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Comparison between Ni-Cr-40vol%TiC
Wear-Resistant Plasma Sprayed Coatings
Produced from Self-Propagating
High-Temperature Synthesis and Plasma
Densified Powders

C. Bartuli and R.W. Smith

Plasma sprayed Ni-Cr-40vol % TiC coatings produced from powders obtained by self-propagating high-
temperature synthesis (SHS) and plasma densification (PD) processes are characterized. Chemical com-
position, microstructure, and mechanical properties, such as microhardness and wear resistance, are
evaluated and compared. SHS coatings exhibit good sliding wear performance.

The exact stoichiometry of titanium carbide inclusions in the metallic matrix affects the dimension
of the crystal lattice parameter and was investigated by examining the shift of x-ray diffraction
(XRD) peaks of the TiC. A value of the combined carbon/titanium ratio of about 0.6 was calculated
for both powders, thus excluding the influence of the stoichiometry of the carbide inclusions on the

wear properties of the coatings.

Keywords Ni-Cr coatings, self-propagating high-temperature
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1. Introduction

PLASMA SPRAYED dispersion hardened metallic coatings are
widely used forimproving wear resistance of surfaces. Carbides
are very effective as reinforcement materials. They are able to
toughen more ductile matrices and, therefore, reduce the wear
caused by sliding erosion.

In particular, titanium carbide shows very good perfor-
mance, especially in severe temperature operating conditions
where chromium or tungsten carbides, successfully employed
elsewhere, can decompose and become ineffective (Ref 1).

In the present paper, oxidation and corrosion-resistant
plasma sprayed Ni-Cr coatings, alloyed with small quantities of
secondary constituents (such as Fe and Ti), and reinforced by
TiC dispersions, are characterized. In particular, features and
performances of coatings produced from conventional PD pow-
ders are compared with those of coatings deposited from SHS
powders (Ref 2).

Self-propagating high-temperature synthesis (SHS) (Ref 3,
4) is a combustion process in which an exothermic, self-sustain-
ing chemical reaction proceeds layer by layer into the reaction
volume, gradually transforming the reactant powder mixture
into the desired products. The energy necessary for the synthesis
of refractory compounds is self-generated by the heat of reac-
tion, thus avoiding the need to maintain high temperatures for
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long times in furnaces. Also, the equipment used for the SHS
process is usually very simple, thus dramatically reducing the
initial costs with respect to conventional methods.

The kinetics of the combustion reaction, the structure and the
velocity of the combustion wave, and the mechanism of the re-
actions taking place during an SHS process are related to the adi-
abatic temperature (7,q), which is defined as “the maximum
temperature to which the products are raised under adiabatic
conditions as a consequence of the evolution of heat during the
chemical reaction” (Ref 5).

Figure 1 is a schematic representation of a SHS reaction. Af-
ter ignition with an external source (for example electric arc, la-
ser, tungsten heating coil, oxyacetylene torch), reactants and
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Fig. 1 Schematic representation of a SHS process. The temperature
profile, which originates in the reaction volume (from ambient tem-
perature, T, to the adiabatic temperature, Tyg), is indicated on the left
side, where the vertical axis refers to the location along the center line
of the adiabatic reactor.
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products are separated by a combustion wave front moving
through the reaction volume with a constant velocity.

2. Experimental

2.1 Powder Production Techniques

SHS powders of the nominal composition 31Ni-17Cr-6.8Fe-
2.9Ti-2.5A1-39TiC (vol%) supplied by Exotherm Corporation,
Camden, NJ, were produced by reacting compacted elemental
blends of reactants (Ni, Cr, Fe, Al, Ti, C) of different initial size
(<325 mesh for the metals, <1 pm for the carbon black)
prepressed into 8 cm diameter cylindrical pellets in a reactor
with thermally insulated walls under an argon atmosphere.
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Fig.2 Parucle size distributions for (curve a) SHS and (curve b) PD
powders

Fig.3 SEM micrographs of (a) SHS and (b) PD powders
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Initial density of the pellets was 50% of the theoretical den-
sity. Ignition was carried out with a tungsten filament. A small
quantity (less than 0.3 wt%) of a proprietary additive was added
to the initial mixture to modify the wetting characteristics of the
SHS process and control the velocity of propagation of the reac-
tion front.

A combustion temperature of 1450 °C was attained during
the reaction, proceeding with a combustion rate of 0.18 cm/s.
Products of the synthesis (about 60% dense) were milled and
screened to the final nominal size (<270 mesh).

Commercially available powders (Ferro-TiC Resistic Grade
HT6A, supplied by Alloy Technology International, Inc.,
Nyack, NY) of similar composition, 39Ni-12.5Cr-5.3Fe-1.5Ti-
40TiC (vol%), <325 mesh and >15 pm, produced by conven-
tional plasma densification (PD) were characterized and
compared to the SHS product.

2.2 Powder Characterization

Size distribution of the particles was investigated by laser light
scattering Malvern Mastersizer (Malvern Instruments, Southbor-
ough, MA) in a liquid dispersant (distilled water). The water con-
taining the powder sample was stirred during measurement, and
ultrasonic agitation was applied for ~1 min in the case of SHS pow-
ders to dissolve clusters or physical aggregates of particles. The in-
strument assumes a round shape of all particles.

The general morphology of the powders was characterized
by scanning electron microscopy (SEM) (Philips SEM 505,
Philips Electronics North America, New York; 20 to 25 kV ac-
celerating tension).

X-ray diffraction (XRD) analyses were performed on sam-
ples from the as-supplied powders to investigate the presence of
undesired compounds or phases possibly formed during the syn-
thesis reaction and to evaluate and compare the actual carbon
content in the TiC;_, present in the SHS and PD powders (Ref 6,
7). A Siemens D500 diffractometer (Siemens Analytical X-Ray
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Instruments Inc., Madison, WI) was used for all measurements,
selecting the copper Ka radiation filtered with nickel. The inter-
val of 20 diffraction angle ranging from 20° to 120° was investi-
gated with a scanning step of 0.05° and a scanning time of 1 s. An
internal standard of pure silicon was used.

2.3 Deposition Parameters

Air (APS) and vacuum (VPS) plasma spray coatings were
deposited onto grit-blasted 4140 stainless steel coupons (25 by
75 by1.5 mm). 4140 steel discs (70 mm diameter by 2 mm) were
also coated for sliding wear resistance evaluation. Spray pa-
rameters are summarized in Table 1.

2.4 Coating Characterization

Meiallographic samples from the as-sprayed coatings were ob-
tained by the following polishing procedure: 300 mesh silicon car-

——

bide grinding paper and 3 pm diamond impregnated discs. The
use of finer SiC abrasive paper was avoided to limit the pullout
of titanium carbide inclusions from the metallic matrix.

SEM analyses were performed under the same operating
conditions described above to characterize the substrate-coating
and matrix-inclusion interfaces. Energy dispersive spectros-
copy (EDS) was used for chemical elemental analysis.

X-ray diffraction analyses of whole samples of the coatings
were also carried out to identify changes of either the chemical
or phase composition during plasma spraying and to investigate
the presence of residual stresses in the coatings.

Coatings were finally characterized on the basis of their mi-
crohardness and wear resistance. For microhardness measure-
ments on polished sections of the coatings, a LECO M400
Vickers microindentator (LECO Corporation, St. Joseph, MD)
was used with a load of 300 g applied for 10s.

Unlubricated pin-on-disc sliding wear testing was performed
in dry air on ground and polished plasma sprayed coatings on

Table1 Air plasma spray (APS) and vacuum plasma spray (VPS) parameters for self-propagating high-temperature

synthesis (SHS) and plasma densified (PD) coatings

Plasma Plasma Carrier Spray Arc Are Coating
Atmosphere gas1 gas2 gas (argon), distance, current, voltage, thickness,
Powder Type Torr (argon), scfh (helium), scth scth cm A \' mm
SHS APS 760 125 60 27 9 1000 38 0.35
VPS 200 140 70 18 17.5 1100 47 0.35
PD APS 760 140 70 18 9 1100 38 0.47
VPS 200 140 60 18 17.5 1100 50 0.27
T T % T Y T T T T
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Fig. 4 XRD patterns of as-supplied SHS and PD powders
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discs (ASTM G99-90 testing procedure). The sliding counter-
body was an Al,Oj3 (sapphire) ball of 10 mm diameter. A normal
load of 20 to 30 N was applied, and a coating/counterbody rela-
tive velocity of 0.44 m/s was set. Wear tracks after 10,000 cycles
were observed, and areas were measured by a steel stylus pro-
filometer.

3. Results and Discussion

3.1 Powders

Size distributions of the SHS and PD powders, as obtained by
laser light scattering, are illustrated in Fig. 2. The SHS powder
distribution is wide and almost bimodal. In particular, 55% of
the particles fall in the 20 to 80 um range, distributed around the
highest peak, at about 50 pm. A further 20% of the particles fall
in the 0.5 to 10 pm range, more or less distributed around the
second peak, at about 2 um. Ultrasonic agitation was applied for
1 min for better dispersion. Note that the “tail” of the Gaussian
distribution of these powders toward the low sizes cannot be
eliminated by mechanical sieving, and air classification is rec-
ommended.

The narrower and more regular size distribution of the PD
powders is exhibited for comparison; about 80% of the parti-
cles are in the 20 the 80 pm range. SEM micrographs of the
powdersin Fig. 3 show that SHS powders are fragmented and

Temperature (°C)

angular shaped (Fig. 3a). Fine particles (about 1-2 um) are dis-
tributed on the surface and among larger grains (20-30 um).
The more spherical morphology of the PD powder is shown
in Fig. 3(b).

As expected on the basis of the results illustrated, the flow-
ability of the SHS powder—in particular its ability to flow
through a given nozzle at given pressure (80 psi) and feeder ro-
tation (3 rpm)—as compared to the PD, is low. Experiments in-
dicate a flowability of 23 g/min for the SHS powder compared
to 38 g/min for the PD material.

X-ray diffraction patterns of typical SHS and PD powders are
shown in Fig. 4. Peaks corresponding to the characteristic lines

Table 2 Diffraction pattern of stoichiometric TiCj ¢
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spacing (d), nm k
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Fig.5 Carbon/titanium phase diagram (Ref 8)
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of nickel and titanium carbide are clearly identified in both
cases. Most of the chromium characteristic lines are covered by
the nickel pattern.

Using the same analytical technique, a detailed investigation
was also carried out on the crystalline structure of the titanium car-
bide present in the powders to identify its exact stoichiometry. Tita-
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Fig. 6 Lattice parameter a of TiC|_, as a function of the C/Ti ratio
(adapted from Ref 9)
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Fig. 7 Example of construction of the [d(h2 + k2 4 12)”2] versus
[‘/z(coszele + cosz()/sine)] plot for the determination of the lattice pa-
rameter of the SHS powder for one particular XRD run. The values of
the intercept with the ordinates axis, a, and of the correlation coeffi-
cient, r<, are indicated.

Journal of Thermal Spray Technology

———

nium carbide (Ref 8), TiC, is usually a stoichiometric compound
characterized by a face-centered cubic lattice (Ref 9) identified
by a single lattice parameter, a. However, this carbide can also ex-
ist over a wide range of substoichiometries. The phase diagram of
the C/Ti system is shown in Fig. 5 (Ref 8).

A correlation can be established (Ref 9-11) between the value
of the lattice parameter of TiC_, and the atomic ratio of the com-
bined carbon over titanium (that is, the value of 1 — x); see Fig. 6
(Ref 9). The lattice parameter of a crystalline compound can be

(b)

Fig. 8 SEM micrographs of APS coatings produced from (a) SHS
and (b) PD powders
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directly correlated to the value of the interplanar spacings, 4, and
the corresponding 20 angles of the peaks identifying its charac-
teristic XRD pattern.

The calculated positions of the diffraction lines for
stoichiometric TiC) g are listed in Table 2 (Ref 12). The corre-
sponding value of lattice parameter, q, is 0.43270 nm.

The values of parameter g calculated from the measured dif-
fraction patterns of six samples from the SHS powder and six
samples from the PD powder were compared. The final value of
a for each diffraction run was extrapolated for 206 angles ap-

Table 3 Lattice parameter and C/Ti ratio for SHS and PD
powders

Lattice Standard C[Ti
Powder parameter (z), nm deviation (c,), nm ratio,1 -x
SHS 0.43168 0.00012 0.627
PD 0.43165 0.00011 0.623

TiKe
N1 Ko
J C"K:/FEKD(
A ——— . i N ,

= 700 z 00 5. )

(a)

proaching 180° since large Bragg angles are much more sensi-
tive to small changes in cell dimension (Ref 13). To this aim, for
each value of the measured d spacing, the value of [d (h2 k24
P’ was plotted against the corresponding value of
[‘/2(cos29/6 + cos29/sin6)]. The resulting points are distributed
around a straight line, whose parameters can be calculated by the
least squares method. The intercept with the ordinate axis is the
final value of a for that diffraction run (Ref 13).

For the present case, d values were measured for only 7 of the
10 lines characteristic of the TiC pattern. In fact, two of the re-
maining peaks (corresponding to the [2 2 2] and [4 0 0] planar di-
rections) fall very close to some of the peaks generated by Ni,
making their attribution unreliable; the last peak (plane [5 1 1])
was not clearly detected by the instrument. In Fig. 7, the con-
struction of the [d (k2 +k*+ 1) versus [Ya(cos20/8 +
00529/sin9)] plot used to calculate the lattice parameter of the
SHS powder for a single diffraction run is illustrated.

Average values of a were calculated from the six SHS sam-
ples and the six PD samples (Table 3) together with their stan-

T1Ko

Ni1Ke

Fig.9 EDS patterns of APS coatings produced from (a) SHS and (b) PD powders

(a)

Fig. 10 SEM micrographs of two inclusions (indicated by arrows) in the APS coating produced from SHS powders
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dard deviations. The corresponding values of 1-x (carbon/tita-
nium atom ratio) calculated from the curve in Fig. 6 are also
listed.

The above results show that the stoichiometry of the titanium
carbide present in the SHS and PD powders does not differ sig-
nificantly. Therefore, any possible difference in the microhard-
ness (Ref 14) or other mechanical and wear properties (Ref
15-17) of the coatings produced by the two techniques cannot be
attributed in this case to the carbon content of the carbide rein-
forcement.

3.2 Coatings

Figure 8 shows the microstructure of polished cross sections
of APS coatings obtained by air plasma spray of SHS (Fig. 8a)
and PD (Fig. 8b) powders. Dark areas represent TiC particles (as
confirmed by EDS analyses) embedded in the metallic Ni-Cr
matrix. The size, shape, and distribution of the carbides are dif-
ferent in each case.

SHS carbides are rounded and generally smaller, ranging
from fractions of a micron to 2-3 pm. The nonhomogeneous size
and distribution of the carbides in the Ni-Cr matrix depend on
the original distribution in the single drops impinging on the
substrate. The angular-shaped, more uniformly sized carbides in
the PD coating are shown in Fig. 8(b).

Chemical analyses of the APS coatings confirmed the pres-
ence of the expected elements, with the prevalence of chromium

.,

and iron in the coating produced from PD powders with respect
to the SHS (see Fig. 9).

Inclusions of different size and morphology were observed
in the SHS coating; see Fig. 10. Elemental analyses indicated the
presence of nickel and aluminum rich areas, possibly suggesting
the formation and segregation of small quantities of nickel alu-
minides of different stoichiometries, on the basis of theoretical
calculations, as well as areas characterized by a high percentage
of iron.

Figure 11 compares XRD patterns of SHS powders (pattern
a) and of an SHS coating in the as-sprayed condition (pattern b).
The positions of TiC peaks remain unchanged in the two cases
confirming that the stoichiometry of titanium carbide is not af-
fected by the spraying process. However, a distinct shift of
nickel characteristic peaks in the coating diffraction pattern sug-
gests the presence of a residual stress field within the coating
caused by the rapid cooling of the coating constrained on a steel
substrate with a different thermal expansion coefficient. The
same behavior was observed in the case of PD coatings.

Table 4 summarizes the results of Vickers microindentation
measurements for both APS and VPS coatings prepared from
SHS and PD powders. No significant differences in the coatings
produced under the different conditions from the two types of
feedstock are distinguished. On the other hand, as indicated by
wear test results for VPS coatings summarized in Table 5, SHS
coatings exhibited a much better resistance to sliding abrasion.
No significant wear track was observed on the surface of SHS
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o =TiC
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- ° -
111
I ]
*
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i l n |
WW
o Moy
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Fig. 11 Comparison between XRD patterns of (a) SHS powders and (b) as-sprayed SHS coating. The position of Ni characteristic lines in a standard

pattern is indicated by an asterisk (*).
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Table4 Vickers microhardness test results

Spray HYV, o,
Powder process kg/mm? kg/mm?
SHS APS 756 100

VPS 658 124
PD APS 727 76

VPS 717 100

Average of 10 measurements

Table 5 Sliding wear test results for VPS coatings

Coefficient of friction Normal Wear track
Powder Initial Final load, N area, um?
SHS 0.45 0.55 30 2764
PD 0.50 0.60 20 1330

discs tested under conditions (normal load of 20 N) sufficient to
cause a wear track area of 1330 um2 in the PD coating. The nor-
mal load had to be increased to 30 N to measure a track area of
2764 um2 in the SHS coating.

An explanation of the improved wear behavior of the SHS
coatings might be the high quality of the carbide-matrix inter-
face formed during the synthesis process. Furthermore, the mor-
phology of the TiC inclusions can play an important role in the
wear mechanism. Round-shaped carbides, such as those ob-
served in the SHS coatings, can reduce—as compared to cutting,
angular shaped particles—the damage of the surface caused by
the presence of a hard third body (the carbide itself) between the
coating and the counterbody.

4. Conclusions

Powders of Ni-Cr-TiC produced by self-propagating high-
temperature synthesis can be employed for the deposition of
wear-resistant coatings as demonstrated by the comparison of
important properties, such as microhardness and resistance to
abrasive action under sliding conditions, with those of currently
employed plasma densified powders.

The chemical composition of the powder can be controlled
satisfactorily. The titanium/carbon ratio in the carbide synthe-
sized by SHS corresponds with that of the products of other syn-
thesis procedures.

The homogeneous distribution of the round-shaped rein-
forcement particles inside the matrix occurs by the in situ reac-
tion from elements that were originally dispersed in the metal.
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