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1. Introduction

  Slurry erosion is a complicated phenomenon due to 
the effects of different parameters related to target ma-
terial, the process and the environment1,2). One of the 
methods to improve the erosion resistance is formation 
of coating on the metallic substrates. Cobalt-based su-
per alloys such as Stellite are used as coating in the en-
vironments with high corrosiveness and erosion due to 
high hardness and corrosion resistance3,4). The for-
mation of carbides in the matrix along with solid sol-
ution hardening are known as two major mechanisms 
for increasing the erosion resistance in these alloys5). 
Several works have been done about the deposition of 
hard coatings on steel substrates by different methods 
e.g. Gas Tungsten Arc Welding (GTAW) and laser 
welding4-7). Gholipour et al.7) applied the Stellite 6 clad-
ding onto 17-4 PH stainless steel using GTAW and 
studied the microstructure and the erosion properties of 
the coating.They showed that applying an inter-layer 
between the metal substrate and the coating could im-
prove the erosion properties of the coating. Xuet al.8) 

applied the Stellite 6 cladding to STS 403 martensitic 
stainless steel using both GTAW and laser welding. 
They have investigated microstructure, distribution of 
alloying elements and compared the hardness and the 
erosion properties of the coating. The results showed 
that usage of laser welding led to narrow heat affected 
zone, improved hardness, finer microstructure and 
higher erosion resistance in compared with those ob-
tained from GTAW. However, there are practically sim-
pler and more cost-effective methods like gas tungsten 
arc welding in which discreet controlling of welding 
parameters, Enhanced surface and wear properties can 
be achieved7). Hattori et al.9) compared the cavitation 
erosion resistances of Stellite 6 and Stellite 21 clad-
dings with that of for AISI 304 stainless steel. They 
showed that the cavitation erosion resistance of the 
coating depends on its hardness. Jendrzejewski et al.10) 
applied Stellite cladding to Ti plates using laser weld-
ing and reported the dependence of the hardness on the 
distance from the coating surface. The effect of angle 
of impingement on the slurry erosion of the Stellite 
cladding was studied by Romoet. Al11). They showed 
that the maximum erosion resistance was achieved at 
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the impact angle of 15 degree while the maximum 
weight loss was obtained at 45 degree.
  There is no report on comparing the slurry erosion of 
Stellite 6 cladding on two different substrates with the 
effect of corrosive medium and distribution of the al-
loying elements on the coating. Moreover, angle impact 
effect on the coating, weight loss and study of mecha-
nisms of erosion has not been completely reported in 
the previous literatures.
  The Substrates used in this investigation are applied in 
oil and gas industries. Hence, Corrosion and erosion of 
valves and pipes is the main factor affecting the life-
time of equipment. So the aim of this investigation is to 
evaluate the various characteristics of Stellite 6 coating 
on the substrates in order to improve the surface fea-
tures for increasing workability of specimens.

2. Experimental Procedure

   Plates of AISI austenitic stainless and AISI410 mar-
tensitic stainless steels with the dimensions of 18×200× 
300 mm as metal substrates were cut. For cleaning and 
degreasing, they were first immersed in acetone and 
then were rinsed with warm water. Stellite 6 alloy was 
employed as cladding material in the form of wire with 
the diameter of 3 mm. The chemical compositions of 
the substrate steels and the Stellite cladding are shown 
in Table 1. 
  Before applying the coating, the substrate metals were 
preheated for 2 hours at 250º C inside the furnace and 
after few minutes the coating was applied using GTAW. 
The welding parameters are presented in Table 2. 
  For microstructural studies, transverse sections were 
cut from the coating samples. They were studied after 
preparation by metallographic procedures. For compar-
ison, an uncoated sampled from each substrate steels 
were prepared. For microstructural investigations, after 
grounding and polishing, chemical etching was conducted. 
Glycergia, Villela and Marbel solutions were used to 

etch the austenitic and the martensitic steels and the 
coating, respectively. Microstructural studies were done 
using optical microscope (MEIGI-ML7100), Scanning 
Electron Microscope (SEM, Tescan VEGAII XMU) 
equipped with E.D.S analyzer and X-ray Diffraction 
(XRD, X'Pert Pro MPD, PANalytical). To determine 
hardness profile, microhardness measurements were 
carried out using Buheler-MXT-al instrument with a 
100 g force on the transverse sections. Slurry erosion 
test was conducted according to ASTM G73 in the am-
bient temperature. The used slurry contained water with 
10 vol. % quartz particles in the range of 200-300 nm. 
Table 3 shows the erosion test parameters. In order to 
conduct the test, several samples with the dimensions 
of 17 *10 *10 were prepared. Nozzle distance to sur-
face was 5 mm and the Impingement speed was set at 
12 m/s. The erosion test results were reported based on 
the weight loss measurement in the drying condition by 
a 0.0001 precision scale. To study the effect of corro-
sion, erosion test combined with corrosion was done. 
To perform this test, water containing 3.5% NaCl was 
prepared and the other conditions were selected similar 
to those in the erosion test. To investigate the angle of 
impingement, the erosion test was carried out at three 
angles of 30 degree, 60 degree and 90 degree and the 
weight loss values at different angle of impingements 

Fe C Mn Mo Ni W Si Cr Co

Bal 03/0 50/1 17/2 03/10 - 56/0 7/17 - AISI 316

Bal 1/0 96/0 - 52/0 03/0 03/0 06/11 - AISI 410

98/2 2/1 46/0 - 42/2 26/4 1 41/28 Bal. Stellite 6

Table 3  Slurry erosion testing parameters

Test temperature
(°C)

Impingement 
speed (m/s)

Impinging 
medium

Angle of impinge-
ment (degree)

Nozzle distance 
to surface (mm)

Erosion time 
(min)

30±2 12 H2O + SiO2 (+NaCl) 30, 60, 90 5 60

Table 1 Chemical compositions of AISI316 and AISI410 stainle ss steels and stellite cladding (wt. %) 

lectrode diameter (mm) 3

Current type Direct with positive polarity

Current intensity (A) 200

Welding speed (m/s) 1.5 × 10-3

Argon flow (liter/min) 10

Voltage (V) 28

Feed rate (cm. min-1) 25

Arc length (mm) 5

Tungsten tip angle (degree) 60

Electrode angle(vertical) 15

Table 2 GTAW welding parameters.
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were compared. Finally, SEM was employed to analyze 
the erosion mechanisms.

3. Results and discussion

3.1 Microstructural investigation

  Fig. 1 shows the Optical Microscopy and SEM images of 
the microstructure of martensitic and austenitic substrate.

  Fig. 2 shows SEM and OM images of the interface be-
tween substrates (martensitic and Austenitic stainless 
steel) and Coating (Stellite cladding).
  It is clear that cellular growth initiates at the interface. 
With increasing the distance from the interface and 
changing the thermal gradient (G) as same as the solid-
ification rate (R), constitutional super-cooling will be 
increased. It results in conversion of cellular growth to 
dendritic growth. It is worth to be mentioned that pla-

a a 

b b 

Fig. 1 SEM and OM images of the (a) martensitic and (b) austenitic substrates

a b 

Fig. 2 The interface between coating and (a) martensitic and (b) austenitic substrates
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nar growth cannot be observed in this figure which can 
be ascribed to its low extension and limitation in mag-
nification of optical microscope. Fig. 3 (a) presents the 
SEM image of the coating. The higher magnification 
SEM image of the area A is also depicted in Fig. 3 (a). 
With the aid of EDS analysis (Fig. 3b), it was found 
that the dendritic region consisted of Cr, C and Co 
elements.
  Stellite’s microstructure is composed of a Co-rich, face- 
centered cubic α phase and inter-dendritic carbides11), 
the Co-rich matrix with carbide particles are seen at 
grain boundaries.
  According to the phase diagram of Stellite12), the first 
stage of solidification is formation of a Co solid sol-
ution with a cellular and/or dendritic form. After that, 
the melt chemical composition located in the dendrite 
spacing becomes carbon and chromium rich and ap-
proaches eutectic composition with a laminated structure. 
Finally, with simultaneous solidification of the eutectic 
solid solution and eutectic carbides, the remained melt 
converts to solid.
  The first stage of solidification is formation of a Co 
solid solution with a cellular and/or dendritic. After that, 
the melt chemical composition located in the dendrite 
spacing becomes carbon and chromium rich and ap-
proaches eutectic composition with a laminated structure. 

Finally, with simultaneous solidification of the eutectic 
solid solution and eutectic carbides, the remained melt 
converts to solid.
  The EDS analysis was used to determine the chemical 
composition of the present carbides in the inter-den-
dritic region. Fig. 3(b) depicts the EDS analysis results 
from the inter-dendritic region of the coating. Observing 
a significant amount of chromium in the results indicates 
that most of the carbides are chromium carbides. Due to 
using two substrate metals with different chemical 
compositions, distributions of nickel, cobalt, iron and 
chromium in the metal substrate and the cladding were 
investigated through line scan analysis.
  Fig. 4 shows backscatter image of Stellite coating. 
Chromium rich carbides could be observable between 
dendritic arms (light gray).
  Results of metallographic micrographs show that the 
microstructure consists of Cr-rich matrix (Co-γ phase) 
and chromium carbide-rich eutectic. As it is obvious, 
presence of Cr and Co in the matrix is clear. The com-
position of the dark phases consisted of chromium 
carbides.
  Fig. 5 shows SEM image of Stellite, including pri-
mary dendrites with dendritic structure. 
For more investigation, The EDS analysis of A, B and 
C points of Fig. 5 were carried out. Results of The EDS 
analysis have been shown in Fig. 6.
  Since the sensitivity of EDS is too poor to allow the 
detection of light elements like carbon, so, results are 
presented regardless of percentage of carbon.
  According to Fig. 6, Spot A is the Cobalt-based matrix 
containing Cr and Fe, Moreover Spot B is the black 
dendritic phase containing Cr and C which is almost 
the composition of chromium carbide (Cr23C6 or 
Cr7C3). Furthermore there are considerable amounts of 
carbon and chromium in white precipitations (spot C). 
Considering results, it can be concluded that specific 

Fig. 4 Backscatter image of coating
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Fig. 3 (a) SEM image of the stellite coating structure and 
(b) The EDS result of the interdendritic region
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phases in this figures are carbides type of CrmC n and 
CoCm that correspond to results of other researchers2,10,13).
  In Fig. 7 with the aid of line scan EDS analysis the 
distributions of the elements in the (a) austenitic and (c) 
martensitic substrates is shown in the Fig. 7(b) and 

7(d), respectively.
  It is found that in both substrates, from the interface to 
the coating, the concentrations of chromium and cobalt 
increase but the concentration of iron decreases. Also, 
the iron content in the coating for both substrates increases. 
According to the literature, the increased amount of 
iron in the coating increases the stacking fault energy in 
the cobalt lattice leading to decreased hardness, corro-
sion and erosion resistance of the coating7). 
  Fig. 8 illustrates XRD patterns of the Stellite cladding 
for both substrates. In both investigated samples, the 

Fig. 5  SEM image of stellite
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Fig. 6 (a), (b) and (c) spot analysis of A, B, C in Fig. 5

Fig. 7 The line scan region of the (a) austenitic and (c) 
martensitic substrates, (b) and (d) the EDS analy-
sis of austenitic and martensitic substrates
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Fig. 8 The XRD patterns of the stellite cladding on the 
(a) austenitic substrate and (b) martensitic substrates
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main constituent phase of the coating is face centered 
cubic (FCC) cobalt and the metastable phases such as 
Cr7C3 and Cr23C6 are t visible in the analysis result.
  Fig. 9 depicts micro-hardness vs. the distance from the 
coating surface curves for (a) martensitic steel and (b) 
austenitic steel.
  In both samples, the coating hardness is higher than 
the base metal hardness. Amounts of hardness changes 
from 200 vickers for substrates up to 600 vickers for 
coating, as it is illustrated in Fig. 9. Also, the hardness 
increases from the interface to the coating. As the EDS 
line scan analysis results show, the iron concentration 
in the close vicinity of the interface increases. With 
raising the iron content, the concentrations of chromium 
and cobalt decrease. Therefore, reduction of chromium 
carbide and accordingly reduction of solid solution 
hardness are expectable7). In other words, since the grains 
in the surface are finer than those in the interface, higher 
hardness in the surface grains is expectable. Because 
the substrate-coating in the interface is subjected to 
higher temperature during welding, the cooling rate is 
slower and the grain growth conditions in the interface 
are more appropriate compared with the surface6)

.

3.2 Erosion and combined erosion and corrosion 
tests

  Fig. 10 shows the results of the erosion and combined 
erosion and corrosion tests. In this figure the total 
weight loss (TWL) measured after exposure to the im-
pinging jet at 12 m/s is shown for Coated Specimens. 
For comparison, stainless steels substrates 410 and 316 
are also included. As can be seen, in both investigated 
samples, formation of the Stellite cladding has resulted 
in enhanced erosion resistance compared with that of 
the substrate specimens. The erosion resistance of coat-
ed specimens are 3 times better than Raw materials.
  This enhancement can be ascribed to the presence of 
the hard carbide phases in the matrix as well as proper 
bonding of coating to the substrate metal. Comparing 
the results of the erosion and erosion- corrosion tests, it 
can be conclude that the effect of the corrosive medium 
on the increased rate of erosion in all the samples is 
significant. For example, the weight loss amount of the 
Stellite cladding on the austenitic stainless and marten-
sitic steel in the corrosive medium increased from 
3.6mg/h to 9.1mg/h and 4.4 to 10.2 mg/h respectively. 
Although the martensitic stainless steel is of higher ero-
sion resistance than austenitic stainless steel due to its 
higher hardness, under combined conditions the extent 
of erosion in the martensitic substrate is greater owing 
to inherent higher corrosion resistance of austenitic 
stainless steel. These results are in good agreement 
with those reported by Lopez et al.14). They showed that 
AISI304 stainless steel is of higher corrosion/erosion 
resistance than AISI420 stainless steel and concluded 
that inherent corrosion resistance is of a more important 
role in investigation of corrosion/erosion behavior than 
hardness. Comparing the erosion extent on both sub-
strates shows that the formed Stellite cladding on AISI 
stainless steel has a higher erosion behavior than auste-
nitic and martensitic stainless steel. This can be attrib-
uted to the distribution of the alloying elements in the 
coating. Owing to the presence of more chromium in 
the formed coating on the austenitic substrate more 
amounts of chromium carbide in the coating is expected. 
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Nonetheless, due to more iron content in the marten-
sitic steel than that in the austenitic steel, the iron con-
tent of the coating in the martensitic substrate is greater. 
Therefore, lower erosion resistance of the coating on 
the martensitic substrate is expectable. Fig. 11 shows 
SEM images of erosion in the austenitic and the mar-
tensitic substrates.
  In both surfaces, the plastic deformations are observed 
in the form of parallel lines, from which, one can de-
duce that the martensitic steel exhibit ductile behavior 
despite higher hardness than austenitic steel. Lopez et 
al.14) reported a ductile behavior against erosion in 
AISI420 stainless steel by conducting corrosion/erosion 
test. The relevant images will be presented in the next 
section. Also B.K. Sreedharinet al.15) showed that in 
316L stainless steel the accumulation of slip bands re-
sults in initiation of micro cracks. Plastic deformation 
then results in enlargement of the micro crack s and 
void formation. The adjacent voids coalesce leading to 
material removal

3.3 The effect of angle of impingement and deter- 
mining the erosion mechanism

  To investigate the effect of angle of impingement, the 
erosion test was carried out at 30 degree, 60 degree and 
90degree on the substrates and Stellite cladding in 
which the results are presented in Fig. 12. 
  It is found that in uncoated substrates, the highest weight 
losses observed at 60 degree, also in both coated sam-
ples, the highest erosion rate is observed at 90 degree. 
Hence, it can be deduced that the Stellite cladding be-
havior is in agreement with the erosion theory of mate-
rials6).This feature may be associated with the relatively 
complex microstructures of Stellite in that cast Stellite 
6 has a ductile matrix but an extensive network of brit-
tle chromium carbides, which may be exerting a signifi
cant influence on the erosion-corrosion performance2). 
Fig. 13 shows SEM images of erosion of the coating 
surface at the angle of impingements of (a) 30, (b) 60 
and (c) 90 degrees.
  In the Stellite’s coating damage is initiated at the      
inter-face between the matrix and hard carbide loca-
tions15). At low angle of impingements, due to impact 
of abrasive particles with the surface, chip is formed 
which results in the formation of a lip with a plastic 
deformation. In the following, owing to impact of abra-
sive particles, the chips are broken and unbound from 
the surface. At high angle of impingements, first, lip is 
formed owing to impact of abrasive particles and in the 
following; crater is formed due to impact with the other 
abrasive particles. The formed lip on the surface is ex-
tended due to the next impacts resulting in thicker 
craters. Then, the extended lips are removed from the 
surface in the form of small planes2,6)

.

4. Conclusions

  The microstructure and the slurry erosion properties 
of Stellite 6 cladding formed by Gas Tungsten Arc 
Welding on the AISI316 and AISI410 stainless steel 

(a)  

(b) 

(a)  

(b) 

Fig. 11 SEM images of erosion in the (a) austenitic and 
(b) martensitic substrates
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substrates have been studied. The major can be sum-
marized as following,
  - The microstructure of the Stellite cladding consists 

of a Co-rich solid solution with Cr-rich carbides at 
the boundaries.

  - The micro-hardness measurement results show that 
in both investigated samples, the hardness increases 
from the interface to the surface. Amounts of hard-
ness changes from 200 vickers for substrates up to 
600 vickers for coating, as it is illustrated in Fig. 9.

  - The Stellite cladding caused significant improvement 
of the erosion resistance compared with the auste-
nitic and martensitic substrates. The erosion resist-
ance of Coated specimens are 3 times better than 
Raw materials.

  - The effect of corrosive medium on increasing the ero-
sion rate in all the investigated samples is notice- 
able. The formed Stellite coating on austenitic steel 
is of higher erosion resistance than martensitic steel. 

This can be ascribed to the distribution of the alloy-
ing elements in the coating.

  - The highest erosion rate is observed at the angle of 
impingement of 90degree. Hence, it is concluded that 
the Stellite coating behavior is in agreement with the 
erosion theory of brittle materials.
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