JTTEES 24:515-533
DOI: 10.1007/s11666-014-0212-0
1059-9630/$19.00 © ASM International

<

Compositional Development as a Function
of Spray Distance in Unshrouded/Shrouded
Plasma-Sprayed Cr;C,-NiCr Coatings

S. Matthews

pamaInay Jead

(Submitted July 22, 2014; in revised form October 23, 2014)

Thermal spraying of Cr;C,-NiCr composites generates varying degrees of carbide dissolution into the Ni
binder. During high-temperature exposure, the carbide dissolution zones precipitate high concentrations
of small carbides which develop into finely structured networks. This raises the possibility of producing
unique tailored carbide composite structures through the generation of controlled carbide dissolution
and appropriate heat treatment. The first step in this process is to produce a supersaturated Ni-Cr-C solid
solution from which the carbide phase could be precipitated. In a previous work, a broad range of plasma
parameters were trialed to assess their effect on the degree of carbide dissolution at a fixed spray distance
of 100 mm. The current two-part work builds on the most promising plasma parameters from those trials.
Part 2 of this article series investigated the effect of spray distance on the compositional development in
Cr3;C,-NiCr coatings during high-energy plasma spraying. The coating compositions were analyzed in
detail and quantified through Rietveld fitting of the coating XRD patterns. Coating microstructural
features were correlated with the observed variations in composition. The effect of the spray parameters

and spray distance on the equilibrium coating compositions is discussed.

Keywords amorphous Ni alloy, carbide dissolution, Cr;Cs,-
NiCr, Cr;C;, metastable (Cr,\Ni);C;, shrouded
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1. Introduction

Thermal spraying of Cr;C,-NiCr coatings generates
varying degrees of carbide dissolution into the Ni alloy bin-
der. It is conventional practice to minimize such carbide
dissolution to retain the highest carbide content possible,
since high carbide content cermet coatings exhibit superior
wear resistance (Ref 1-5). During high-temperature expo-
sure, the zones of carbide dissolution precipitate high con-
centrations of small carbide grains which develop into finely
structured and interconnected carbide networks (Ref 3, 5-7).
The variation in these carbide structures that develop as a
function of initial carbide dissolution, heat treatment tem-
perature, and treatment time raises the possibility of tailoring
the carbide phase morphology to exploit the beneficial wear
resistance of submicron carbide grains, or the development
of unique carbide composite structure functionalities.
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The first step in exploring this concept for Cr;C,-NiCr
cermet coatings is the production of a coating with a super-
saturated solid solution of Ni-Cr-C from which high con-
centrations of carbides could be precipitated with heat
treatment. In a marked deviation from convention, the ap-
proach taken in this project to generate such coatings was to
spray a conventional Cr;C,-NiCr agglomerated and sintered
powder under high-power plasma conditions. In a pre-
liminary work, the effects of key plasma parameters (varia-
tions in nozzle geometry, Ar-He and Ar-H, plasma
compositions, gas flow rates, and current) on the extent of
carbide dissolution and carbon loss were characterized with
and without shrouding at a spray distance of 100 mm (Ref 8).
Shrouding was found to have a significant effect on the extent
of carbide dissolution, oxide formation, carbon loss, and
deposit efficiency of the Cr;C,-NiCr coatings. The current
work builds on these preliminary trials by analyzing in detail
the effect of spray distance on the coating attributes sprayed
under the most promising plasma parameter settings.

In Part one of this two-part article series, the effect of spray
distance on the extent of carbide dissolution and carbon loss
during high-energy plasma spraying of Cr;C,-NiCr was ana-
lyzed (Ref 9). In this second of the two-part article series, the
effect of spray distance on the compositional development in
these coatings is discussed. The as-sprayed coatings compo-
sitions were analyzed in detail and quantified through Riet-
veld fitting of the coating XRD patterns. The coating
microstructural features were correlated with the observed
variations in composition. Heat treatment was used to
transform the metastable as-sprayed coating composition
toward equilibrium. The effect of the spray parameters and
spray distance on the equilibrium coating compositions is
presented.
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1.1 Review of the Ni-Cr-C System

In conventional HVOF spraying of Cr;C,-NiCr coatings,
the spray parameters are optimized such that the carbide
and alloy components undergo as little interaction or deg-
radation as possible. As such the coating phases tend to
reflect those of the powder, with only minor changes.
However, in this work, the aim was to dissolve as much of the
carbide material into the Ni alloy as possible in-flight.
Because the Ni, Cr, and C elements of the powder would be
present in a mixed liquid phase, it would, in principle, be
possible for any stable equilibrium composition of com-
pounds or alloys to form from the combination of these
elements. Furthermore, the rapid solidification of the molten
splats upon impact raises the possibility of metastable phases
also being present. In this section, the equilibrium and
metastable phases formed by the combination of Ni, Cr, and/
or C are reviewed. The key features of these phases relevant
to this work are summarized in Table 1 (Ref 10-20).

1.1.1 Carbide Compounds. Cr-C System: The Cr-C
equilibrium phase diagram indicates the formation of
three stable carbide phases—Cr;C,, Cr;Cs, and Crp3Cs, all
with narrow homogeneity ranges (Ref 20, 21). In the
context of this Ni-Cr-C system, these carbides also show
minimal solubility of Ni—5 at.% Ni in Cr,3Cq, 6 at.% in
Cr;Cz, and 0.7 at.% in Cr;C, (Ref 19). The Ni solubility
does not change significantly with temperature and has a
negligible effect on the carbide lattice parameters due to
the low Ni content and similarity in atomic radii of Cr and
Ni (Ref 19). It is notable that the formation of Cry;Cg
from the melt is readily suppressed through rapid cooling,
leading to the formation of a metastable (Cr)+ Cr,C;
eutectic (Ref 20). In a similar manner, Cr;C, formation
from the melt can also be suppressed by rapid solidifica-
tion. During plasma spraying of blended CrzC,-NiCr
powder, the Cr;C, powder particles melted to form a Cr-
based liquid and graphite above 1813 °C (Ref 22). Rapid

Table 1 Review of phase information in the Ni-Cr-C System

Compound/alloy Information References
Cr-C compounds
Cr;C, Maximum Ni solubility =0.7 at.% Ref 19
Crystal structure—orthorhombic Ref 12
Lattice parameters—a =0.5533 nm, b =0.2829 nm, ¢=1.147 nm Ref 12
Unit cell volume =0.180 nm? Ref 12
Cr,Cs Maximum Ni solubility =6 at.% Ref 19
Crystal structure—orthorhombic Ref 20
Lattice parameters—a =0.4526 nm, b =0.7010 nm, ¢=1.2120 nm Ref 20
Note: Several works have reported the crystal structure of Cr;C; as hexag- Ref 20
onal or rhombohedral, but the orthorhombic structure has been confirmed
in (Ref 20)
Cry3Cq Maximum Ni solubility=5 at.% Ref 19
Crystal structure—cubic Ref 12
Lattice parameters—a =1.064 nm Ref 12
Unit cell volume =1.205 nm® Ref 12
Cr;C (metastable) Crystal structure—orthorhombic Ref 12
Lattice parameters—a =0.458 nm, b =0.512 nm, ¢=0.680 nm Ref 12
CrsC, (metastable) Crystal structure—Hagg carbide FesC, type structure Ref 10
Cr;C,.y (metastable) Crystal structure—filled Re;B type structure Ref 10, 14
CrC,_z (metastable) Crystal structure—NaCl structure Ref 10, 14
Cr,C (metastable) Crystal structure—hexagonal Ref 17
Ni-C compounds
Ni;C (metastable) Crystal structure—hexagonal Ref 18
Lattice parameters—a =0.2631 nm, ¢=0.4314 nm Ref 18
Note: While several sources report a hexagonal crystal structure, Schaefer Ref 16
et al. (Ref 16) report that the true crystal structure is rhombohedral
Note: The crystal structures of hcp-Ni and Ni;C are almost identical Ref 11, 18
Ni- and Cr-based Alloys
Ni-C Crystal structure of Ni—fcc Ref 18
Maximum equilibrium solubility of C in Ni=2.7 at.% at 1326 °C Ref 18
Maximum metastable solid solubility of C in Ni=7.4 at.% Ref 18
Ni-Cr Maximum equilibrium solid solubility of Cr in Ni=50 at.% Ref 15
Maximum metastable solid solubility of Cr in Ni=62.8 at.% Ref 15
Ordered phase Ni,Cr (Cr 25-36 at.%) (crystal structure—orthorhombic, Ref 15
MoPt, type)
Cr-C Crystal structure of Cr—bcc Ref 20
Maximum equilibrium solid solubility of C in Cr=0.3 at.% at 1534 °C Ref 20
Ni-Cr-C Maximum solubility of C in (Ni) is &~ 3 at.% C at 13.6 at.% Cr and de- Ref 19
creases with further increase in Cr content
Amorphous phase formation observed in Cr-Ni-C alloys at 27-51 at.% Ni Ref 13

and 15-23 at.% C. Critical cooling rate for amorphous phase forma-
tion ~ 10°107 K/s
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cooling upon impact prevented the reformation of Cr;C,,
leaving the graphite phase in the coating.

Several metastable chromium carbides have been re-
ported. Inoue and Masumoto (Ref 12) reported the for-
mation of metastable Cr;C carbide formed during rapid
quenching from Cr-C melts in the range Cr75.87C13.2,. This
compound remained unchanged at temperatures up to
700 °C, above which is transformed to a metastable Cr,Cs
phase and finally to stable Cr,3Cq. During crystallization
studies of amorphous Cr; xCx alloys, Bouzy et al. (Ref 10)
identified the formation of the following metastable
chromium carbides as a function of the alloy carbon
content: X < 0.34—Cr;C and Cr;C,, X > 0.34—Cr3Coy
and CrC;_z. The Cr3C,.y metastable carbide has also been
reported during the carbonization of chromium oxide (Ref
14). The metastable Cr,C carbide has been observed to
form during heating and reaction of C/Cr/C tri-layer films
in Ref 17. These metastable phases have been observed at
temperatures up to 650-700 °C (Ref 10, 17) above which
they transform to equilibrium chromium carbides.

Ni-C System: There are no stable carbides in the Ni-C
system (Ref 18). However, a metastable NizC carbide has
been identified during rapid splat quenching of Ni-C (Ref
23) and during heat treatment of mechanically alloyed Ni
and carbon elemental powders (Ref 24). Differential
scanning calorimetry trials on the mechanically milled
powder indicated decomposition of the NizC carbide into
elemental Ni and graphite at 460 °C (Ref 24).

1.1.2 Alloy Compounds. Ni-Based Alloys: The Ni-C
equilibrium phase diagram indicates a maximum solid
solubility of C in fcc Ni of 2.7 at.% at 1326 °C. However,
rapid solidification of Ni-C melts has been shown to form
a highly supersaturated Ni fcc phase, along with the
metastable Ni;C carbide. According to the metastable
phase diagram in Ref 18 the maximum metastable solid
solubility of C in Ni is 7.4 at.%.

The Ni-Cr equilibrium phase diagram indicates a
maximum solid solubility of Cr in fcc Ni of 50 at.% at
1345 °C (Ref 15). However, rapid solidification from the
liquid phase has been reported to generate metastable
extensions of Cr solid solubility up to 62.8 at.% (Ref 15).
Increases in the Cr content generate an increase in the
(Ni) alloy lattice parameters. The variation in the fcc lat-
tice parameter, ay;, with Cr alloying (Xc;=Cr mol frac-
tion) has been modeled as Ref 25

ani(nm) = 0.352 + 0.0178X¢; — 5.97 x 103X,

A low-temperature (maximum temperature 590 °C)
ordered phase at a composition of Ni,Cr (Cr 25-36 at.%)
is also reported in the equilibrium phase diagram (Ref 15).
The formation of this phase is represented by a peritectic
decomposition of the two-phase (Ni) and (Cr) structure to
the ordered Ni,Cr phase.

In the Ni-based ternary Ni-Cr-C system, the solid solu-
bility of carbon is dependent upon the Cr content (Ref 19,
26). The maximum solubility of carbon in the Ni-based alloy
reaches approximately 3 at.% at 13.6 at.% Cr, and de-
creases with higher Cr concentration (Ref 19). The maxi-
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mum C solubility in (Ni) occurs at the composition in
equilibrium with Cr3C, and graphite (Ref 26). At low con-
centrations of Cr, the lattice parameter of the fcc (Ni) alloy
ternary solid solution is greater than the lattice parameter of
binary solid solutions at an equivalent C concentration.
With increasing Cr concentration, the difference between
the ternary and binary solid solution lattice parameters
decreases, indicating a reduction in the solubility of Cin the
(Ni) alloy with increasing Cr content (Ref 26).

Cr-Based Alloys: The Cr-C equilibrium phase diagram
indicates a maximum solid solubility of C in bcc Cr of
0.3 at.% at 1534 °C (Ref 20). The carbon solubility in Cr
in the Ni-Cr-C ternary system has not been widely inves-
tigated and is assumed to not exceed that of the Cr-C
binary system (Ref 19, 26).

Several polymorphs of Cr have been proposed, but a
detailed review by Nash (Ref 15) concluded that no con-
clusive evidence of polymorphic transformation in Cr
exists and that Cr has a bcc structure up to its melting
point. The Ni-Cr equilibrium phase diagram indicates a
maximum solubility of Ni in bce Cr of 32 at.% at 1345 °C
(Ref 15). A low-temperature (up to approximately
600 °C) metastable o phase has been proposed in binary
Ni-Cr alloys at a composition of 71.8 at.% Cr.

Amorphous phase formation has been observed in Cr-Ni-
C ternary alloys under rapid quenching conditions (Ref 13).
In a (Cr-X)g,Cyg alloy system, the formation of a completely
amorphous phase occurred in the composition range X =27-
51 at.% Ni. More generally the carbon content in amorphous
Cr-X-C based alloys, including X = Ni, was found to be lim-
ited to approximately 15-23 at.%. In the case of the Cr-Ni-C
system, the addition of Ni appeared to reduce the critical
cooling rate of amorphous phase formation (rate of ~ 10°-
107 K/s) relative to the Cr-C binary alloy (Ref 13).

2. Experimental Procedure

The coatings analyzed in Part 2 of this two-part article
series were the same as those prepared for Part 1 (Ref9). An
agglomerated and sintered Cr;C,-NiCr powder (H C Starck,
Amperit 588 (H.C. Starck, Munich, Germany; nominal size
—45/+15 pm) was sprayed onto degreased and grit-blasted
mild steel substrates using a Praxair SG-100 plasma torch
(Praxair Surface Technologies, Indianapolis, USA). A
detailed description of the plasma spray set up and coating
procedure is presented in Ref 8. Two plasma set ups were
used—a high-velocity plasma set using a “Mach II”’ anode
nozzle and a low-velocity plasma set using a “‘subsonic”
anode nozzle, under the conditions of Table 2. For each
plasma set up, all of the trials were sprayed in air (unshrouded
trials) and then repeated using shrouding. The Mach IT anode
nozzle-shrouded trials were sprayed with a 90-mm-long solid
conical coaxial copper shroud (Ref 9, 27). Argon shroud gas
flowed through internal holes in the shroud wall at 3 SLPM
and from a circular slot at the front of the shroud at 300
SLPM. Because of the length of this shroud, samples using
the Mach II anode nozzle were only sprayed at 100 and
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Table 2 Plasma spray parameters

Ar flow Secondary
distance, mm (SLPM) gas

Secondary Carrier Power,
flow (SLPM) gas (SLPM) Current, A kW

Nozzle Spray
Trial number/description  type Shroud
CDO1 Ar-H, low flow Mach II No 100, 120
CDO02 Ar-H, high flow  Mach II No 100, 120

CDO03 Ar-H, low flow
CD04 Ar-H, high flow

Mach II  Yes (solid shroud) 100, 120
Mach II  Yes (solid shroud) 100, 120

CDO05 Ar-He Subsonic No 80, 100, 120
CDO06 Ar-H, Subsonic No 80, 100, 120
CDO07 Ar-He Subsonic  Yes (gas shroud) 80, 100, 120
CDO08 Ar-H, Subsonic  Yes (gas shroud) 80, 100, 120

50 H, 5 2 600 30
85 H, 7 3 800 56
50 H, 5 2 600 30
85 H, 7 3 800 56
40 He 9 2.5 700 37.8
49 H, 5 2 600 33
40 He 9 2.5 700 37.8
49 H, 5 2 600 33

120 mm. The subsonic anode nozzle-shrouded trials used a
shorter shroud segment to form a protective gas shroud
(Ref8,9). Argon was fed to the shroud at 300 SLPM to form a
40-mm-diameter coaxial gas shroud around the plasma
plume. The subsonic anode nozzle trials were sprayed at 80,
100, and 120 mm.

Coating samples cut from the sprayed substrates were
mounted in cross section under vacuum in epoxy and
metallographically prepared to a final 1 um diamond
polish. Scanning electron microscopy (SEM) (FEI, Ore-
gon, USA) was used to analyze the cross-sectional images
using back-scattered electron imaging (BSE). X-ray dif-
fraction (XRD) (D2 Phaser fitted with a linear LYNX-
EYE detector (5.83°, 192 channels)) (Bruker AXS GmbH,
Karlsruhe, Germany)) was used to characterize the com-
position of the coating surface. Patterns were measured in
the angular 20 range 20°-80° under the following operating
parameters—Cu source (A=1.541 A) at 30kV and
10 mA, 0.02°%step, fixed divergence/anti-scattering slit
1 mm, primary and secondary axial Soller slit 2.5°
receiving slit 0.2 mm, Ni K filter. Separate samples were
cut from the bulk substrates and the coating surface
ground and polished to a 3 um diamond polish to remove
any surface oxides and reduce the surface roughness prior
to XRD analysis. Rietveld fitting of the XRD patterns was
performed using the software package MAUD (Ref 28).
Texture was not fitted in this analysis. It should be noted
that the coating samples consisted of a complicated mix-
ture of crystalline, semi-crystalline, and possibly amor-
phous phases, making quantitative analysis, a significant
challenge. Therefore, the degree of fitting and quantifi-
cation of the phase concentrations were not expected to
reach ‘“‘perfect” values. However, the intention of this
preliminary analysis was to gain at least a first approxi-
mation of the variation in the relative amounts of the main
coating phases as a function of processing parameters.
Because of the complexity in the microstructure and phase
distribution, this information could not be assessed by any
other method.

Coating samples were heat treated in air at 800 °C for
3 h to enable the metastable and amorphous phases in the
as-sprayed coatings to tend toward equilibrium. The heat-
treated samples were ground and polished to a 3 pm dia-
mond finish to remove the oxidized surface material prior
to analysis. Rietveld fitting of the XRD patterns from
these samples was again used to quantify the concentra-
tion of the coating phases.
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3. Results and Discussion

3.1 Summary of the Main Conclusions
from Part 1 (Ref 9)

Part 1 of this two-part article series characterized the
effect of spray distance on the extent of carbide dissolu-
tion and carbon loss during spraying of the CrzC,-NiCr
coatings analyzed in this, the second part of this article
series. In order to provide the background from the pre-
vious work and put the results of the current work in
content, the main conclusions drawn from the first article
are reviewed here.

In the unshrouded low flow rate Ar-H, Mach II anode
nozzle trials (CDO01), the increase in spray distance had
only a minor effect on the degree of carbide dissolution
(seen as a reduction in the carbide content), carbon loss,
and deposit efficiency, Fig. 1 and 2. This was attributed to
the high-particle velocities generated under these condi-
tions which prevented significant reaction with the envi-
ronment or phase transitions over this distance. At a spray
distance of 100 mm, shrouding significantly increased the
extent of carbide dissolution and deposit efficiency while
reducing the degree of carbon loss relative to the un-
shrouded trial, Fig. 2. The high-particle velocity again
resulted in no significant changes in the coating attributes
with spray distance, aside from the degree of indicative
carbon loss which increased from 100 to 120 mm.

The unshrouded high flow rate Ar-H, Mach II anode
nozzle trials (CD02) at 100 mm were significantly influ-
enced by non-optimal powder injection conditions which
resulted in lower carbide dissolution but higher carbon loss
relative to the lower flow rate trials, Fig. 2. The increase in
spray distance to 120 mm did not significantly affect the
coating properties. Shrouding overcame the powder injec-
tion conditions by enclosing all of the powder particles
within the plasma plume. At a spray distance of 100 mm,
shrouding dramatically decreased the coating carbide con-
tent through carbide dissolution and increased the deposit
efficiency while also reducing the degree of indicative car-
bon loss. The increase in spray distance to 120 mm again led
to an increase in the degree of carbon loss, but had a mini-
mal effect on the other coating parameters. The increase in
carbon loss with spray distance in the shrouded trials was
attributed to the particles passing through a complex gas
mixing zone outside the shroud where they were exposed to
entrained oxygen prior to impact.

Journal of Thermal Spray Technology



pPamainay 1994

50.0 um

Fig. 1 Cross-sectional BSE images from the Mach II nozzle trials CDO1 (a) and CDO03 (b) at 100 mm, and the subsonic nozzle trails
CDO05 (c) and CDO07 (d) at 80 mm spray distance
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Fig. 2 Analysis of the coating properties for trials CD01-CDO08
as a function of spray distance—carbide content (a) and indica-
tive carbon loss (b)

In the unshrouded subsonic anode trials, increasing
spray distance leads to a reduction in the coating carbide
content and deposit efficiency but an increase in the de-
gree of carbon loss, Fig. 1 and 2. Shrouding dramatically
reduced the magnitude of carbon loss, but the degree of
carbon loss still increased with increasing spray distance.
There was a notable transition in the rate of carbon loss
with shrouding which greatly increased beyond 100 mm.
This was attributed to the combined effect of the particle
trajectory moving away from the protective gas shroud
and the increase in turbulent mixing and ambient air
entrainment at longer distances. Unlike in the Mach II
anode nozzle trials, shrouding did not lead to an increase
in carbide dissolution (seen as a higher retained carbide
content), which was attributed to cooling of the plasma by
the cold shroud gas. The same trends were observed in
both the Ar-He and Ar-H, trials, but the rates of variation
in carbide dissolution and carbon loss were distinctly
greater in the Ar-H, trials, Fig. 2.

3.2 Analysis of Phase Development with Carbide
Dissolution—Phase Identification

The phases in the coatings were identified from XRD
patterns by comparing the peaks in the pattern to refer-
ence patterns from pure materials from the JCPDS data-
base and by fitting reference patterns to the XRD patterns
using Rietveld analysis. As widely reported in the litera-
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Fig. 3 XRD patterns for the as-sprayed coatings from trial
CDO01 at 100 mm (a) and CD07 at 120 mm (b), and the pattern
after heat treatment for trial CDO1 at 100 mm (c)

ture, the interpretation of XRD patterns from the Cr;C,-
NiCr system is complicated by the overlap of peaks from
the sub-carbides (Cr;C; and Cr,3C¢) with those of the
primary phases Cr3C, and the Ni Alloy (Ref 5, 29). Fur-
thermore, rapid solidification of the phases upon impact
can lead to amorphous or nano-crystalline structures,
resulting in variation in the crystal lattice dimensions and
shifts in the peak positions (Ref 30). Figure 3(a) and (b)
presents the XRD patterns for trials CD01 at 100 mm and
CDO07 at 120 mm which were representative of the low and
high degrees of carbide dissolution (Note that trial CD02
had the lowest degree of carbide dissolution. However, it
suffered a high degree of carbon loss. This apparently
contradictory result was attributed to non-optimal powder
injection conditions as discussed in Part 1 (Ref 9). The
results of Trial CDO1 were considered to be more repre-
sentative of typical low carbide dissolution, low carbon
loss coatings for this analysis). The XRD patterns for the
remaining trials tended toward one or other of these
patterns. Cr3C, (JCPDS 35-0804) was readily identified by
the presence of the two most intense peaks at 20 =39° and
40.2°, and the multiple smaller intensity peaks over the
range 20=45°-50°. The peaks of this compound did not
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show any movement in peak position across all the trials
irrespective of the degree of carbide dissolution. This is
justified on the basis that these peaks result primarily from
the Cr;C, grains carried into the coating from the powder
and, hence, did not melt in-flight and react with the molten
Ni binder. In the Rietveld analysis, this phase was mod-
eled using the COD database file 9009905 (Ref 31).

The Ni alloy material was assumed to form both a crys-
talline phase and a more dominant amorphous/nano-crys-
talline phase. The crystalline phase was assumed based on
the relatively narrow and defined peak at approximately
20=43.8° (JCPDS 04-0850). This phase was attributed to
the Ni-rich regions in the partially molten splats. The
intensity of this peak to the broad background beneath it
varied significantly across the trials as a function of carbide
dissolution. While the intensity of this peak appears to be
significant in the raw pattern, it was found to be a relatively
minor peak after Rietveld pattern fitting (Ni COD refer-
ence 9012427), Fig. 4(a). Because of the low concentration
of this crystalline Ni alloy material, the most intense sec-
ondary peak was of very low intensity and overshadowed by
peaks from the other phases in the region 26 = 51°. The peak
positions of this phase were shifted to a lower 20 position
(higher d-spacing positions) relative to the crystalline Ni
peaks in the starting powder due to the increase in Cr and C
from carbide dissolution. The amorphous/nano-crystalline
Ni alloy material was assumed to account for the large
background features in the region 26 =42°-45° and 26 = 50°-
53°. For simplicity, this material will hereafter be referred to
as the amorphous Ni alloy to avoid confusion with the
previously defined crystalline Ni alloy material. However, it
is understood that this amorphous material may exist as a
nano-crystalline phase. Typically, Rietveld pattern fitting is
only applied to well-defined crystalline peaks. However,
because of the significant contribution of this amorphous Ni
material to the coating composition, it was deemed neces-
sary to account for it in the Rietveld analysis. Lutterotti
(Ref 32) successfully applied the Rietveld analysis method
to the quantification of amorphous silica glass in ceramic
materials by approximating the amorphous phase as a nano-
crystalline solid. The same approach was adopted here with
the crystal structure information of the amorphous Ni alloy
material approximated by that of pure Ni (Ni COD refer-
ence 9009862). During fitting of this amorphous peak using
the MAUD software, the peak parameters were adjusted to
approximate the broad peak shape and the software set to
optimize the peak shape and position for crystal size and
strain effects. The fitted peak for this phase enabled a suit-
able match to be made to the XRD pattern in the 26 =42°-
45° region but typically did not fit a broad lower intensity
peak in the 20 =50°-53° region. The reason for this is un-
known and an area of focus for future work.

The formation of Cr;C; was definitively indicated by
the presence of secondary peaks of this phase—specifically
the peak at 26=49.4° which was independent of peaks
from any of the other phases in this system, and the peak
at 20=39.3° which formed an obvious higher 20 shoulder
to the main Cr;C, peak. The presence of other secondary
peaks of significant relative intensity was evident in the
coating XRD patterns, but analysis of these was compli-
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Fig. 4 Rietveld pattern fitting and residual plots over a subset of
the analyzed 20 range for the as-sprayed CDO1 coating at
100 mm (a) and after heat treatment (b), showing the typical
degree of fitting (Readers are referred to the on-line version of
the article for the color image). The identified phases in image (a)
were CrzC,—pink, Cr;Cs—blue, crystalline Ni alloy—red, and
amorphous Ni alloy—green. The identified phases in image (b)
were Crz;C,—blue, Cr;Cs;—red, crystalline Ni alloy—pink, and
Cr,0O3—green

cated by overlap with peaks of other phases. The primary
Cr,C; peak was observed at approximately 26 =44.4°. As
with the other Cr;C; peaks, this peak occurred at a higher
20 position than that of the standard pattern (JCPDS 36-
1482). This was attributed to substitution of smaller Ni
atoms for Cr atoms in the Cr;C; structure to form a
metastable (Cr,Ni);C; phase, hereafter referred to as
“metastable Cr;Cs;.” While Cr;C; may dissolve up to
6 at.% Ni at equilibrium, the phase in this work is pos-
tulated to exhibit significant extension of Ni solubility due
to rapid solidification. Analysis of this peak was compli-
cated by its high relative intensity to the other metastable
Cr,C; peaks in the XRD pattern. Initially this was thought
to result from the presence of a Ni alloy, a Cr-based alloy
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(JCPDS 06-6941), and/or Cr3Cs (JCPDS 35-0783), the
most intense peaks of which all occur close to that of the
main metastable Cr;C; peak, Fig. 5. However, all of these
phases were eliminated upon further analysis. An Ni alloy
in this peak position was discounted because this peak was
equivalent or at a higher 20 position than in the starting
powder. This implies either no Cr dissolution into the Ni
alloy or in fact a lower Cr content than in the starting
powder. Both scenarios were considered unlikely, or to
represent a very small concentration of material which
would not account for the intensity of the observed peak.
In addition, no secondary peaks were found to match this
proposed primary Ni peak. The formation of a Cr-based
alloy phase may in principle occur in regions where the
carbide grains melted to form a Cr alloy and graphite, and
which solidified fast enough to prevent carbide reforma-
tion. However, closer examination of the main bcc Cr
peak showed that it was at a slightly higher 20 position
than the main metastable Cr;C; peak. For this phase to
contribute to the metastable Cr;C; peak, it would require
a shift in the 20 position to a lower value, which implies an
increase in d-spacing. Alloying with Ni would shift the Cr
peaks to a lower d-spacing (higher 26 position) (Ref 15)
due to the smaller size of the Ni atom. Therefore, a shift to
a higher d-spacing could only occur if there was significant
interstitial C alloying, which is justifiable in principle.
However, no secondary Cr peak was observed in the XRD
pattern. Furthermore, no graphite peaks were observed
either which would have been expected to form according
to the proposed carbide melting mechanism (Ref 22).
Therefore, if a Cr alloy does contribute to the formation of
the main metastable Cr,C; peak, its concentration is as-
sumed to be very low. The main peak in the pattern of
pure Cry3Cq occurs at a lower 26 position than the pro-
posed metastable Cr,Cs peak in this work, but a potential
shift in peak position is justifiable due to Ni dissolution in
the structure. However, the presence of significant quan-
tities of this compound was discounted on the basis that no
secondary peaks were observed in the coating XRD pat-
terns. In addition, it has been previously reported that
Cr,3Cg formation is often suppressed under rapid solidi-

Adjusted (Cr,Ni);C; Pure Unalloyed Cr

Ni peak O?
from NiCr :
1 alloyin
starting
powder

Pure Unalloyed Ni

Pure Cr;C;

1 CryCs \

Intensity

Shift in peak
: due to Ni
substitutionin

Cr;Cs

1

44 441 442 443 444 445 446 447 448 449 45
Degrees 20

Fig. 5 Schematic indicating the peak positions of possible alloys
and compounds in the region of the most intense peak in the
coating XRD patterns
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fication such as that experienced in this work. While such a
qualitative analysis cannot totally discount these addi-
tional phases from being present in the coating, it does
suggest that if they form, their concentration is very low.
The complication regarding the high metastable Cr;C;
peak intensity at 20=44.4° was resolved following the
Rietveld fitting of the coating XRD pattern, where it
could be seen that the broad amorphous Ni phase peak
contributed significantly to the observed peak intensity,
Fig. 4(a). While several other phases could have poten-
tially formed, as noted in the review of the Ni-Cr-C system
in the introduction, none of these phases was definitively
identified from the XRD patterns across the range of
coatings investigated.

The dominance of the proposed metastable Cr;Cs
phase peaks in the XRD patterns did not match the BSE
cross-sectional images where the only carbides seen were
those of Cr;C, retained in the partially molten splats. To
confirm if the proposed metastable Cr;C; phase was a
stable equilibrium compound or a metastable phase
formed as a result of rapid solidification, the samples were
heat treated at 800 °C for 3 h in air to enable the equi-
librium composition to develop. The XRD patterns of the
heat-treated coatings were dominated by narrow crystal-
line peaks from CrzC, and the Ni alloy, with low intensity
but definitive peaks from Cr,O;, Fig. 3(c). No broad
background peaks indicative of amorphous material were
seen. Evidence for the presence of metastable Cr,C; was
dramatically reduced relative to the as-sprayed XRD
patterns and was complicated by overlap of the primary Ni
alloy and Cr;C, peaks. Rietveld fitting of the heat-treated
XRD patterns was used to quantify the metastable Cr,Cs
concentration, Fig. 4(b). The dominance of the metastable
Cr,C; phase in the as-sprayed coating and its dramatic
reduction in concentration in the equilibrium coating
composition following heat treatment indicates that this
was a metastable phase in the as-sprayed coatings.

During spraying, the carbide grains dissolve into the
molten Ni binder, or melt themselves. Mixing of the ele-
mental compositions in the liquid phase generates a Ni-Cr-
C solution, which undergoes rapid solidification upon
impact. If only minimal carbon loss occurs in-flight, the
overall composition of this mixture would approximate
the elemental composition of the starting powder—Ni
129 at.%, Cr 52.6 at.%, and C 34.5 at.%. The rapid
solidification studies highlighted in the introduction sec-
tion for Ni-C and Cr-C systems indicate that neither of
these alloy systems could account for the large amount of
carbon in this mixture. However, since no graphite peak
was observed in any of the coating XRD patterns, this
implies that a separate carbon phase did not form to an
appreciable extent, and that the carbon must have been
accommodated within the Ni-Cr-C solution in some way.
Based on the results of this work, it is postulated that the
rapid solidification of the Ni-Cr C solution generated a
metastable supersaturated solid with an orthorhombic
structure that approximated that of Cr;Cs. In terms of the
solution composition, this hypothesis is supported by the
fact that the elemental composition approximates the
form (Cr,Ni),Cs.
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3.3 Phase Development in the As-Sprayed
Coatings

Table 3 summarizes the weight percent concentrations
of the coating phases, along with the goodness-of-fit
(GofF) parameters from the Rietveld fitting using the
MAUD software. Errors are presented for the parameters
that were refined by the software program. The results are
presented in graphical form in Fig. 6 and 7.

3.3.1 Mach II Ar-H, Trials. Low Flow Rate Tri-
als—Unshrouded (CDO0I) and Shrouded (CDO03): The
Cr;C, content decreased with the use of shrouding, indi-
cating an increase in the extent of carbide dissolution,
Fig. 6. This trend matched that discussed from the image
analysis of the carbide content in Part 1 (Ref 9) and in this
instance, the concentration of this phase was also com-
parable, Fig. 2. The metastable Cr;C; phase dominated
the coating composition in both the unshrouded and
shrouded trials. The high concentration of this phase
indicates that the majority of the mid-gray contrast ““dis-
solution zone” material must have been made up of this
material, more so than the amorphous Ni alloy. Concep-
tually, this is logical in that the Ni content was only
19.4 wt.% in the starting powder and could not, therefore,
account for the large volume of mid-gray material present
in the BSE images. The metastable Cr,C; concentration
was comparable in both unshrouded and shrouded coat-
ings but showed contrasting trends with spray distance. At
100 mm, a greater amount of amorphous Ni alloy was
formed in the shrouded coating compared to the un-
shrouded coating, but at 120 mm, the results were com-
parable. The variation in this phase with spray distance
was complicated by the variation in the metastable Cr;Cs
content. The crystalline Ni alloy content was low in both
the unshrouded and shrouded trials and showed only
minor change with spray distance. As this phase was
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Table 3 Results from the Rietveld analysis for the As-sprayed coatings

Concentration (wt.%)

Trial number/description  Spray distance, mm  Ni (Cryst) Ni (Amorph) Cr;C, Cr,C; R value Rw (%)  GofF (sigma)
CDO1 Ar-H, low flow 100 1.4 15.7 (£1.1) 33.6 (£2.0) 49.3 (£2.9) 3.49 1.47
120 1.6 24.3 (£1.5) 36.2 (£2.1) 379 (£2.2) 3.82 1.61
CDO02 Ar-H, high flow 100 1.1 352 (£3.5) 559 (£5.4) 7.8 (£1.0) 332 1.45
120 1.0 359 (£3.4) 55.0 (£5.1) 8.1 (£1.0) 3.24 1.46
CDO03 Ar-H, low flow 100 3.0 28.4 (£1.5) 23.7 (£1.1) 448 (£2.0) 4.18 1.70
120 1.9 27.0 (£1.2) 223 (£0.9) 488 (£2.0) 3.64 1.51
CDO04 Ar-H, high flow 100 72 35.9 (£1.6) 244 (£1.1) 324 (£24) 6.11 2.49
120 5.9 39.1 (£2.9) 21.0 (£1.1) 34.0 (£1.4) 5.46 227
CDO05 Ar-He 80 4.9 20.6 (£1.1) 10.1 (£0.6) 64.4 (£2.2) 5.75 242
100 32 17.0 (£1.3) 9.1 (£1.0) 70.6 (£3.0) 5.03 2.07
120 22 14.9 (£1.3) 7.9 (£0.7) 74.9 (+4.4) 5.29 221
CDO06 Ar-H, 80 1.6 10.3 (+0.8) 202 (£1.2) 679 (£3.5) 4.06 1.66
100 1.2 6.9 (£1.0) 17.6 (£1.4) 743 (£5.6) 4.01 1.62
120 1.0 16.0 (£2.0) 16.7 (£2.0)  66.3 (£7.5) 3.90 1.58
CDO07 Ar-He 80 5.1 26.1 (£1.4) 26.0 (£1.1) 427 (£1.5) 4.95 2.04
100 39 22.6 (£1.0) 204 (£1.0) 532 (£1.8) 4.55 1.87
120 2.9 16.2 (£0.8) 21.1 (£0.8)  59.8 (£2.0) 4.20 1.74
CDO08 Ar-H, 80 33 18.1 (£1.0) 21.0 (£0.7)  57.6 (£1.6) 4.15 1.71
100 2.4 13.6 (+1.0) 182 (£1.0)  65.7 (£2.6) 425 1.73
120 1.3 15.4 (£1.3) 169 (£1.1) 66.3 (£4.2) 3.68 1.5

Journal of Thermal Spray Technology

Volume 24(3) February 2015—523

pamaInay Jead




3
=
2
]
c
w
8
Q

assumed to represent the Ni-rich alloy in partially molten
splats, it implies that little of this material was present, and
its concentration did not vary significantly as a function of
spray distance.

High Flow Rate Trials—Unshrouded (CD02) and
Shrouded (CD04): The unshrouded trial retained the
highest Cr;C, content of all the trials, implying the lowest
degree of carbide dissolution, Fig. 6. The amorphous Ni
alloy content was significantly higher in concentration
than the metastable Cr;C; phase. The concentration of
approximately 35-38 wt.% was more than double the Ni
alloy content in the starting powder of 15 wt.% based on
the Rietveld analysis of the powder XRD pattern. This
result implies that with low degrees of carbide dissolution,
the dissolved Cr and C atoms are largely accommodated
within the Ni alloy to form a supersaturated Ni-Cr-C solid
solution with an amorphous/nano-crystalline structure.
The low metastable Cr;C; content suggests that the Ni-Cr-
C liquid phase preferentially forms the amorphous Ni al-
loy upon solidification, with the metastable Cr;C; phase
only forming if there is an excess of Cr and C that cannot
be entrained in the Ni solid solution.

Shrouding leads to a dramatic decrease in the Cr;C,
content under these plasma conditions, to a level compa-
rable with that of the low flow rate trials, Fig. 6. This result
showed a strong correlation with the carbide content re-
sults from image analysis in both the trend and relative
magnitude between the unshrouded and shrouded coat-
ings, Fig. 2. The differences in the quantitative results
from each analysis method arise because the image ana-
lysis results only account for carbides greater than 1 pm in
diameter, whereas the XRD results are generated from all
of the Cr;C, material within the analysis volume. The
amorphous Ni alloy content remained comparable to that
in the unshrouded coating. The excess Cr and C generated
by the increased carbide dissolution lead to a dramatic
increase in the metastable Cr;Cs content. The concentra-
tions of each phase were comparable at both 100 and
120 mm, indicating that the physical state of the particle
did not change significantly over this range under these
high-velocity conditions.

It is notable that in the shrouded trials, both the low
flow rate and high flow rate trials generated comparable
levels of carbide dissolution based on the reduction in
Cr;C, content. However, the high flow rate trial coatings
had a higher amorphous Ni alloy content and lower
metastable Cr;C; content compared to the coatings pro-
duced under the low flow rate conditions. This implies that
the particle velocity played a role in the phase distribution
for a given degree of carbide dissolution. However, the
mechanism to account for this effect is unknown.

3.3.2 Subsonic Trials—Ar-He (CD05 and CD07) and
Ar-H, (CD06 and CD08). In the Ar-He trials, the Cr;C,
content was higher in the shrouded trial relative to the
unshrouded trial, Fig. 7, with the variation in composition
significantly greater than that indicated in the image
analysis results, Fig. 2. In contrast, the Cr3C, content was
comparable in both the unshrouded and shrouded Ar-H,
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trials. In all cases, the CrsC, content decreased with
increasing spray distance, indicative of increasing carbide
dissolution with the longer exposure time in the plasma.

The amorphous Ni alloy content was consistently lower
in the unshrouded trials for both plasma compositions. In
most cases, the contribution of this phase decreased with
increasing spray distance. It is significant to note that the
amorphous Ni concentration in these trials was lower than
in the Mach II anode nozzle trials and close to the
15 wt.% Ni alloy content in the starting powder.

The metastable Cr;C; phase dominated the composi-
tion in all the subsonic anode nozzle coatings. The rise in
concentration of this phase with increasing spray distance
correlated with the reduction in Cr;C, content. The un-
shrouded trials formed consistently higher concentrations
of metastable Cr;Cs than the shrouded trials for both
plasma compositions. The concentration of this phase was
significantly higher than in the Mach II anode nozzle trials,
presumably due to the greater degree of carbide dissolu-
tion.

In general, the results from the subsonic trials support
the mechanism of phase development proposed above—-
with increasing carbide dissolution, the molten Ni alloy
becomes increasingly enriched in Cr and C. Upon solidi-
fication, the supersaturated Ni alloy cannot accommodate
all the Cr and C in solution, and the excess amounts of
these elements form the metastable Cr;C; phase. Since the
quantity of dissolved carbide greatly exceeds that of the Ni
alloy at high degrees of carbide dissolution, the metastable
Cr,C; phase increasingly dominates the coating composi-
tion.

3.3.3 Analysis of the Amorphous Ni Alloy Phase
Composition. In the mechanism proposed above, the li-
quid phase containing the Ni alloy and dissolved carbide
elements preferentially forms a supersaturated Ni alloy,
with the excess Cr and C elements forming the additional
metastable Cr;C; phase. If this occurs, it would follow that
the amorphous Ni phase should have a comparable Cr and
C concentration across all of the samples. To test this
hypothesis, the unit cell dimensions of the amorphous Ni
phase were calculated from the peak position in the Ri-
etveld analysis using the MAUD software package. The
Cr content of this Ni alloy was calculated using the cor-
relation in (Ref 25), which assumes that Cr is the only
alloying element. It is acknowledged that this is a weak
assumption because carbon dissolved in the solid solution
would also contribute to the variation in unit cell dimen-
sions. However, no mathematical correlation could be
found in the literature to describe the variation in Ni lat-
tice parameter as a function of both Cr and C. These re-
sults then serve as a qualitative first attempt at comparing
the composition of this amorphous/nano-crystalline phase.
Figure 8 presents the calculated Cr wt.% concentration in
the amorphous/nano-crystalline Ni alloy for both the
Mach II and subsonic anode trials. In the subsonic anode
nozzle trials, the average result for each parameter setting
fell in the range 45-50 wt.% Cr. Similarly, in the Mach II
anode nozzle trials, both the unshrouded coating results
fell in this range. The shrouded Mach II anode results
were significantly higher than this composition. However,
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the reasons for this are unclear. This composition range is
significant in that it equates to the maximum equilibrium
solubility of Cr in Ni of approximately 47 wt.%. These
comparable Ni alloy Cr concentrations occurred across
samples which exhibited significant variation in coating
composition, particularly in the metastable Cr;C; con-
centration. This result, therefore, provides some support
for the mechanism proposed above.
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Fig. 8 Variation in the Cr concentration in the amorphous Ni
alloy phase in the as-sprayed coatings from trials CD01-CDO08 as
a function of spray distance
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3.4 Microstructure Development

3.4.1 Carbide Morphology. The XRD analysis indi-
cated that the coating compositions were dominated by
Cr3C,, metastable Cr;C; and amorphous Ni phases, with
minor amounts of crystalline Ni alloy. The Cr;C, carbide
was assumed to result primarily from the large carbide
grains retained from the starting powder. These were
typically isolated individual grains and showed rounded
spherical morphologies indicative of having undergone
dissolution into the molten Ni alloy, Fig. 9(a). In some
instances, the carbide morphology was elongated as if it
had flowed, suggesting that the grains had reached the
point of melting.

Carbide precipitation from the supersaturated Ni ma-
trix formed several distinct morphologies as a function of
particle cooling. In splats where carbide grains were re-
tained from the powder, large acicular carbide crystals
were often observed, Fig. 9(b). Their elongated needle-
like morphology indicated that growth was favored in one
crystallographic direction. They were typically isolated,
individual crystals that were oriented randomly with re-
gard to the splat. This implied that their growth was not
directed in one direction due to thermal flow as is typically
observed in splat solidification (Ref 33). These charac-
teristics indicate that these precipitates most likely formed
in the liquid Ni alloy matrix prior to impact and solidifi-

5.0 um

Fig. 9 Cross-sectional BSE images illustrating different carbide morphologies in the as-sprayed coatings—rounded carbides (a), acicular
carbide precipitates (b), preferential carbide growth on retained carbide grains (c), and isolated carbide precipitates within high carbide

dissolution zones (d)
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cation. Their large size and preferential growth direction
imply that they formed over a significant period, meaning
that they must have begun to form soon after injection
into the plasma. Furthermore, their formation implies that
the molten Ni matrix was cooling over this time, otherwise
their small size and high surface area would favor their
preferential dissolution. The formation of these precipi-
tates indicates that the powder particles were rapidly he-
ated after injection into the plasma in order to melt the Ni
alloy binder and generate significant carbide dissolution.
The powder particles reached their peak temperature at a
short-distance downstream and then began to cool. Pre-
cipitation of the carbide indicates that the particle tem-
perature either did not reach, or quickly cooled below the
melting temperature of Cr;C, (T pepLr=1811 °C (Ref 20))
or Cr;Cs (T meLt= 1766 °C (Ref 20)), while the deformed
nature of the splats containing these precipitated indicates
that they remained at temperatures greater than the Ni-Cr
melting temperature of 1345-1455 °C (Ref 15). As the
particle temperature decreased, the solubility of Cr and C
in the liquid Ni alloy decreased. This is indicated some-
what by the step liquidus line on the Cr-rich side of the Ni-
Cr phase diagram (Ref 15). The excess Cr and C rejected
from the solution would support carbide precipitation.
While Cr;C, grains were retained in the particle during
such slow cooling in-flight, preferential carbide precipita-
tion occurred on the surface of the grains, Fig. 9(c). Pre-
cipitation appeared to occur on the regions of most
favorable crystallographic orientation based on the mor-
phology of the precipitates and grew out into the super-
saturated Ni Alloy. The size of such features indicates that
they developed over an extended period of time. Typically
such precipitates were surrounded by a bright contrast
zone. Carbide formation occurred by diffusion of Cr and C
out of the Ni supersaturated solution, creating a localized
zone richer in Ni and poorer in Cr and C. The bright
contrast is the result of the higher atomic mass of this Ni-
rich material surrounding the low atomic mass, dark
contrast carbide. These carbide precipitate morphologies
were typically observed in splats in which high concen-
trations of Cr;C, particles were retained from the powder.
They were more common in the Mach II anode trials than
in the subsonic trials. They were most likely formed by
particles which passed through the plasma hot zone ini-
tially, but then traveled primarily along the colder plasma
plume periphery. This not only would account for this
rapid initial melting, but also the longer duration at lower
temperatures over the majority of their flight required for
elongated growth. It is notable that preferential carbide
precipitation did not occur on all of the retained carbides
to the extent indicated in Fig. 9(c). This indicates that such
preferential nucleation and growth only occurred under
specific conditions which were not widely met by many of
the retained carbides. In a lot of instances, carbide pre-
cipitation on the retained Cr;C, carbides appeared to be
subtle. It was seen in the development of small nodules on
the carbide periphery or implied through the appearance
of a thin-bright contrast band of Ni-rich material around
the outside of retained carbide grains, Fig. 9(c). The thin
submicron thickness of the Ni-rich bands indicates the
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short diffusion path of the precipitating Cr and C ele-
ments. This suggests that precipitation by this mechanism
may have occurred rapidly during impact and splat solid-
ification.

Carbide precipitation was also commonly observed in
the subsonic anode nozzle coatings where there were few,
if any, retained Cr3C, grains, Fig. 9(d). These precipitates
typically occurred as isolated features within the high Cr
and C content dissolution zones. They were a lot smaller
in size than those seen in the Mach II trials but showed
similar acicular grain growth in the preferential crystallo-
graphic orientations. Such features are again indicative of
carbide precipitation and growth within the molten Ni
alloy matrix. Their small size means that they grew over a
shorter period of time, suggesting that the particle cooled
below the carbide melting temperature for only a short
time before impact.

The composition of the precipitated carbides could not
be confirmed with the analytical methods used in this
work. Where precipitation occurred on the surface of re-
tained Cr;C, carbides, it is possible that either Cr;C, or
Cr,C; formed. Both carbides have orthorhombic crystal
structures. However, there is a significant difference in the
lattice parameters between the two phases (Ref 20) which
would favor preferential Cr3C, precipitation over that of
Cr;C;. The grayscale contrast of the precipitates was
comparable to the larger retained Cr;C, grains, supporting
this hypothesis. However, Cr3C, precipitation requires
significant quantities of Cr and particularly C to be pres-
ent. If significant carbide diffusion away from the dis-
solved carbides occurred during the carbide dissolution
period, then this would inhibit the ability of Cr;C, to form
and favor Cr;C;. The morphology of the carbide precipi-
tates suggests that they were crystalline and, therefore,
detectable by XRD. However, the relatively low concen-
tration of these precipitates means that any contribution
they may have made to the carbide XRD peaks would
have been overshadowed by the dominant Cr;C, peaks
from the retained carbides or the metastable Cr;C; phase
peaks. Further analysis by TEM is required to determine
the precipitate composition. However, such an analysis is
complicated by the extreme heterogeneity of the coating
microstructure and isolated nature of the precipitates
relative to the TEM analysis area.

3.4.2 Splat Boundary Carbide Formation. A notable
feature, particularly in the subsonic anode nozzle trials,
was the formation of a thin band of carbide grains along
the splat boundaries, Fig. 10. While not seen in every
splat, such features were common throughout the coating.
While the carbides formed at the top of a splat, it is pos-
tulated that the heat from the solidifying splat above was
sufficient to reheat the underlying splat and generated
conditions under which sufficient Cr and C diffusion could
occur to form the carbide grains. Diffusion of these ele-
ments, or at least diffusion of carbon, is implied by the
presence in this zone of bright contrast material below the
precipitated carbides. This is thought to represent high-
atomic mass Ni-rich material left behind by the diffusion
of the carbide forming elements to the splat interface.
While carbides formed at the base of the splat, Fig. 10(a),
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it is postulated that the grain structure in the solidified
splat below provided a preferential site for carbide pre-
cipitation to occur from the supersaturated Ni alloy during
splat spreading and solidification. The carbides were typ-
ically orientated perpendicular to the splat boundary in
the direction of heat flow during splat solidification.

5.0 um

C
Splat boundary

1.0 um

Fig. 10 Cross-sectional BSE images highlighting splat boundary
carbide precipitation

Journal of Thermal Spray Technology

<

3.4.3 Microstructure of the Amorphous Ni Alloy and
Metastable Cr,C; Phase. The microstructure of all the
coatings in the BSE images was dominated by the mid-
gray carbide dissolution zones of varying grayscale con-
trast between that of the bright contrast original Ni alloy
and of the darker contrast Cr;C, grains. These mid-gray
zones must, therefore, account for the amorphous Ni alloy
and metastable Cr;C; phases which dominated the as-
sprayed coating compositions. The variation in grayscale
reflects the variation in the Cr and carbon concentrations
both between and within the splats. Initially, the Ni alloy
matrix melts, and carbide dissolution begins. During this
period, the Ni alloy becomes increasingly saturated with
dissolved Cr and C. As the particle temperature increases,
the rate of carbide dissolution increases, along with the
solubility of Cr and C in the Ni alloy. The high number of
particles exhibiting total carbide dissolution suggests that
in many cases, the particle temperature exceeded the
melting temperature of Cr;C, at some point. By this time,
the Ni alloy is potentially saturated with dissolved Cr and
C, which would inhibit diffusion of these elements from
the molten carbide zones due to the reduced concentra-
tion profiles. Cooling of the particle in-flight reduces the
solubility of Cr and C in the Ni alloy, further reducing
inter-diffusion between the different concentration zones
within the molten particles. Under such conditions, sig-
nificant compositional heterogeneity may be retained in
the molten particle. This is postulated to account for the
formation of the dark contrast “swirl” features seen within
the majority of the splats in which significant carbide
dissolution had occurred in-flight, Fig. 11.

The retention of the mid-gray carbide dissolution zones
in the coating splats indicates that the particles were at a
high temperature at the point of impact and underwent
rapid solidification. The results of the XRD analysis
indicate that during solidification, the Ni-Cr-C solution
forms a two-phase mixture consisting of an amorphous Ni
alloy supersaturated in Cr and C, and a metastable Cr- and

Fig. 11 Cross-sectional BSE image illustrating the dark contrast
“swirl”” features in splats in which high degrees of carbide dis-
solution occurred
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C-rich phase with a structure approaching that of
(Cr,Ni);C;5. The relative amounts of each phase are
dependent upon the local composition—areas of low
carbide dissolution or low carbon concentration would
form more of the amorphous Ni alloy, while zones of high
carbide dissolution and high retained carbon content
would form more of the metastable Cr,C; phase. High-
magnification BSE images revealed the formation of two
distinct phases within the “‘carbide dissolution” zones,
Fig. 12. These images were captured by imaging the same
area at a high scan rate and averaging the information
collected over a period of more than 60 s (given the
location, morphology, and presence of localized bright-
contrast high-atomic mass material within these features,
they are not believed to have results from surface-based
carbon contamination). Image analysis software was used
to adjust the grayscale range of the images to enhance the
subtle features in the image. Zones that appeared to be of
homogeneous grayscale contrast at low magnification
were shown at high magnification to have localized gray-
scale variation at a sub-100 nm scale, implying localized
variation in atomic mass. The darker contrast features are
assumed to be richer in Cr and C and account for the
metastable Cr;Cs. The brighter contrast surrounding ma-
trix is assumed to be the higher atomic mass amorphous/
nano-crystalline-supersaturated Ni alloy phase. Additional
analysis using transmission electron microscopy is re-
quired to confirm the proposed compositions of these
phases.

The mechanism by which the supersaturated Ni-Cr-C
liquid separates into these two phases upon rapid solidi-
fication is unknown. The similarity in the Ni alloy com-
position across the different as-sprayed coatings suggests
that solidification of this phase with the maximum con-
centration of Cr and C in metastable solid solution forced
the excess Cr and C atoms to clump together and form the
metastable Cr;Cs. If the transformation of the Ni-Cr-C
solution into two phases was driven by metastable carbide
precipitation, then Ni alloy phase would be expected to
show a greater variation in composition as a function of
the extent of carbide dissolution in the coating. However,
the melting point of Cr;C; and presumably also
(Cr,Ni);Cs, is notably higher than that of the Ni alloy
which would support the initial solidification of the
metastable carbide prior to that of the Ni alloy. Such
analysis is complicated by the lack of data relating to the
metastable (Cr,Ni);C; phase. Furthermore, the mecha-
nism of phase formation is also thought to be dependent
upon the local composition and the heat flow and rate of
cooling through the splat thickness during splat spreading
and solidification.

3.5 Phase Development with Heat Treatment

Table 4 summarizes the weight percent concentrations
of the coating phases following heat treatment, along with
the goodness-of-fit (GofF) parameters from the Rietveld
fitting using the MAUD software. Errors are presented for
the parameters that were refined by the software program.
The data were normalized for the phases: Cr3C,, Cr;Cs;,
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1.0 um

500 nm

Fig. 12 High-magnification cross-sectional BSE images showing
the breakup of the supersaturated Ni phase into two separate
phases of bright- and dark-grayscale contrast (indicated by the
arrows)

and the Ni alloy (i.e., the Cr,O3 content was excluded)
prior to plotting the data in Fig. 13 and 14.

3.5.1 Mach II Ar-H, Trials. Heat treatment generated
a dramatic change in the coating composition from the
metastable state in the as-sprayed coatings to a more
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Table 4 Results from the Rietveld analysis for the heat-treated coatings

&
Concentration, wt.% ;D
Trial number/description Spray distance, mm Ni (Cryst) Cr,03 Cr;C, Cr,Cs R value Rw, % GofF (sigma) (-:‘E
S
CDO1 Ar-H, low flow 100 150 (£1.0) 7.1 (£04)  71.6 (£3.8) 6.3 3.87 161 o
120 168 (£1.1) 7.1 (£0.5) 715 (£4.7) 47 431 1.63 s
CDO02 Ar-H, high flow 100 182 (£0.5) 12,5 (£0.4) 693 (£1.7) 0.0 4.01 1.77 0}
120 183 (£0.5)  11.2 (£04)  70.6 (£2.1) 0.0 4.1 1.84 Q
CD03 Ar-H, low flow 100 13.9 (£25) 57 (£1.0) 788 (£13.7) 1.6 3.82 1.55
120 149 (£0.9) 5.7 (£1.0)  73.1 (£3.9) 6.3 3.94 1.61
CDO04 Ar-H, high flow 100 137 (£1.1) 40 (£23) 820 (£5.1) 0.3 3.87 3.99
120 129 (£13) 5.8 (£0.6) 787 (£7.9) 27 425 1.72
CDO05 Ar-He 80 13.7 (£0.6) 9.4 (£0.4)  59.4 (£1.8) 175 4.08 1.66
100 134 (£0.5) 9.3 (£04)  53.6 (£1.5) 237 478 1.73
120 11.9 (£03) 9.8 (£04)  45.6 (£1.0) 327 481 1.97
CDO06 Ar-H, 80 132 (£03) 6.9 (£02)  53.9 (£12) 26.1 452 19
100 10.8 (£0.3) 7.1 (£02)  34.8 (+0.8) 473 5.86 211
120 9.9 (£03) 73 (£02) 259 (£0.8) 56.9 5.66 2.32
CDO07 Ar-He 80 150 (£1.2) 6.9 (£0.5) 747 (£5.7) 34 3.66 1.51
100 153 (£1.0) 6.7 (£04) 735 (£4.8) 44 415 1.49
120 14.1 (£0.5) 7.9 (£04) 637 (£1.8) 143 3.94 1.63
CDO08 Ar-H, 80 157 (£1.0) 6.2 (£04) 729 (£4.3) 52 3.93 1.61
100 15.7 (£1.0) 7.0 (£04)  69.4 (£3.4) 78 5.14 2.11
120 117 (£04) 62 (£02)  50.3 (£1.2) 31.8 473 1.91
equilibrium composition with heat treatment. The com- 100 7 -m-Unshrouded Cr7C3  -®-Unshrouded Cr3C2  —&-Unshrouded (Ni) Cryst
position results were remarkably consistent between the go | ShroudedCr7C3  -e-Shrouded Cr3C2  ~4-Shrouded (i) Cryst
low flow and high flow parameters in both the unshrouded - &N ( :::::::::
and shrouded trials, Fig. 13. Cr3;C, dominated the coating = @==smm=ss e
composition. The Cr;C; content was significantly reduced g 0
to only minor levels with heat treatment, emphasizing the s 601
metastable nature of this phase in the as-sprayed coatings. T 501 A ArH
The composition of this phase also moved toward equi- g 01 L HighZ
librium based on the shift in peak position, implying a § Flow Flow
reduction in the dissolved Ni content. ¢ ¥
Shrouding resulted in a higher equilibrium Cr;C, con- 201 p—— resas e =4
. ; L o= P
tent in both trials, which is assumed to result from the 10
higher retained carbon content. The Ni alloy content re- § A/ I
duced in concentration as the supersaturated amorphous CD01/03 100mm CD01/03 120mm C€D02/04 100mm CD02/04 120mm

material in the as-sprayed coating recrystallized and
pray £ y Fig. 13 Variation in the heat-treated coating composition as a

mpved to a more equilibrium composition. The crystalhne function of spray distance for the unshrouded and shrouded
Ni alloy content was comparable to that in the starting Mach II nozzle trials CD01-CD04

powder of 15 wt.%. The results were comparable at both

spray distances, which reflected the minimal changes ob- 100-

served in the other Coating characteristics between 100 -m-Unshrouded Cr7C3  -@-Unshrouded Cr3C2  —&-Unshrouded (Ni) Cryst

and 120 mm. 90 1 -m-Shrouded Cr7c3 -®-Shrouded Cr3C2 —4 -Shrouded (Ni) Cryst
3.5.2 Subsonic Ar-He and Ar-H, Trials. The equilib- PO il SUNE L S

rium composition of the subsonic anode nozzle coating E 701 -9 =

showed a more dramatic variation as a function of spray < 601 i .

distance than seen in the Mach II trials, Fig. 14. The % 2 | ey

equilibrium Cr;C, content dramatically increased from = ;f'”e b

that in the as-sprayed coatings but did not reach the § 401 Ar-H,

equilibrium concentrations achieved in the Mach II trials. 8 301

Furthermore, the Cr;C, content decreased with increasing 204

spray distance for both plasma compositions. Both these 104

responses are assumed to result from the increase in i

decarburization in the subsonic trials with increasing spray CDO507  CDOS07  CDOS07 " CDOBIOB  CDOBIB  CDOBI08
distance. The unshrouded trials showed a linear decrease somm - 100mm - 120mm somm . 100mm - 120mm

m Cr3C2 coptent _Wlth ‘“Creasmg, distance, with the rate of Fig. 14 Variation in the heat-treated coating composition as a
reduction higher in the Ar-Hj trial. The Cr3C, content was function of spray distance for the unshrouded and shrouded
significantly higher in the shrouded trials relative to the subsonic nozzle trials CD05-CDO08
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unshrouded trials. Furthermore, the variation with spray
distance showed a distinct trend for both plasma compo-
sitions—a slight reduction in concentration from 80 to
100 mm, followed by a much greater reduction in con-
centration from 100 to 120 mm. These trends were mir-
rored in the Cr;C; concentration profiles—a linear
increase in concentration with spray distance in the un-
shrouded trials, and a slight increase in concentration from
80 to 100 mm followed by a significant increase in con-
centration from 100 to 120 mm in the shrouded trials. In
both plasmas, the Cr;C; content was dramatically reduced
in the shrouded trials. The crystalline Ni alloy contents in
all the trials were comparable to those in the Mach II
coatings and the starting powder, and showed minimal
changes with spray distance.

The variation in the carbide composition with spray
distance is assumed to result from the variation in carbon
content. The approximately linear increase in Cr;C; in the
unshrouded trials is attributed to a constant rate of
decarburization over the 80-120 mm range in spray dis-
tance. The unshrouded plasma is expected to have already
entrained significant quantities of air prior to 80 mm (Ref
34-36), and so a too low oxygen concentration in the
plasma is not expected to be a limiting factor in the degree
of decarburization over this spray distance range. Decar-
burization increased with spray distance due to the longer
exposure time of the particle to the oxidizing atmosphere.

In the shrouded trials, the same plasma parameters and
carrier gas flows were used as in the unshrouded trials and
so comparable particle trajectories through the plasma
plume are assumed to have occurred. The variation in
decarburization with spray distance from the unshrouded
trial, therefore, suggests a variation in the oxygen con-
centration with spray distance. The results suggest that the
gas shroud was effective in reducing the oxygen concen-
tration out to 100 mm, but beyond that, significant air
entrainment occurred. This protective effect was seen in
both the Ar-He and Ar-H, plasma-sprayed coatings, in
spite of the variations in particle temperature and velocity
as a function of the plasma composition. A contributing
factor to this response is the particle trajectories, which
pass further away from the plasma centerline with
increasing distance (Ref 9). This also brings into effect the
radial oxygen content distribution as a function of spray
distance.

Characterization of the microstructural changes in the
coatings with heat treatment for such a large sample set
was beyond the scope of this article. However, work is
underway to characterize in detail the development in the
carbide microstructure as a function of heat treatment
time and temperature for several coatings using the plas-
ma parameter sets from this work.

3.5.3 Analysis of the Crystalline Ni Alloy Composi-
tion. The transformation of the amorphous Ni alloy
material in the as-sprayed coating to the crystalline Ni
alloy in the heat-treated coating resulted in a dramatic
reduction in the Cr concentration in solid solution from
approximately 45-50 wt.%, Fig. 8, to less than 16 wt.%,
Fig. 15. However, the Cr concentration in the Ni alloy in
the coatings remained significantly higher than the 8 wt.%
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value based on the Ni peak position in the powder XRD
pattern. In the subsonic anode trials, the alloy Cr content
was higher in the unshrouded trials for both plasma
compositions. In addition, the Cr contents in the subsonic
trials were higher than in the Mach II trials. These results
suggest that the Ni alloy Cr content in the heat-treated
coatings increased with increasing degrees of indicative
carbon loss from the coating. This hypothesis is supported
by the trends in Fig. 16 which plots the variation in the
crystalline Ni alloy Cr content and the Cr;C; concentra-
tion in the heat-treated coatings as a function of the
indicative carbon loss for all of the results in this work (the
results from Trial CD02 deviated considerably from the
trends of all the other coatings and were considered out-
liers. For the sake of clarity, the results of this trial were
omitted from the graph to better illustrate the general
trends across the majority of the coatings). There is a
linear increase in the Ni alloy Cr content with increasing
carbon loss. However, this occurs in conjunction with a
more complex trend in the development of the Cr,C;
phase with carbon loss. Carbon loss does, therefore, not
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Fig. 15 Variation in the Cr concentration in the crystalline Ni
alloy peak in the heat-treated coatings from trials CD01-CDO08 as
a function of spray distance
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Fig. 16 Variation in the Cr;C; concentration and Ni alloy Cr
concentration in the heat-treated coatings as a function of
indicative carbon loss for the unshrouded and shrouded trials
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simply result in a linear increase in the Cr;C; content as
may have been expected. At low levels of carbon loss,
Cr,C; formation is low, but there is a notable increase in
the Ni alloy Cr content. This result suggests that Cr,Cs
formation does not occur preferentially. Otherwise, the
Cr,C; content would be expected to be higher, and the Ni
alloy Cr content remains constant with increasing carbon
loss. At high levels of carbon loss, the Ni alloy Cr content
continues to increase, but the rate of Cr,C; development
increases significantly faster. This result points to a com-
plex relationship between the equilibrium thermodynam-
ics of Ni-Cr alloying and Cr;C; formation as a function of
carbon content.

3.5.4 Metastable Cr,C; Development. In the as-
sprayed coatings, solidification of the molten material in
the splats is postulated to form a mixture of an Ni-based
amorphous phase and a metastable Cr;Cs-based phase.
This metastable Cr;C; phase formed a significant, if not
dominant, phase in the as-sprayed coatings and, hence, is
expected to play a significant role in determining the
coating properties. In the mechanism proposed in the
analysis of the as-sprayed coating composition, the Ni
amorphous phase formed preferentially, with the meta-
stable phase forming from the excess Cr and C elements
that could not be dissolved in the Ni alloy solid solution.
According to this mechanism, increasing degrees of car-
bide dissolution, seen as decreasing concentrations of
carbide, should show a direct increase in the metastable
Cr;C; content. In Fig. 17(a), the metastable Cr;C; content
in the as-sprayed coating is plotted as a function of the as-
sprayed coating carbide content measured by image ana-
lysis. While there is a general trend of increasing meta-
stable Cr,C; content with decreasing carbide content (i.e.,
increasing degrees of carbide dissolution), there is a lot of
spread in the data, with a broad range of Cr;C; concen-
trations formed at each carbide concentration. Therefore,
the coating carbide content based on image analysis is a
weak indicator of the metastable Cr,C; content in the
coating. The results of the shrouded coatings tended to fall
below those of the unshrouded coatings for a given coating
carbide content, suggesting some dependence on the de-
gree of carbon loss. In Fig. 17(b), the metastable Cr,Cs
content in the as-sprayed coating is plotted as a function of
the indicative carbon loss. The results show a gradual in-
crease in the metastable Cr;C; content with increasing
indicative carbon loss. Significantly, this trend is consistent
across both the unshrouded and shrouded coatings. This
result suggests that for coatings which undergo high de-
grees of carbide dissolution, the degree of carbon loss is a
better measure of the amount of metastable Cr,Cs that
forms in the as-sprayed coating.

With heat treatment, the metastable Cr,C; phase
transformed into crystalline Cr;C, and low concentrations
of crystalline equilibrium Cr,Cs. In this regard, it would be
of interest to know if any features of the as-sprayed
coating could be used as indicators of how much equilib-
rium Cr;C; forms after extended exposure at high tem-
perature, and by default how much of the original Cr;C,
phase would be recovered. Figure 18(a) plots the crystal-
line Cr,;C5 content in the heat-treated coating as a function
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Fig. 17 Variation in the as-sprayed Cr;C; concentration as a
function of carbide content (a) and as a function of indicative
carbon loss (b) for the unshrouded and shrouded trials

of the metastable Cr;C; content in the as-sprayed coating.
The dramatic reduction in Cr;C; content with heat treat-
ment is clearly highlighted in this figure. The magnitude of
this reduction in Cr;C; content is related to the amount of
metastable Cr;C; formed in the as-sprayed coating, but
this relationship is complex. Furthermore, the spread in
data for a given value of the as-sprayed metastable Cr;Cs
content increases significantly with increasing metastable
Cr;C; content. This makes the metastable Cr;C; content
in the as-sprayed coating a poor indicator for the quantity
of equilibrium crystalline Cr;C; that forms with heat
treatment.

In Fig. 18(b), the crystalline Cr,C; content in the heat-
treated coating is plotted as a function of the carbide con-
tent in the as-sprayed coatings based on image analysis. The
results indicate that the as-sprayed carbide content is also a
poor indicator of the Cr,C; content that will form with heat
treatment. For both the shrouded and unshrouded trials, the
data are very spread and notably dependent upon the spe-
cific spray parameters used in each trial.

Figure 16 plots the variation in crystalline Cr;C; con-
tent in the heat-treated coatings as a function of the
indicative carbon loss. The indicative carbon loss again
appears to be a better measure of the amount of Cr;C;
that will form with heat treatment, although the relation-
ship between these two properties is complex. It should
also be noted that the Cr;C; content and the carbon loss
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Fig. 18 Variation in the Cr;C; concentration in the heat-treated
coatings as a function of the Cr;C; concentration in the as-
sprayed coatings (a) and as a function of the as-sprayed carbide
content (b) for the unshrouded and shrouded trials

results were generated from the same XRD data. Addi-
tional trials with independently verified carbon loss results
(e.g., from a LECO combustion analysis) are required to
confirm this response.

4. Conclusions

The aim of Part 2 of this two-part article series was to
characterize the effect of spray distance on the composi-
tional development in high-energy plasma-sprayed Cr;C,-
NiCr coatings. Trials were sprayed using low-velocity and
high-velocity anode nozzle configurations, over the spray
distance range 80-120 mm. Two shroud configurations
were investigated (a solid conical coaxial shroud in the
high-velocity trials, and a coaxial cylindrical gas shroud in
the subsonic trials), and the results contrasted with the
unshrouded trials. The key conclusions from this work are

e Four phases were identified in the XRD analysis—a
crystalline Cr;C, phase, a crystalline Ni alloy phase, an
amorphous/nano-crystalline Ni alloy phase, and a
metastable (Cr,Ni);C; phase. The metastability of the
latter was based on the marked reduction in intensity of
this phase with heat treatment and the shift in peak
positions toward those of equilibrium Cr;C;.
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e In the low flow rate Ar-H, Mach II anode nozzle
trials, shrouding decreased the coating Cr;C, content
at 100 mm, indicating an increase in the degree of
carbide dissolution. The metastable Cr,C; phase
dominated the coating composition in both the un-
shrouded and shrouded trials but showed contrasting
trends with spray distance.

o In the high flow rate Ar-H, Mach II anode nozzle
trials, shrouding generated a dramatic decrease in the
coating Cr3C, content at 100 mm. This was accom-
panied by a significant increase in the metastable
Cr,C; content. The amorphous Ni alloy content re-
mained comparable in both the unshrouded and
shrouded trials, in spite of the carbide content varia-
tion. No significant change in coating composition
occurred with the increase in spray distance.

e In the subsonic nozzle trials, the degree of Cr;C,
dissolution decreased with the use of shrouding in the
Ar-He trial at 80 mm, but in Ar-H, trials, the CrzC,
content was comparable with and without shrouding
at this distance. With increasing spray distance, the
Cr3;C, content decreased in all trials, indicative of
increasing carbide dissolution with the longer expo-
sure time in the plasma. The amorphous Ni alloy
content was consistently lower in the unshrouded tri-
als for both plasma compositions and tended to de-
crease with increasing spray distance. The metastable
Cr;C; phase dominated the composition of all the
subsonic anode coatings and increased in concentra-
tion with increasing spray distance. The unshrouded
trials formed consistently higher concentrations of this
phase than the shrouded trials for both plasmas.

e Cooling of the particles in-flight leads to precipitation of
carbides onto retained Cr;C, grains as well as forming
independent acicular particles. More generally, rapid
solidification transformed the Cr- and C-saturated Ni
alloy liquid into regions of amorphous/nano-crystalline
solid material of varying grayscale contrast. High-mag-
nification BSE imaging indicated that regions which
appeared to be homogeneous at low magnification were
composed of two phases with structures on
the < 100 nm scale. These were postulated to account
for the amorphous Ni alloy and metastable Cr;C; phases
which dominated the coating composition.

o The degree of indicative carbon loss was found to be a
better measure of the extent of metastable Cr,Cs
formation in the as-sprayed coatings and Cr,C; for-
mation in the heat-treated coatings, than the retained
carbide content.
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