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Abstract

In the present study, high-chromium ferrochromium carbon hypereutectic alloy powder was coated on AISI 4340 steel by the gas
tungsten arc welding (GTAW) process. The coating layers were analyzed by optical microscopy, X-ray diffraction (XRD), field-emission
scanning electron microscopy (FE-SEM), X-ray energy-dispersive spectroscopy (EDS). Depending on the gas tungsten arc welding pa-
rameters, either hypoeutectic or hypereutectic microstructures were produced. Wear tests of the coatings were carried out on a pin-on-disc
apparatus as function of contact load. Wear rates of the all coating layers were decreased as a function of the loading. The improvement of
abrasive wear resistance of the coating layer could be attributed to the high hardness of the hypereutectic M,C; carbides in the microstruc-
ture. As a result, the microstructure of surface layers, hardness and abrasive wear behaviours showed different characteristics due to the
gas tungsten arc welding parameters.

Keywords: TIG process; abrasive wear; M;C; carbide.

1. Introduction Hardfacing by means of TIG welding method associated
with a rapid heating and cooling rate provided a unique opportu-
Iron based surface coating is very popular and their resis- nity for the non-equilibrium synthesis of materials and produced
tance to wear is due to the hard carbides distributed in a relatively rapidly solidified fine microstructures with extended solid solu-
soft matrix. Earlier researches on Fe-Cr-C alloys using methods tion of alloying elements [8], thus providing remarkable en-
such as laser and plasma it was seen that complex carbides with hancement on corrosion resistance [9], wear resistance [10] and
rich chromium such as M(=Cr, Fe);C, M(=Cr, Fe),C; and M(=Cr, thermal conductivity without impairing the bulk properties. In the
Fe)»;Cs and microstructures which were the mixture of o-ferrite surface coating applied, being the new and an easy method which
were formed depending on the chemical composition of the alloy makes the new compositions deeper, fine grained and intermetal-
[1-3]. This type of microstructures showed good abrasive wear lic compound, hardness of the material can increase the capacities
resistance [4,5]. However, in all of these investigations, micro- of wear resistance, fatigue resistance, fracture resistance and load
structures with primary carbides relatively larger were obtained in carrying capacity [11-13]. Process TIG can be used for surface
comparison with those obtained by rapid solidification methods. alloying to increased fatigue strength, increased resistance to
Improve the properties of Fe-Cr-C can used TIG method [6,7]. long-term load at high temperatures (creep test) [14].
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This paper introduces to Fe based hypereutectics and
hypoeutectics coatings with high-chromium forming on AISI
4340 steel by the tungsten inert gas (TIG) process. The micro-
structure, microhardness and wear rate of the surface layers were
studied to determine appropriate compositions as well as deter-
mining suitable TIG parameters such as powder content, heat
input value and scan speed.

2. Experimental procedures

In this study, high-chromium ferrochromium carbon
hypereutectic alloy powder was used as coating material on AISI
4340 steel (100x20%x10 mm) by the tungsten inert gas (TIG)
process. The schematic representation of tungsten inert gas weld-
ing method is shown in Figure 1 (a). Its chemical composition in
wt.% is 0.4 15% C, 0 .267% Si, 0.656% Mn, 1.75% Ni, 0.237%
Mo, 0.930% Cr and 95.54% Fe . However, the powders used in
the experiments consist of 64% Cr, 1. 80% Si, 6. 84% C and
26.84% Fe.
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Fig. 1. Schematic representation (a) of the coating process and (b)
of coating sample

The alloying was carried out with the two-step method.
Initially, the sample surface was polished with 400 grit SiC paper
then the mixed powder layers of a thickness of about 1.0-3.0 mm
were preplaced on the surface of the substrate with small amoun t
of alcohol, and then the substrates with this coating were dried in
furnace at a temperature of 50 °C for 120 min. It enabled to keep
the powder layers on the surface under the flow of argon during
the arc melting and to vaporize the chemical binder before treat-
ment. The schematic picture of coating sample can be seen in
Figure 1 (b). Subsequently, the coating was melted using the TIG
weld method. The electrode was 2% thoriated tungsten and the
nozzle diameter was 11 mm. To avoid the oxidation of the alloyed
coating, and to provide a relatively inert environment, argon was
blown directly into the molted pool and to the processing region.
Experiments were carried out wi th a single track. The experiment
conditions are shown in Table 1 and Table 2, respectively. The
heat input values were calculated as

0 u.l 0
TV
where, Q: heat input, n: welding efficiency (0.7), U: voltage (V)
and [: current (A) and V: welding speed (mm/s). The gas tungsten
arc welding parameters, i.e. heat input values were fixed at be-
tween 12.1 and 14.1 kJ/cm. Two process speed values of 1.17
mm/s for sample S; and 1.44 mm/s for sample S, were selected.
The coatings were carried out on the AISI 4340 steel which pow-
der layers having the weight of 3.5 g and 5 g were preplaced on
the surface. The dilution values were as
Dilution =L )
(A+A,)
where, Aj: cross-sectional area of the penetration zone of the
parent metal, A,: cross-sectional area of the deposit (above the
original surface), A|+A,: coating thickness.

Table 1. Process parameters

Process speed 1.174-1.438 mm/s

Electrode diameter 2.4 mm

Powder content 355¢g

Heat input” 12.1-14.1 kl/em

Current/Volt 120 A/20 V

Electrode 2% thorium tungsten electrode
Shielding gas 99.9% pure Ar

Gas flow rate 11 /min

Samples for metallographic examinations were taken
from the cross section to the modification surface from the coat-
ing areas. The metallographic specimens were grinded with 80-
1200 mesh sandpaper; the grinded surfaces were cleaned and then
polished with 1 and 6 pm diamond paste and solvent. The pol-
ished specimens were etched with acidic ferric chloride solution
(25 grams of FeCls, 15 ml of HCI and 100 ml of distilled water).
The microstructures of the surface layers were observed by scan-
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ning electron microscope (SEM), energy dispersive spectrograph

(EDS) and X-ray diffraction (XRD). XRD analyses were done by

using Cu-Ka radiation in 30 kV and 15 mA with Rigaku Geiger-

flex X-ray diffractometer.

Table 2. Operation conditions and geometrical characteristics of the coating

Process parameters

Coating dimensions (mm)

S.no  Powder Scan speed  Heat input o Hardness
| X A A, AtA, Dilution
type (mms™) (kJ.mm™) (HV)
S . 1.17 14.3 2.61 1.08 3.69 0.70 764+48
S, é - 1.29 14.1 1.85 1.33 3.38 0.54 86160
[}
S; 8 "5 1.33 13.7 1.35 1.15 2.50 0.54 808+21
S4 = 1.44 12.1 0.75 0.97 1.72 0.43 712£31

Abrasive wear experiments were carried out at the room
temperature and normal atmosphere conditions with dry sliding
pin-on-disc experiment apparatus. Fig. 2 shows a schematic
diagram of the wear test apparatus. Prior to wear experiments,
each sample was exposed to 1200 mesh sandpaper for the con-
tact completely to the 80 mesh paper coated abrasive disk sur-
face. In the experimental procedure, three different loads of 10,
20 and 30 N were selected at total sliding distance of 60 meter.
After each experiment, 80 mesh abrasive sandpapers were
changed. Abrasive wear rates were recorded by determining the
weight losses of the samples prior and after the tests.

Spindle
Chuck

Disc
Sandpaper

Pin holder

< — Load

Sample

Tool machine

Fig. 2. A schematic view of the abrasive test apparatus

3. Results and Discussion

3.1. Microstructure

The microstructures of surface layers are given in Fig. 3.
The porosity and cracks were not found in the surface layers.
When the microstructures of the surface layers were examined
that had been modified with tungsten inert gas welding method,
depending on the TIG process parameters they were seen to be
solidified in the microstructures consisting of carbides and
phases in different compositions and quantities.
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Specifically, as a function of the heat input and powder
content, the microstructure of the sample S; which was pro-
duced in the 14.3 kJ/cm heat input, 3.5 g powder content and
1.174 mm/s scan speed exhibited a fine grained dendrite solidi-
fication along the depth of coating substrate (Fig. 3a). However,
reducing the heat input and increasing of the powder content
produced at the different microstructures in samples S,—S,
composing of primary phases and eutectic (Fig. 3b-d). As re-
veals in Figure 3b [8], the coating consist of large primary
M(=Cr, Fe),C; carbides and eutectic (y+M(=Cr, Fe);C;) struc-
ture. This structure mechanism is features of hypereutectic
structure [15,16]. However, it was observed according to EDS
data that solidification was formed hypoeutectically for sample
S, (Table 3). As shown in Fig. 4, XRD patterns indicate the
presence of respective carbides in the surface layers. These
primary carbides are also assumed to be M(Cr,Fe),C; carbides
(Fig. 3b), consistent with the EDS analysis results given in
Table 3. The hexagonal and rod-shaped primary M(Cr,Fe);C;
carbides has been surrounded by the eutectic austenite (y) with
relatively low chromium and carbon elements (see Fig. 3¢ and
d). The primary M(=Cr,Fe);C; carbide is the first phase to form
on cooling below the liqudius temperature and residual liguid
should decompose an eutectic reaction into austenite and
M(=Cr,Fe),C; eutectic carbides [17]. The results of XRD and
EDS show that there are two different structures formed in all
samples. First structure mechanism is formed of dendrite shaped
austenite having eutectic structure composed of austenite con-
taining M(Cr, Fe),C; carbides in the samples S; which had
approximately less carbon content than 4% C [18].

Second structure mechanism is the formation of primary
M(Cr,Fe),C; carbides and hypereutectic microstructure having
austenitic eutectic structure (Fig. 3b-d). This mechanism was
formed in the sample S;- sample S, this had more carbon con-
centration than 4% C. Although hypereutectic microstructures
contain more carbide, they show different microstructures de-
pending on the different welding characteristics and cooling rate
[19].
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Fig. 3. Optical micrographs of (a) showing surface layer of sample S, (b) surface layer of sample S,, (c) surface layer of sample S; and

(d) surface layer of sample S,

3.2. Hardness

Mechanical and tribological properties of the coatings
depend on concentration of alloy elements, type of the solidified
phases and distribution of the hard carbides [20]. M(Cr, Fe);Cs
carbides are relatively harder carbides than (a) ferrite, austenite
(y) and M(Cr, Fe);C carbides [21].

Hardness values taken from the samples S-S, are given
in Table 2. Debt of the surface layers and dilution ratio of all
samples can be also seen Table 2. During the surface modifica-
tion, a significant melting of base material was obtained accord-

ing to TIG parameters such as decreasing powder content and
increasing heat input values. It can be seen from the Table 2 that
maximum hardness was determined for sample S, owing to
relatively high heat input and low scan speed. However, al-
though an instantaneous increase was observed in the hardness
in the interface regions of the sample S;, there was a decrease in
this value towards the substrate of the sample S,. This is due to
the density of the carbides and phases which are formed depend-
ing on the different solidification rates in the intermediate rate.
When the carbide content increased, there was an increase in the
hardness. The hardness values demonstrate that significant
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hardfacing has been achieved by means of tungsten inert gas
method. In this connection, the surface modification with the
gas tungsten arc method is changed to the surface properties of
the substrate material, i.e. the chemical composition, surface
roughness, toughness, wear and corrosion [4]. The hardness of
coatings improved with the tungsten inert gas method is higher

than other melt methods such as GMA weld and submerged arc
weld [22]. Because distribution of the carbides in both eutectic
and primary phase and homogenous distribution of solidified
austenite (y) phase make them harder [23].

Table 3. EDX analysis results of phases and carbides in the TIG processed coating microstructures

Sample number Area Structure Cr C Si Fe Other
S Matrix Hypoeutectic 14.0 3.35 1.07 80.5 1.53 Ni
phase Dendrite 30.54 7.86 - 60.28 -
S, Matrix Hypoeutectic 10.36 3.60 0.76 85.28 -
Carbide Primary M,C; 48.83 8.08 - 40.63 2.46 Mo
S; Matrix Hypereutectic 35.05 9.62 0.81 53.68 -
Carbide M,C; + M;C, 65.97 9.66 27.15 -
Sy Matrix Hypereutectic 40.83 10.14 0.82 47.57 0.63
Carbide Primary M,C; 81.97 9.18 - 8.85 -
(a) (®)
50 1 ML, a0 ML,
40 40 ¥
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Fig. 4. XRD pattern of (a) sample S; having hypoeutectic structure, (b) sample S, having hypereutectic structure

3.3. Abrasive wear

The change of wear rate curves under different load-
ings are given in Fig. 5. The wear rate values were calculated by
dividing the weight loss emerged as a result of the load applied
by distance. It can be seen that the lowest and highest wear rates
are obtained from the sample S, and sample S,, respectively.
The samples S, and S; drew a similar inclination. This samples
are having to hypereutectic microstructures that they are more
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consist of M(=Cr, Fe),C; eutectic carbide and phases.
M(Cr,Fe),C; carbides were one of the typical phases formed in
the Fe, Cr, and C concentration alloys [19,20]. In Table 3 and
Fig. 5, it can be seen that although these carbides which played
significant roles in the hardness of the matrix material were
hard, it significantly increased the wear performance of the
surface layers. It is stated in the literature that the load applied
during the process of wear is carried to the strengthening ele-
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ments by the matrix and as a result the wear rate diminishes [21-
25].

The relation of the hardness values to total weight loss
shows for total sliding distance 60 m in Fig 6. According to Fig.
6, the sample S; with 764 HV hardness value lost 2.45 g under
abrasive wear test condition. However, the weight loss of the
sample S, was determined 1.65 g and there was a fall recorded
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Fig. 5. Variations of abrasive wear rate as a function of load

The morphologies of the worn surface of sample S; -
sample S, for the FeCrC coatings are shown in Fig. 7. It can be
seen that the debris depth formed in the sample S, after wear
was slighter than those of the samples S;, S; and sample S,.
Also, the worn surface of sample S, is shallow and long con-
tinuous grooves (Fig. 7b). On the contrary, the worn surface of
sample S; approximately 0.5-1.5 times narrower tracks than the
samples S; and S,, as shown in Fig. 7a, Fig. 7c and Fig. 7d,
respectively. It can be established that variations in wear rate are
related to the difference in hardness of the surface layers. When
the abrasives particles exhibit the hardness greater than 4 times
than that of the wearing matrix material, the abrasive particles
can penetrate easily to the sample, thereby causing mi-
croploughing and microcutting within the wearing surface [26].

4. Conclusion

In this study, the abrasive wear behaviour of FeCrC
coatings were investigated at different loads. The following
results have been found:

In the microstructures of the surfaces alloyed with
high-chromium ferrochromium carbon powders, depending on

in the weight loss when compared to that of the samples S; and
sample Sy. This data indicate that the finely dispersed distribu-
tion in the matrix and rates of the primary hard carbides
(M(Cr,Fe);C;) in the microstructure causes the hardness values
to be high and as a result it directly affects the wear, as shown
by Buchely et al. [20].
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Fig. 6. Relationship between weight loss and average hardness
values

the concentration of alloy elements, specifically C and Cr con-
centration, hypoeutectic and hypereutectic microstructures have
been observed. In high heat input and low powder contents, the
microstructure containing hypoeutectic, eutectic interdendrites,
and austenite phases and carbides has been obtained. Due to the
low amounts of C and Cr in the structure and presence of the
primary dendritic austenite structure together with the eutectic
structure formation, relatively lower hardness values have been
recorded. However, in the hypereutectic structures, higher hard-
ness values were determined because of the presence of the
hypereutectic ~ microstructure  consisting  of  primary
(M(Cr,Fe),C;) carbides and austenite. The hypereutectic micro-
structure consisted of (M(Cr,Fe);C3) and (M(Cr,Fe),C;) + aus-
tenite (y) at present process conditions.

In the samples to which high-chromium ferrochro-
mium carbon surface modification applied, the best wear behav-
iour is recorded at different loadings in sample S, which the
primary (M(Cr,Fe),Cs) carbides are finely dispersed distribution
in matrix.
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Fig.7. SEM micrographs of worn surfaces of (a) sample S,, (b) sample S,, (c) sample S; and (d) sample S,
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