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ABSTRACT

This paper deals with the investigation of the microstructure and wear behavior of the stellite 6 cladding
on precipitation hardening martensitic stainless steel (17-4PH) using gas tungsten arc welding (GTAW)
method. 17-4 PH stainless steel is widely used in oil and gas industries. Optical metallography, scan-
ning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were employed to study the
microstructure and wear mechanisms. X-ray diffraction analysis was also used to identify phases formed
in the coating. The results showed that the microstructure of the surface layer consisted of carbides
embedded in a Co-rich solid solution with a dendritic structure. In addition, the dendritic growth in the
coating was epitaxial. Primary phases formed during the process were Co (fcc), Co (hcp), lamellar eutectic
phases, M,3Cg and Cr;Cs type carbides. The results of the wear tests indicated that the delamination was
the dominant mechanism. So, it is necessary to apply an inter-layer between the substrate and top coat.
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1. Introduction

Stainless steels are widely used in industry since application
of such materials leads to increase in service life and reduction
of energy consumption [1]. In this regard, precipitation hardened
stainless steels with good corrosion resistance, high strength,
low distortion, excellent weldability and high hardness (up to 49
HRC), are of considerable interest. Alloy 17-4 PH is the most well
known material among the precipitation hardened stainless steels
with unique properties which is used in oil, gas and aerospace
industries [2-4]. The inner surface of vapor taps made from this
steel are always exposed to sequential impacts, high temperature,
erosion due to evolved gases and fast (turbulent) flows. A solution
to this problem is the application of a wear and corrosion resistant
coating [5].

Co-base alloys consisted of wear and corrosion resistant car-
bides have been considered as candidate materials for surface
hardening of 17-4 PH stainless steel. An acceptable wear resis-
tance can be expected when appropriate type and amount of hard
phases are present [5]. Stellite, a type of cobalt based superalloy,
is extensively used as a surface hardener under harsh conditions
of gas turbines and bearings [6-11]. Wear resistance in these
alloys is obtained by two mechanisms; formation of carbides in
the matrix and solution hardening by the presence of Cr, W, Ta,
Nb and Mo. Different features of carbides such as distribution,
size and shape are affected by the process conditions. Most of
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the added elements are carbide formers and their effect on the
strength of the solid solution is dependent upon the carbon con-
tent [6,12]. Increase in hardness can also be due to formation of
intermetallics.

In the related literature, surface alloying is usually done by
advanced techniques such as laser cladding due to significant
advantages like fast processing speed, relative cleanliness, a very
high heating/cooling rate (105 K/s) and high solidification velocity
(up to a maximum of 30 m/s) [13]. However, there are practically
simpler and more cost-effective methods like gas tungsten arc
welding in which by discreet controlling of welding parameters,
enhanced surface and wear properties can be achieved [14]. These
methods are very effective and are techno-economic solutions to
wear problem of materials. The cost of the coated material per unit
area may be higher than that of uncoated material, but when it is
applied to only critical areas of the components, the increase in
the cost may be insignificant regarding to the improvement in per-
formance. In this research, gas tungsten arc welding (GTAW) was
used to cladding of 17-4 PH stainless steel with stellite 6. Low price
equipments, ability of deposition on complicated shapes with large
and small dimensions, and availability of a wide range of materials
are advantages of this technique. Although precipitation hardening
stainless steels are widely used in industries, but, few papers stud-
ied cladding of this type of steel. The aim of the present work was
to investigate the surface properties of 17-4 PH alloy cladded with
stellite 6.

2. Materials and experimental

17-4 PH stainless steel with the dimensions of 20 mm x 40 mm x 40 mm was
used as the substrate material. Stellite 6 alloy in the form of 3 mm diameter wire
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Table 1
Chemical compositions of 17-4PH stainless steel and stellite 6 (wt.%).

Co Cr Si w Cu Mn Ni Mo C Fe
17-4PH - 15.8 0.443 - 3.85 0.28 3.77 0.2 <0.1 Bal.
Stellite 6 Bal. 28.87 1 431 - 0.49 241 <1 1.2 2.95

Table 2

GTAW process parameters.

Electrode W-2% thorium
Diameter 2.4mm
Electrode polarity DCEN
Welding current (A) 160

Welding speed (m/s) 13x1073
Argon, flow rate (L/min) 8

was selected as coating materials. The chemical compositions of stellite and 17-4
PH stainless steel are shown in Table 1.

Gas tungsten arc welding (GTAW) process was used to clad the samples with
stellite 6. The GTAW process parameters are provided in Table 2. After cladding,
samples were cooled in air and finally subjected to precipitation hardening treat-
ment at 480 °C for 1 h. Microsturctural examinations were carried out using optical
microscopy, SEM and EDS. Ferric chloride alcohol reagent used as etchant solution.
Pin-on-disc wear tests were used to study the wear properties of the samples. Discs
were made from the coated samples and the pin was 52100 bearing steel. Wear tests
were conducted in accordance to ASTM G99 and the results were represented in the
form of weight loss vs. sliding distance. The friction coefficient was continuously
recorded during the test and the worn surfaces were examined by SEM to identify
the wear mechanisms.

3. Results and discussion

The dashed line in Co-C phase diagram (Fig. 1) represents
the alloy (stellite 6) used in the current study. The first stage of
solidification (for stellite 6), by crossing the liquidus, includes solid-
ification of Co solid solution which results in formation of cellular or
dentritic. According to Eq. (1), the ratio between G and R is reduced
from fusion line (FL) to the center line (CL). Thus, the mode of solid-
ification is changed from planar to cellular, columnar dendrite and
equiaxed dendrite throughout the melt zone [15]. Results of optical
investigation during different stages of solidification are shown in
Fig. 2.
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As Co-based solid solution solidifies, melt at inter-dendritic spaces
is enriched from carbon and chromium, thus the composition of the
melt approaches to the eutectic composition. During the final stages
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Fig. 1. Phase diagram of stellite 6 used in the current study [20].
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Fig. 2. Optical micrograph showing different stages of solidification.

of the solidification, co-solidification of eutectic solid solution and
eutectic (Cr,Co);C3 carbides occurs [16].

Results of metallographic micrographs and EDS analysis show
that the microstructure consists of Cr-rich matrix (Co-y phase)
and chromium carbide-rich eutectic (Figs. 3 and 4). According to
Fig. 4(a), presence of Cr and Fe in the matrix is clear. Since the sensi-
tivity of EDS is too poor to allow the detection of light elements like
carbon, so, results are presented regardless of percentage of carbon.
The composition of the dark phases consisted of chromium carbides
as shown in Fig. 4(b). It is hard to etch the bright areas which have
a FCC structure. In contrast, dark areas (less noble phases with HCP
structure) can be easily etched [17].

Fig. 5 shows the interface between stellite cladding and 17-4PH
stainless steel substrate. As can be seen, the first type of bound-
ary is formed. This type of boundary is likely to have formed in
similar metal welding and is different from the second type which
generally forms in welding of dissimilar metals. In the second type
boundaries, grains grow parallel to the interface of the weld. Grain
growth in the first type of boundaries is different. In this condition,
grain boundaries form from the boundaries within the base metal
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Fig. 3. SEM micrograph of stellite 6 at the middle of the coating.
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Fig. 4. Results of EDS analysis, (a) bright phase, matrix, (b) dark phase, chromium carbides.
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Fig. 6. Phases formed in the stellite 6 coating.

Fig.

7. Line scanning analysis from substrate to coating surface.
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Fig. 8. Microhardness profile from 17-4PH to stellite cladding surface.

and then grow in a direction perpendicular to the weld interface
into the weld pool. This kind of growth is called epitaxial growth.
Similarities in crystal structure and chemical composition result in
the evolution of such growth.

Fig. 6 shows the phases formed in the stellite 6 coating at differ-
ent conditions. As can be seen, the main phase is FCC-Co. Metastable
phases such as Cry3Cg, Cr7C3, MgC are also present in the XRD pat-
terns.

Line scanning was carried out to investigate dilution of the coat-
ing by substrate (Fig. 7). Due to uniform application of cooling rate,
the distribution of alloying elements is homogenous in sample.
The dilution of stellite by iron causes increased toughness, reduced
hardness and corrosion resistance in many corrosive environments
[18,19]. It also causes reduced wear resistance because of increase
in cobalt lattice stacking fault energy [20]. Therefore, the applica-
tion of an inter-layer is usually suggested to minimize the dilution
[14].

Results of microhardness measurements for bright and dark
zones are summarized in Fig. 8. The hardness of carbide-containing
zones (dark phases), is higher than that of bright zones. Cr content
of dark areas is also higher which results in increase in hardness of
these zones. It can be seen that hardness increases from interface
to the surface. This is due to the finer size of the grains in com-
parison to that at interface and also diffusion of Fe adjacent to the
interface. Previous studies on microstructure and mechanical prop-
erties of stellite 6 showed that increase in the hardness of the weld
metal adjacent to the base metal is observed due to formation of a
quasi-martensitic structure. Decreases in Co content and increase
in Fe content due to the mixing of weld and base metal, cause the
instability of HCP structure and formation of martensitic plate with
a base centered tetragonal structure [21,22].
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Fig. 9. Weight losses of the cladded specimens.
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Fig. 10. SEM micrographs of the wear line for the coated sample.

Weigh loss curves versus sliding distance are shown in Fig. 9. It
is observed that the values of weight loss of 1-pass stellite 6 sample
are lower than that of 17-4PH sample.

Fig. 10 shows the SEM micrographs of the wear line for the
coated sample with 1-pass of stellite. As can be seen in this fig-
ure, formation of edge and plates as well as plastic deformation
of the surface layers is evident. According to the SEM micrographs
obtained from the powder products of the wear (Fig. 11(a)), it is
seen that the powders are rather coarse. On the other hand, micro-
cracks and voids are evident in the powders (Fig. 11(b)). Plate-like
wear debris is consisted of voids and cracks on the surface. When

Fig. 11. SEM micrographs obtained from (a) the powder products of the wear and (b) microcracks and voids in the powders.
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Fig. 12. XRD pattern obtained from the wear debris.

the plate-like wear particles are detached, some of them have cur-
vature while longer ones are serrate. It seems that the delamination
is the dominant mechanism of the wear.

Fig. 12 shows the XRD pattern obtained from the resulted pow-
ders from the wear sample. Presence of Cr,03 oxide phase is clear
in the pattern. It should be mentioned that Cr, O3 was not present in
the XRD pattern of cladded sample prior to the wear test. Although
increase in surface temperature is the main cause of oxide for-
mation, but, oxide particles were also observed even at lower
temperatures. It can be envisaged that friction between two sur-
faces, causes to increase in temperature at the tip of the surface
roughness. So, the temperature locally increases and oxide phases
are formed [23].

4. Conclusions

In this study stellite 6 coating was applied to 17-4PH stainless
steel using GTAW cladding technique. The following conclusions
can be drawn from the results obtained:

e The microstructure of the surface layer consisted of carbides
embedded in a Co-rich solid solution with dendritic structure.
Dendritic growth which occurs in coating is epitaxial. Primary
phases formed during the process were identified as Co(FCC) and
lamellar eutectic phases (M33Cg, MgC, Cr7C3).

e Microhardness profiles showed that hardness increases from
interface to the coating surface. This is due to the finer size of
the grains at coating surface in comparison to that at interface
and also diffusion of Fe adjacent to the interface.

¢ The delamination was suggested as the dominant mechanism of
the wear. In this regard, plate-like wear debris consisted of voids
and cracks. In addition, due to increase in surface temperature,
Cr,03 oxide phase was formed during wear tests.

¢ The application of an interlayer was suggested to minimize the
dilution in order to improve corrosion resistance and prevent
hardness reduction.
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