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Chromium-Nitride in situ Composites with a 
Compositional Gradient Formed by Reactive 

DC Plasma Spraying 
Y. Tsunekawa, M. Okumiya, T. Kobayashi, M. Okuda, and M. Fukumoto 

Nitrides of transition metals have good wear- and corrosion-resistant properties because of their high 
hardness and chemical stability. Chromium-nitride coatings can be deposited by ion plating; however, 
the thin thickness due to the slow deposition rate must be improved for severe wear-resistant applica- 
tions. The main objective in this paper is to realize good structural control in the processing of chromium- 
nitride in situ composite coatings formed at a high deposition rate. They were synthesized by reactive 
low-pressure plasma spraying using elemental chromium powder as a spray material. The transferred 
arc between the gun electrode and the substrate was used to accelerate the nitriding reaction. The 
sprayed coatings consist of chromium, Cr2N, and CrN, which have a composition gradient from the sub- 
strate interface to the surface. The volume fraction of Cr2N increases with transferred arc current, and 
nonreacted chromium concurrently decreases, except close to the substrate. The CrN phase, however, 
only exists as a surface layer of 20 to 30 ~m because it is decomposed to CrzN above 1420 K. The hardness 
of the composite coatings depends on the volume fraction of Cr2N, and it increases to 1300 I-IV at a Cr2N 
volume fraction of 0.98. The seizure stress with lubricant depends on the coating hardness. The maximum 
seizure stress of 24.9 MPa is obtained at a hardness of 1300 HV. The composite coatings also show a supe- 
rior wear resistance. Hence, the Cr2N in situ composite coatings synthesized by reactive plasma spraying 
with transferred arc are expected to be good candidates for wear-resistant applications. 

1. Introduction 

NITRIDE coatings of transition metals with high hardness have 
been used for wear-resistant applications (Ref 1-5). They are 
also expected to have corrosion- (Ref 4-6) and oxidation-resis- 
tant properties up to medium temperatures (Ref 3, 7) because of 
their chemical stability. The existence of CrN and Cr2N is 
known as a nitride in the Cr-N system (Ref 8, 9). The friction and 
wear properties of  the coatings may change due to the difference 
in decomposition temperature of  each nitride. The adhesive 
strengths may also differ from each other because of the differ- 
ence in thermal expansion coefficient (Ref 3). For example, 
cracking or peeling of the CrN coatings on steel substrates may 
appear (Ref 3, 10). The chromium-nitride coatings are usually 
produced by reactive ion plating and, recently, by ion beam en- 
hanced deposition (Ref 11). The coating thickness prepared by 
ion plating is normally less than 10 ~m, and the low deposition 
rate is the major problem for severe wear-resistant applications. 

Plasma spray processing is a well-developed technique that 
has been used to produce protective coatings and advanced met- 
al and intermetallic matrix composites. The direct syntheses of 
Ti2AIN/TiAI (Ref 12, 13) and AIN/FeAI composite coatings 
(Ref 14) from the premixed elemental powders were reported. 

In the present paper, the synthesis of chromium-nitride in situ 
composite coatings with a composition gradient was performed 
by a method of reactive low-pressure direct current (DC) plasma 
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spraying using pure chromium powder as a spray material. The 
application of the transferred arc is aimed at accelerating the ni- 
triding reaction in the spray process. In addition to examining 
the nitriding reaction of liquid chromium droplets in flight, we 
also identified constituents and element distribution, investi- 
gated the possibility of structural control, and determined the 
beneficial hardness and friction characteristics of the coatings. 

2. Experimental Procedure 

Pure chromium (99.8 wt% in purity) powder was supplied as 
a spray material for the direct fabrication of in situ composites 
by reactive low-pressure plasma spraying (RLPPS) with a nitro- 
gen plasma gas. The chromium powder was sieved to give parti- 
cles less than 44 lam, unless otherwise mentioned. 

The sprayed coatings were formed by the RLPPS system as 
schematically shown in Fig. 1, in which the transferred arc cir- 
cuit was connected between the gun electrode and the substrate. 
The spray gun and the substrate were then insulated from the 
vacuum chamber. In addition to the conventional RLPPS, some 
spraying was performed with a transferred arc current below 38 
A. The substrate temperature was continuously recorded by in- 

Nomenclature 

I t Transferred arc current 
Pc Chamber pressure 
Pm Main plasma power 
Ts Maximum substrate temperature 
VCr N Volume fraction of CrN 
VCr2N Volume fraction of Cr2N 
~s Seizure stress 
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serting a thermocouple into the center of the substrate; that is, 
2.5 mm from the substrate surface. A nitrogen atmosphere in the 
vacuum chamber was then maintained at a given low pressure 
during the spray process. Low carbon steel (SS400) plates of 30 
by 30 by 5 mm were used as a substrate. Standard spray parame- 
ters are listed in Table 1. 

Several tens of impinged chromium particles having homoge- 
neous temperature and velocity were collected by installing a fixed 
slit with a circular hole of 10 nun diameter and a moving graphite 
shutter of 46 mm diameter between the spray gun and the substrate 
(Ref 15). The flattened particles were collected on the substrate by 
opening the shutter system for 93 ms. There was no temperature rise 
of the substrate during this particle sampling period. The particles 
were examined for elemental distribution by electron probe mi- 
croanalysis (EPMA) and Auger electron spectroscopy, and phase 
analysis was performed by x-ray diffraction (XRD) at a spot size of 
100 lam with copper Ktx radiation. 

Spectroscopic analyses of chemical composition of the 
sprayed coatings, optical and scanning electron microscopy ob- 
servations of the cross sections, analyses of XRD with cobalt 
Kt~ radiation, and EPMA were then carded out to characterize 
the constituents of the matrices and nitrides in the sprayed coat- 
ings. Average Vickers microhardness of 7 tests was measured 
under a 4.9 N load for 15 s at room and high temperatures. Fric- 
tion and wear tests were also performed using a ring on a disk- 
type apparatus with lubricant (engine oil; SAE 30). 

ferred arc at a chamber pressure (Pc) of 3.1 kPa. A distinctive 
wavy microstructure is observed in the vicinity of the interface; 
however, this becomes less distinctive at regions far from the in- 
terface. It is expected that the constituents of the sprayed coat- 
ings change gradually along the thickness direction because 
there is a difference in the extent of etching. The XRD pattern 
using cobalt Kc~ radiation is shown in Fig. 3, which is taken from 
the same coating surface as shown in Fig. 2. The coating is com- 
posed of Cr2N, CrN, and small amounts of chromium. 

The effect of Pc on the chromium-nitride formation in the 
composite coatings was examined. The intensity ratio of the sum 
of Cr2N and CrN to all the constituents at the coating surfaces is 
shown in Fig. 4 as a function o f P  c and with the maximum sub- 
strate temperature (Ts) during the spray process. This indicates 
that the total amount of Cr2N and CrN at the surface decreases 
with increasing Pc. The Ts tends to decrease with increasing Pc 
and is lower than 1183 K, except Ts = 1273 K at Pc of 3. I kPa. 
The formation of CrN is fairly appreciable at Pc of 3.1 kPa; how- 
ever, this reduces at Pc above 4.9 kPa. The formation of Cr2 N is 
dominant in all the coating surfaces sprayed at Pc below 15.6 
kPa. With the highest Pc of 19.8 kPa, the formation of Cr2N de- 
creases, and chromium becomes the principal constituent in- 
stead of Cr2N. Since the low Pc satisfies the process conditions 
for large amounts of nitride formation, mainly due to the tem- 
perature hysteresis of substrate, all the following spray process- 
es were performed at Pc of 3.1 kPa. 

3. R e s u l t s  a n d  D i s c u s s i o n  

3.1 Chromium-Nitride Composite Coatings by 
RLPPS 

Figure 2 shows a typical optical micrograph of the cross sec- 
tion of the sprayed coating formed by RLPPS without trans- 

Table 1 Standard spray parameters used in RLPPS 

Plasma gas flow, m3/s Nitrogen" 0.89 • 10 -3 
Plasma current, A 500 
Plasma voltage, V 46 - 51 
Powder feed rate, g/s 0.08 - 0.11 
Chamber pressure, kPa 3 1 
Spray distance, mm 300 
Transferred arc current, A 0 - 38 

3.2 Nitriding Reaction of Liquid Chromium 
Droplets 

The chromium-nitride in situ composite coatings are formed 
through the impingement and deposition of each liquid chro- 
mium droplet on a substrate. Although the maximum substrate 
temperature (Ts) significantly affects the formation of nitrides, a 
fundamental question is whether or not the nitriding reaction 
takes place at the droplet surfaces during their flight in the 
plasma flame. The impinged chromium droplets on the substrate 

~ +J transferred J 
Imotorl ~" . --]arc power I 

powaer supply J 
 ,a,or ,ee0er /ow0or 

Ic~ ~  ow0or~ \ )  
I . . . . .   un. 

v~uu.m I II,lsubstr~?e . . . . .  Z3~i~------ chamber--.>( I~ -~---------2-'--~2 . . . . . .  ~ . . .  +[control J 

~l f i l terJ- -~  ~1 . plasma gu~ I insulate l un, t I 

Fig. 1 Schematic of RLPPS system with a transferred arc cJrcmt for 
the direct fabrication of chromium-mtrlde composites 

Fig. 2 Optical micrograph of the cross section of a typical sprayed 
coating (chemically etched by 5% hydrofluoric acid aqueous solution 
for I 8 ks) 
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were collected by sampling the plasma flame containing chro- 
mium droplets for 93 ms. Typical impinged chromium particles 
have circular shape with an average diameter of 107 lam, as 
shown in Fig. 5, and 3.5 Hm in thickness measured by laser mi- 
croscopy. Then the flattening ratio, which is the value of an av- 
erage impinged droplet diameter divided by an original particle 
diameter, is approximately 2.6 with a particle velocity of 170 
m/s because the diameter of chromium powder is 38 to 44 lam in 
this particular spraying. A comparison of Fig. 6(a) and (b) of the 
characteristic x-ray image shows that the intensity distributions 
of chromium K~ and nitrogen K~ are consistent with each other. 
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Fig. 3 XRD pattern of a typical coating surface sprayed without 
transferred arc 

The existence of nitrogen is recognized in chromium particles�9 
The flight time of droplets in the plasma flame is approximately 
2 ms in this spray condition. 

Figure 7 shows typical depth profiles of Auger electron in- 
tensity on an impinged chromium particle. Sputtering time has 
the same meaning as a distance from the particle surface. The 
appearance of an iron intensity indicates that the steel substrate 
is revealed at a sputtering time over 17 ks. At times less than 17 
ks, the existence of nitrogen is recognized. The intensities of 
chromium and nitrogen are nearly constant within the impinged 
chromium particle. However, there are no chromium-nitride dif- 
fraction peaks on the XRD pattern with copper K~ taken from 
the same impinged particle. The nitriding reaction does not oc- 
cur at particle surfaces while in flight for 2 ms. Nitrogen seems 
to be simply absorbed into the liquid chromium droplets. Since 
the nitriding reaction does not occur at room temperature, it 
must take place at the deposited chromium droplets on the sub- 
strate in the spray process because of exposure to the nitrogen at- 
mosphere at high temperature. Therefore, most of the 
chromium-nitride formation proceeds on the substrate. 

3.3 Acceleration of Nitriding Reaction by 
Transferred Arc 

Increasing the flame temperature would seem to accelerate 
the nitriding reaction of chromium on a substrate and to elimi- 
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Fig. 4 Intensity ratio of the sum of Cr2N and CrN to all the consntu- 
ents and substrate temperature (T s) as a function of chamber pressure 
(Pc) 

Fig. 5 Scanning electron micrograph showing a typical impinged 
chromium droplet 
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Fig. 6 Element mappings due to characteristic x-ray of impinged 
chromium droplets: (a) chromium Ko~ image and (b) nitrogen Koc 
image 
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nate the nonreacted chromium. In the present research, a trans- 
ferred arc was used to accelerate the nitride formation. Changes 
in substrate temperature during the spray process were exam- 
ined as a function of transferred arc currents (It). The T s in- 
creases with It. It is approximately 1280 K without the 
transferred arc, but it becomes more than 1400 K with the trans- 
ferred arc. 

Figure 8 shows a typical XRD pattern of the coating surface 
sprayed at It = 25 A. The stronger diffracted intensity of CrN at 
20 is 44 ~ , 51 ~ , and 75 ~ as compared with that in Fig. 3. This is 
partially due to nonreacted chromium that has completely disap- 
peared. According to the calibration curve of the volume frac- 
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Fig .  7 Depth profiles of Auger electron intensity on an impinged 
chromium particle in reactive plasma spraying 
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Fig. 8 XRD pattern of a typical coating surface sprayed with a trans- 
ferred arc current (I t) of 25 A 

tion ofCrN (VCrN), the VCrN of the coating surface in Fig. 3 is 
only 0.36. By contrast, that in the coating surface of Fig. 8 in- 
creases to 0.71 so that the nitride formation is accelerated by ap- 
plying a transferred arc. 

The nitrogen content at the coating surface gradually in- 
creases with It of up to 25 A, as shown in Fig. 9 because of the 
increase in VCr N. It is expected that the nitriding reaction of chro- 
mium proceeds as follows. 

4Cr + N 2 ---> 2Cr2N (1) 

2Cr2N + N 2 ~ 4CrN (2) 

The nitriding of reaction 1 proceeds first, then CrN forms at 
higher temperatures of the substrate. With It above 30 A, a de- 
crease in nitrogen content occurs due to the increase in Ts. Ac- 
cording to the Cr-N equilibrium phase diagram (Ref 9), CrN 
decomposes to Cr2N at above 1323 K. Although it is necessary 
to attain T s above 1300 K to form a coating with higher VCrN, the 
decomposition of formed CrN to Cr2N occurs quickly above 
1420 K; that is, the opposite of reaction 2. The maximum nitro- 
gen content is obtained at It of about 25 A because of the balance 
between the formation and the decomposition of CrN based on 
the reaction dynamics. 

3.4 Elements Distribution of Cross Section of 
Composite Coatings 

Elements distribution was observed by EPMA along the 
thickness direction of the coatings, as shown in Fig. 10. As ex- 
pected from the optical microscopy observations of the cross 
sections without transferred arc, nitrogen Kc~ intensity is weak 
close to the interface, chromium K~ intensity is complementally 
strong as shown in Fig. 10(a). On the other hand, nitrogen Ko~ in- 
tensity becomes stronger at about 80/am away from the inter- 
face. It is expected that Cr2N is the dominant phase in this area. 
As shown in Fig. 10(b) with I t of 25 A, the existence of nonre- 
acted chromium is limited at up to 25 Hm from the interface. The 
nitrogen Kc~ intensity becomes strong at about 20 to 30 lam from 
the surface; CrN exists only at the coating surface. The intensity 
ratio of CrN or Cr2N is shown in Fig. 11 as a function of the main 
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plasma power (Pro), where that of Cr2N is analyzed at 70 tam 
away from the surface. The T s is also shown in Fig. 11. The CrN 
intensity at the coating surface increases with Pm. However, no 
CrN exists at 70 lam away from the surface due to decomposi- 
tion. Hence, the chromium-nitride in situ composite coatings 
have a composition gradient. 

3.5 Friction and Wear Characteristics of Composite 
Coatings 

The hardness measurements were carried out at 100 lain 
from the interface on the cross section of composite coatings. 
Hardness results are shown in Fig. 12 as a function of the vol- 
ume fraction of Cr2N (VCr,N). The hardness may be low even 
if sprayed with a transferred arc because a low Pm leads to the 
coatings with low VCr,N. The hardness of the coatings increases 
linearly with VerbS; the coatings with VCr2N of 0.98 have a hard- 
ness above 1300 HV. The coating hardness can be controlled by 
selecting the appropriate spray parameters. Although the 
Cr~N/Cr composites have two or more times higher hardness 
than that of Ti2A1N/TiAI composites at room temperature (Ref 
12, 13), it drops at medium temperatures, unlike that of the TiA1 
matrix composites (Ref 13). 

The seizure tests in the presence of lubricant (SAE 30) of 160 
mm3/s were performed through loading step by step every 120 s 
using the coatings with various VCr2N and gas-nitrided steel 
(SACM645) as a counter body. Seventy micrometers of the 
coating surface was removed from the surface by polishing prior 
to the tests. The seizure stress (G s) of the composite coatings is 
shown in Fig. 13 as a function of hardness. All the friction sur- 

faces do not contain CrN, but are composed of Cr2N and chro- 
mium. The as increases rapidly with hardness, namely with in- 
creasing VCr2N. The as of 24.9 MPa is obtained for a coating with 
a hardness of 1344 HV, which is approximately 1.9 times higher 
than that of precipitation hardened Ni-P electroless plating 
found by the authors. 

Wear tests were also performed at 12.5 MPa for a friction dis- 
tance of up to 5.4 km using the same experimental setup as the sei- 
zure tests. A wear depth greater than 20 p.m is observed on the Ni-P 
platings; however, wear loss is not appreciable on either the com- 
posite coatings or the counter bodies. Hence, the sprayed Cr2N/Cr 
in situ composites demonstrated excellent wear resistance. 

4. C o n c l u s i o n s  

Chromium-nitride composite coatings were synthesized by 
RLPPS using pure chromium powder as a spray material. The 
nitriding reaction was accelerated by applying a transferred arc 
during the spray process. The following results were obtained. 

�9 Coatings consist of chromium, Cr2N, and CrN, which have 
a composition gradient from the substrate interface to the 
surface. The maximum amount of chromium-nitride is 
formed at a low chamber pressure of 3.1 kPa due to a tem- 
perature rise of substrate. 

�9 Although nitrogen is recognized on sprayed particles that 
collided with a substrate, the nitride formation does not pro- 
ceed at surfaces of liquid chromium droplets in flight, but 
does proceed on a substrate. 
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�9 The substrate temperature increases by applying a trans- 
ferred arc. Although the maximum nitrogen content  in the 
coatings is attained with a transferred arc current o f  25 A, 
CrN is available to decompose  to Cr2N. Then the existence 

o f  CrN is limited to 20 to 30 IJm from the surface. 

�9 The hardness of  the coatings depends on the volume fraction 
of  Cr2N. It is 1300 HV with a C r ~  volume fraction of  0.98. 

�9 The seizure stress with lubricant increases rapidly with the 
coating hardness; it becomes 24.9 MPa at 1300 HV, which is 
1.9 times higher than that of precipitation hardened Ni-P elec- 
troless platings. Wear characteristics of the sprayed coatings 
are also superior when compared with Ni-P platings. 
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