — f) in the structure of a PG-10N-01
laser clad coating after heating at 1025°C (with
1-h hold) and air cooling.




A. V. Makarov et al.

1, pulses
1
2
| 3
600 4
5
1
400f 5
5
2
2001 3 |3
4 |4
0 -
40 60 80

b

1

2

4
Fig. 7. Microstructure (a) and x-ray diffrac-
J tion pattern (b) of a PG-10N-01 coating ob-
tained by combined treatment (laser cladding +
1‘20 1;‘0 1-h annealing at 1025°C with air cooling) after
20, deg 1-h heating at 900°C and air cooling: /) y-Ni;

2) Cr,Cs; 3) CrB; 4) NisB; 5) Ni;Si.

phases in the structure of the coating annealed at
1000 — 1050°C can be inferred not only from the data of the
scanning electron microscopy (Figs. 5a and 6) but also from
the much higher scattering of the microhardness values than
in the finer structures formed by laser cladding and subse-
quent heating at 200 — 950°C (Fig. 2).

The coarse carbide and boride particles appearing as a re-
sult of high-temperature annealing form a hard wear-resistant
skeleton in a plastic matrix based on y-Ni (Figs. 5a and 6),
which raises the microhardness in the coating annealed at
1000 — 1050°C to a level close to that of the initial surfaced
coating and even elevates the tribological properties under
abrasive wear as compared to the coating not subjected to
thermal impact (Fig. 2).

To study the thermal stability of the structural and phase
state and the enhanced characteristics of hardness and wear
resistance of a coating formed by gas-powder laser surfacing
and subsequent high-temperature treatment (annealing at
1025°C), the specimens were subjected to additional 1-h
heating at 850 — 1025°C. It follows from Table 2 that the
coating formed by the combined treatment preserves a high
microhardness (830 —1030 HV;,5) after a hold at 800 —
1025°C and a low intensity of abrasive wear [/h=

TABLE 2. Average Values of Microhardness HV), ;s and Wear In-
tensity /4 of Specimens with PG-10N-01 Coating after Combined
Treatment and a Hold (1 h) at Different Temperatures

Treatment HV, s, kgf/mm? Ih, 10-°

Combined 840 4.8

Combined + 1-h hold
at a temperature, °C:

800 830 5.1
900 960 4.4
950 880 4.7
1000 960 4.1
1025 1030 33

Note. The combined treatment consisted of gas-powder laser sur-
facing + annealing at 1025°C and air cooling.

(3.3—-5.1) x 10~°]. Consequently, the combined laser-and-
heat treatment eliminates the marked softening and the low-
ering of the tribological characteristics of the coating typical
for a heating temperature of 900 — 950°C and not annealed
coating (Fig. 2).

The data of Fig. 7 show that the structure and the phase
composition of the coating deposited by the combined treat-
ment remain virtually unchanged after the additional heating
at the temperatures of up to 900°C (Figs. 5 and 6). It should
be noted that in the process of laser cladding the accelerated
cooling of the clad metal yields a metastable structure con-
taining supersaturated solid solutions and relatively fine par-
ticles of hardening phases (Fig. 1). Specifically, the creation
of supersaturated metastable structural states by laser clad-
ding is reported in [1, 11, 15]. The metastable structural state
formed during the heating to 900°C changes substantially
(Fig. 4), and the change is responsible for lowering of the
hardness and of the tribological properties of the laser coat-
ing (Fig. 2). After a stabilizing high-temperature annealing
(at 1000°C and higher temperatures) the coating seems to ac-
quire a thermally stable structure containing more equilib-
rium solid solutions, enlarged particles of hardening phases,
and a (y + Ni;B + Ni;Si) eutectic, which remains virtually in-
variable after heating to 900°C (Fig. 7). This provides preser-
vation (Table 2) of high hardness and wear resistance in a
wide temperature range in the coating formed by the com-
bined laser-and-heat treatment.

Figure 8 presents the microstructure of a laser clad coat-
ing subjected to high-temperature annealing and decelerated
cooling with vacuum furnace. It can be seen that decease in
the cooling rate from the annealing temperature in the pro-
cess of the combined treatment as compared to air cooling
(Figs. Sa and 6) results in formation of noticeably larger pre-
cipitates of CrB and Cr,C; hardening phases that form a
high-strength wear-resistant skeleton. After such treatment
the hardness of the coating increases to 920 HV, s and the
abrasive wear intensity decreases to /h =2.5 x 109, i.e., the
abrasive wear resistance of the coating grows by a factor
of 1.9 after the delayed cooling with vacuum furnace from
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Fig. 8. Microstructure of a PG-10N-01 laser clad
coating after annealing at 1025°C in a vacuum
furnace for 1 h and cooling with the furnace.

the annealing temperature relative to the more rapid cooling
in air.

These results show that the mode of cooling of the coat-
ing from the temperature of stabilizing annealing in the com-
bined laser-and-heat treatment is important and that it is pos-
sible to raise the hardness and the wear resistance of coatings
additionally by optimizing the conditions of the stabilizing
annealing.

As a result of our studies we have developed a combined
method for depositing NiCrBSi coatings with a high level of
heat resistance [21]. In this method the gas-powder laser sur-
facing is followed by annealing at 1000 — 1075°C for 1 — 3 h.

CONCLUSIONS

1. NiCrBSi PG-10N-01 coatings obtained by gas-powder
laser surfacing preserve a high hardness and abrasive wear
resistance under heating to 800°C due to the presence of CrB
and Cr,;C; hardening phases in the structure of the coating.

2. Heating of the coatings to 900 — 950°C causes strong
softening of the laser coating, degradation of the wear resis-
tance and growth in the friction factor under sliding against a
fastened abrasive (corundum), which is connected with de-
crease in the content of hardening phases due to dissolution
of the hardest CrB phase and Ni;B nickel boride and forma-
tion of complex particles of type (Ni, Cr);(B,C) and
(Cr, Ni)4(C, B);.

3. Annealing at 1000 — 1050°C raises markedly the hard-
ness and the tribological properties of the coating to a level
matching or even exceeding the characteristics of an original
laser clad coating. This occurs because the process of high-
temperature annealing and subsequent cooling produces a
structure where coarse particles of Cr,C; and CrB chromium
borides form a high-strength wear-resistant skeleton. Lower-
ing of the rate of cooling of the coating from the annealing
temperature coarsens the particles of the CrB and Cr,C,
hardening phases and increases the hardness and the wear re-
sistance of the coating additionally.

4. The structure formed by combined laser-and-heat
treatment involving gas-powder laser surfacing and high-

temperature annealing possesses thermal stability and, as a

consequence, exhibits an enhanced hardness and abrasive
wear resistance under heating up to the temperature of stabi-
lizing annealing. This raises the heat resistance of the coating

to a temperature of at least 1000°C.
5. The results described have been used to develop a

method for forming NiCrBSi coatings with an especially
high level of heat resistance by combined laser-and-heat
treatment (RF Patent No. 2492980).

The work has been performed with support of the Pro-
gram for Fundamental Research of the Ural Branch of the
Russian Academy of Sciences, Project No. 12-T-1-1010,
within OEMMPU RAN No. 13. The experiments were per-
formed at the Multiple-Access Center “Plastometriya” of
the Institute for the Science of Machines of the Ural Branch
of the Russian Academy of Sciences.
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