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MICROSTRUCTURE AND WEAR PROPERTIES OF FeCrC, FeW AND FeTi MODIFIED IRON BASED ALLOY COATING

DEPOSITED BY PTA PROCESS ON AISI 430 STEEL

MIKROSTRUKTURA I WEASCIWOSCI ZUZYCIA MODYFIKOWANYCH POWLOK STOPOWYCH NA BAZIE ZELAZA FeCrC,

FeW I FeTi NAKLADANYCH METODA PTA NA STAL AISI 430

The plasma transferred arc (PTA) process was used for developing wear resistance of AISI 430 steel substrate. Appropriate
quantities of FeCrC, FeW and FeTi powders were combined to create conditions that synthesized M;C3 particles into reinforced
Fe-based composite surface coating. The phase transformations on new created coated surfaces were comprehensively examined
by using a combination of scanning electron microscopy (SEM), microanalysis by energy dispersive spectrometry (EDS), X-Ray
diffraction (XRD), microhardness and abrasive wear tests. The microstructure studies of the superficial layers of the coating
revealed presence of a mixture of the dendritic phase structure of austenite (y) and fine eutectic M;C; carbides. The results
show that; the concentrations of the elements (Cr, W, Ti) added as ferroalloys, the size of dendrites formed in the coated
surface, the change of hardness of the coated surfaces, the carbide volume rate and thickness of the coating changed by the
variation of the processing parameters (ratio of reinforcement particulates and heat input).
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Technika PTA zostala zastosowana do podwyzszania odpornosci na zuzycie podlozy ze stali AISI 430. Odpowiednie
ilodci proszkéw FeCrC, FeW i FeTi potaczono w celu stworzenia warunkéw, w ktérych syntetyzowane sa czasteczki M;Cs
zbrojace powloki kompozytowe na bazie Fe. Przemiany fazowe w nowo utworzonych powlokach zostaly szczegélowo zbadane za
pomoca kombinacji skaningowej mikroskopii elektronowej (SEM), mikroanalizy spektrometrig dyspersji energii (EDS), dyfrak-
cji rentgenowskiej (XRD), mikrotwardosci i testdw Scierania. Badania mikrostruktury wierzchnich warstw powloki wykazaly
obecnos¢ mieszaniny struktury dendrytycznej austeniu (y) i drobnych eutektycznych weglikéw M;C;. Wyniki pokazuja, ze:
stezenie pierwiastkow (Cr, W, Ti) dodanych jako zelazostopéw, wielkos¢ dendrytéw utworzonych w powloce, zmiany twardosci
powloki, szybko$¢ objetosciowa weglikow i grubo$¢ powloki zmieniajg sie ze zmiang parametréw procesu (stosunek czastek

wzmacniajacych i mocy cieplnej).

1. Introduction

PTA technique is an apropriate process that can be used
for surfac modification of steels by using cheap ferro-alloy
powder. During the coating process, the desired composition
and a thin surface layer of the substrate material are simul-
taneously melted which then rapidly solidify to form a dense
coating that metallurgically bonds to the base material [1].
PTA process was widely used for the surface treatment of
the materials and developed as modification of the plasma arc
welding method [1-4]. PTA uses the basic principles used in
traditional welding surfacing techniques, and provides a high-
er deposition rate [1]. The PTA surfacing process is charac-
terized by extremely high temperature, excellent arc stability,
low thermal distortion of the part, high coating speeds [5],
and the usage of two independent arcs (i.e. non-transferred
arc as pilot and transferred arc as main arc) which provide al-
loying of proper microstructural development [6]. Argon gas

passes through cathode and anode and is ionized forming a
constricted plasma arc. The ionized gas provides a current
path for a transferred arc [5,6]. This technique has a potential
to produce rapidly solidifying fine microstructures that exhib-
it high hardness and increased wear resistance [6-8]. Among
the metallic hard coatings produced by PTA, hardness of the
iron-chromium-tungsten-titanium alloy coatings is relatively
high compared to that of other alloy systems [3,4]. The pres-
ence of tungsten in high chromium structures has been found
to reduce the fraction of the austenite phase accompanied by
the increase in hardness of M;C3 carbides. On the other hand,
the fraction of austenite phase in microstructure plays an im-
portant role in both impact and wears applications [9]. It has
been found that primary dendrites, austenite (y) and M;C3
carbides develop in Cr-containing microstructures [10]. Mate-
rials having high chromium concentration are used in a variety
of applications and, the abrasive wear resistance of these ma-
terials is high due to hard carbides in the structure [11-13].
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The alloys having high Cr contents have proeutectic and/or
eutectic M;Cs carbides in a softer iron matrix. The matrix
structure observed most often in the as-cast high Cr alloys is
austenite. In addition, the carbides in the structure of these
alloys are typically of the M;Cs type (M=Fe,Cr). The M;C;
carbides generally grow as rods and blades with their long
axes parallel to the heat flow direction in the mold [14,15].

Wear resistance is a function of chemical composition,
processing conditions, and heat treatment; each alloy system
must be evaluated with respect to these variables, as well as
the tribological environment [16]. Microstructural parameters
for wear resistance of high Cr materials can be conclude as the
quantity, orientation, and morphology of carbides, the type of
matrix, and the interface between hard phase and the matrix
[17]. These parameters can also influence the hardness and
fracture toughness. The microstructure of metal matrix com-
posites (MMCs) looks alike to white cast irons. There are two
types of foundry methods for making composites with exter-
nally added particles, depending on the temperature at which
the particles are introduced in the melt. In the liquid metal-
lurgy process [18], the particles are added above the liquidus
temperature of the molten alloy. In this processes, a vortex
is used, which can form high amount of porosities in the.
There are several factors that can influence the quality of the
composite product, one very important being the metal melt’s
ability to wet the ceramic particles. The wettability depends
on many parameters: the type of particles, their shape, size,
surface roughness and surface chemistry of the outer atomic
layers, alloying elements in the melt, the gas environment of
the particles when injected into the melt, stirring temperature,
and holding the time in the melt. The discontinuously rein-
forcement phase composites are common due to availability,
low cost, independence of mechanical properties from partic-
ulate orientation [19], and ease of production via a wide range
of manufacturing routes. Titanium will sometimes be added
as an inoculant to the high chromium material melts. The free
Ti will immediately form small cubic particles of the TiC
in the high C-melt. As the rest of the iron starts to solidify,
these small particles act as nucleation sites for carbides and
austenite. The uses of Ti with W guarantee the nucleation of
matrix and carbides at lower temperatures, and enhance the
effectiveness of the M;C; carbides [20].

It is the objective of this work to to form a coated sur-
face on AISI 430 steel having homogeniously distributed fine
spherical carbides (M7C3;) formed by inoculation and PTA
process in the austenite phase, and to detect the effect of Ti
and W on the carbide size and wear resistance.

2. Materials and experimental procedures

AISI 430 samples of 120x50x10 were used as sub-
strates in the PTA processing experiments. A mixture of
FeCrC-FeTi-FeW powders were used as alloying powders. The
surfaces of the samples were thoroughly cleaned, dried, and
Tnally rinsed by acetone. The main chemical composition of
FeCrC, FeW, FeTi powders are listed in Table 1, and the ratio
of reinforcement particulates used for coating are listed in
Table 2.

TABLE 1
Chemical concentration of the powders used for coating (%)

W | TI | SI S FE |[CR |C P
FETI - | 75| 05| 003 | BAL.| - - 0.03
FECRC | - - | 15| 0.04| BAL.| 66 | 7| 0.04
FEW 80| - 1| 05 - BAL. | 0.5 0.04
TABLE 2
Portions of the powders used for coating (%)
SAMPLE | FETI | FEW | FECRC

NO % %o %

S1 - - 100

S2.1 10 - 90

S2.2 20 - 80

S2.3 30 - 70

S2.4 40 - 60

S3.1 - 10 90

S3.2 - 20 80

S3.3 - 30 70

S3.4 - 40 60

S4.1 10 10 80

S4.2 15 15 70

S4.3 20 20 60

The average size of the powders was in the range of 40-60
pum. In order to obtain homogeneous mixing, the combined
powders were attrition-milled for 1 h using agate ball mill
with an agate container, and the balls were operated at 300
rpm. The milled mixture with a thickness in the range of
0.5-2 mm was pre-coated on the surface of the substrate. The
experimental conditions employed are also listed in Table 3.

TABLE 3
PTA operating parameters
CURRENT PLAZMA | SHILDING | TRAVERSE NOZUL
A GAS FLOW | GAS FLOW SPEED DIAMETER
(A) (L/MIN.) | (L/MIN.) (MM) (M/MIN.)
130 0.8 20 0.01 3.0

The samples were prepared for metallographic examina-
tion by grinding on SiC wheels followed by polishing and
etched with a solution having 5 g FeCls, 30 ml HCI, and 100
ml distilled water. The microstructural evolution was studied
by SEM (Model JSM-5310, Japan). EDS was used to study the
concentrations of alloying elements in the closed the coatings
zone by PTA-process. For XRD analysis, a Rigaku Geiger-
flex X-ray diffractometer operated at 40 kV and 30 mA using
Cu-Ke radiation was used. Microhardness measurements were
performed through the thickness of the sample to study the
changes in the mechanical properties of the matrix due to
plastic deformation by varying the distance to the contact
surface. The microhardness distribution measurement method
was used to determine the depth of the coatings. A standard
microhardness tester, with a Vickers indenter and a 5-g in-
dentation load was used for microhardness measurements of
polished surfaces and subsurfaces. The abrasive wear tests
were performed using a pin-on disc type apparatus. Abrasive
wear tests were carried out under the load of 10, 20 and 30
N on a grade 80 abrasive paper attached to the grinding disc,
which rotated at 320 rpm. A fixed track diameter of 160 mm
was used in all the tests, and the duration of the abrasion test
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TABLE 4
Dimensions and volume portion of carbides
CARBIDES S1 | S2.1 | S2.2| S2.3 | S2.4 | S3.1|S3.2| S3.3 |S3.4|S4.1 |S4.2|54.3
VOLUME (%)| 40 |39.17 |43.24|45.94 | 43 | 43 | 41 | 39 | 37 |41.6| 43 | 47
096 | 055 04| 03 | 027 06| 08| 095 05| 09| 0.6 | 0.5
SIZE (uM) 717 | 555 | 31| 277 | 083 | 25| 3 3 35| 4 | 1.7] 1

was 60 second. Each test was performed with a fresh abrasive
paper, and, for each test condition, a minimum of three runs
were performed. Wear loses were obtained by determining the
masses of the samples before and after wear tests. The wear
rates were calculated by converting the mass loss measure-
ments (to the nearest 0.1 mg) to volume loss by using the
respective densities:

mass loss (g)/density(gmm™)

W 3. -1 —
(™) 7x160x10-3x320(m)

3. Results and discussion

The first group of samples (S;) was coated by using
FeCrC powders. The Figure 1 shows the SEM micrograph
of the superficial layer, and the boundary between the melted

Mag= 250KX ~ WD= 12mm EWT=2000kv Signal A= SEY LE(b
(b)

Fig. 1. SEM micrograph of sample S; a) X500, b) X250

and substratemetal of sample S;;. Results noted in Table 4
reveal the role played by PTA processing parameters on the
coating dimensions, carbide vol.%, carbide size and hardness
of the coating.

The microstructure of the carbides and matrix is shown in
Figure 1, where the M;C; carbides are in intergranular form,
and the microstructure is in the form of an eutectic (M;C3 +7)
phase mixture (Table 4). EDS analyses of the matrix and the
carbides are given in Table 5, from which it can be seen that
the carbides are stochiometrically in the form of M;C;. Figure
2 shows representative XRD results of sample S1 that reveal
the effect of PTA processing parameters on the phases present
in the coating microstructures containing FeCrC powders. The
presence of M;C3 diffraction peaks is clearly visible and indi-
cating the formation of M;Cj3 carbides in austenite (y) phase.

TABLE 5
EDS analysis taken from the coated surface of sample S;
POINT C SI CR FE
MATRIX | (WT.%) | 0.94 | 139 | 19.90 | 48.75
CARBIDE | (WT.%) | 4.05| 0.23 | 46.56 | 49.16
200
Cr,Cy
% 150 Oﬂ
; Y
E 100 U: P
E s

50 A

2 12 22 32 42 52 62 72

Fig. 2. XRD result of sample S;

Titanium was added to cladding powders as FeTi for mor-
phological change of carbides, and this group was designated
as second group. The carbide size and vol.% parameters cor-
responding to the second group show that increasing FeTi
rate in the cladding powder bring about a serious decrease in
the carbide size (Table 4). The primary phases were seen to
become relatively small, which means increasing the titanium
rate in caladding powders increases nucleation rate of car-
bides in microstructures. EDS analyses of carbides of sample
S,.1 (Table 6) show that the Fe/Cr ratio is in the range of
3.5-4.0, which suggests that the carbide structure is probably
(CI‘QFC7)C3 [22]
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TABLE 6
EDS analysis taken from the surface of sample S,

POINT C SI CR FE TI

MATRIX | (WT.%) | 1.23 | 1.04 | 18.00 | 79.49 | 0.24
CARBIDE | (WT.%) | 430 | 095 | 19.53 | 75.78 | 0.43

The hardness of the M,;C; carbides increases with Cr
content of carbide [22]. The relationship between Cr content
and M7C3 carbide hardness provides insight into the abrasion
performance of the coated surface. It is clearly, higher Cr con-
centration produces harder M;Cj carbides [20-23]. It is seen
form the EDS analyses that the carbides of the sample S;;
contain 0.43 wt.% Ti, and the increase of the Ti in cladding
powders increased Ti wt.% and decreased Cr concentration of
carbides. The variation of the microhardness for sample S,
and S, 4 was interpreted in Table 7.

TABLE 7
Microhardness of the carbides and matrix of the samples
SAMPLE NO CARBIDE
m MATRIX HARDNESS (Hy)| HARDNESS
(HV)
S1.1 726.31780.5|759.3| 645.9 2400
S2.1 896.9|830.3|849.7| 650.5 1830
S2.2 721.21653.2]727.3| 543.2 1350
S2.3 810 [903.2(947.8| 7759 1050
S2.4 735.21724.4|705.6| 582.4 1250
S3.1 875.1850.5|701.3| 720.7 -
S3.2 875.5|878.3|653.2| 750.5 960
S3.3 865.2|746.5|713.8| 678.4 1700
S3.4 905 |857.2|728.2| 645.2 -
S4.1 828 |839.8| 775 | 708.7 -
S4.2 758.7(724.6(865.6| 708.6 1250
S4.3 953.3] 965 | 894 | 7755 1250

The microhardness values confirm that significant surface
hardening was achieved by PTA process, and the microhard-
ness fall from surface to the substrate (Table 7). The varia-
tions ranging from 775-1050 Hy for sample S, 3 should be
attributed to the presence of large carbides in the microstruc-
ture (Table 4). Conversely, the microhardness values of the re-
fined microstructure of sample S, obtained at a lower powder
feed rate and heat input exhibits fewer variations in hardness.
The eutectic microstructures as well as the size of carbides
and the spacing between the intergranular carbides depend on
the solidification rate [24]. Besides, intergranular structures
can form at relatively lower solidification rates. Therefore, the
higher hardness of the sample S, 3 is related to the lowere size
of the austenite phase. On the other hand, the lower hardness
variation of sample S,, may be associated with the high ratio
of austenite phase in the primary dendrites (Figure 3-6).

Mag= 400KX ~ WD= f2mm  EHT=2000kv Signal A=SE1 [_E(b

Mag= 400KX  WD= 14mm  EHT=2000kV  Signal A=SE1 LE®

Fig. 5. SEM micrograph of sample S, 3
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Fig. 6. SEM micrograph of sample S, 4

The microhardness variation of samples Sy, S22, S»3
and S, 4 are compared, which shows that a marked enhance-
ment of the coating hardness occurs due to the microstructural
refinement. Table 8 shows the changes in chemical composi-
tion of superficial layers of the samples coated by FeCrC-FeTi
alloy powders, where the increase of the Ti concentration in
cladding powders increased the Ti wt.% in carbide and matrix
together, and decreased the Cr wt.% of the carbides from 65.67
wt% to 19.98wt%.

TABLE 8
EDS analysis taken from the coated surface of sample S;;-S,4

SAMPLE| C | CR | FE | TI

Sy, 191 | 17.70 | 80.09 | 0.80
MATRIX S»s 143 | 19.16 | 78.81 | 1.33
Shs 113 | 19.82 | 77.59 | 1.45
S,, | 5.18 | 65.67 | 28.25 | 0.90
CARBIDE | g, . 335 | 26.79 | 67.78 | 2.08
S, | 248 | 19.98 | 74.94 | 2.60

For the third group of the samples, W was added to the
cladding powder mixture as FeW. Figure 7-10 show the forma-
tion of matrix, primary dendrites and eutectic structure formed
in the interdendritic regions for samples Sz |-S34. From the
micrographs it is seen that the microstructure is in the form
of hypoeutectic type. The carbides occured as primary den-
drities, and the matrix appeared as interdendritic form having
a thickness of aproximately 5 um. The EDS analyses of the
matrix and carbides are interpreted in Table 9. The resultant
carbide can be abbreviated as ((FeCrW);C) depending on the
Fe/Cr ratio [19]. Figure 11 interprets the XRD result of the
sample Sz 4, which reveals that the major phase is austenite
(y), and the minor phase is ((FeCrW);C). The addition of the
W to the coating powders raised the carbide concentration and
the size of the carbides, and the increase of W in the coating
powders caused to increase of Cr wt.% of carbides together
with Wwt% (Table 9).

Mag= 4.00KX WD= 16mm  EHT=2000kvV  Signal A= SE1 LE@

Mag= 400KX ~ WD= 15mm  EWT=2000kv  SignalA=SE1 l£®

10um

Mag= 4.00KX WD= 15mm  EHT=2000kv  Signal A=SE{ [£®

Fig. 9. SEM micrograph of sample S; 3
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Signal A= SE1 LE(b

L Mag= 400KX  WD= 16mm  EHT=2000kV
Fig. 10. SEM micrograph of sample S;4
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Fig. 11. XRD result of sample S;4

TABLE 9
EDS analysis taken from the coated surface of sample S;;-S34
SAMPLE C CR FE W
S34 0.79 | 16.70 | 78.06 | 4.44
MATRIX S32 0.85 | 17.42 | 7498 | 5.02
S33 093 | 18.05 | 75.97 | 5.05
S34 1.16 | 19.47 | 74.31 | 5.06
NERI 13.12 | 1845 | 63.25 | 5.18
CARBIDE S35 9.22 | 1842 | 67.35 | 5.02
S33 7.32 | 20.77 | 67.06 | 5.85
S34 579 | 34.83 | 52.28 | 6.11

FeTi powders were added to the coating powders together
with FeW and FeCrC for the fourth group of the samples. The
change on the carbide vol.%, and size for sample S4.1- S4.3
are interpreted in Table 4. The stability of the matrix is impor-
tant during the wear process [25]. Hence, Ti was added with
W to stable the austenite phase. Table 10 notes the change
of chemical composition of superficial layer as EDS analy-

in cladding powders forms a carbide having high amount of
Cr, and the increase of Ti increased the Cr concentration and
microhardness of the carbides.

Figure 12-15 shows that the addition of FeTi powder pro-
motes the formation of refined dendrites. It is thought that an
interdendritic eutectic occurs, when the microstructure have
Ti together with W and Cr compared with samples S2 and S3
groups. Consequently, the size of the carbides decreases. The
microhardness results obtained for samples S4, and S43 are
shown in Table 4. The resultant, Fe-Cr carbide can be abbre-
viated as (M3C) from the Fe/Cr ratio (Table 10) [19]. Results
of the present study reveal the occurrence of two basic struc-
tures both of which depend on the PTA processing parameters
and associated alloy compositions. The first, is the formation
that results in the primary dendrites of iy (fcc) and the eutec-
tic consisting of ¥ and hcp WCrC intermetallic phases. The
mechanism of the second structure involves the formation of
M;C; carbides and eutectic y and hcp M;C carbides. Figure
13 shows representative XRD results that reveal the effect of
Cr-W-Ti-C on the phases present in the surfaces of the coating
microstructures (e.g. increase in intensity of austenite phase).
The XRD results also confirm that the addition of Ti leads
to formation of eutectic structures containing austenite and
WCrC phase mixture with M;Cs carbides.

R A ®

Mag= 400KX ~ WD= 15mm  EHT=2000kV  SignalA=SE1 [_Ed) ()
a

Mag= 2.00KX WD= 12mm  EHT=2000kv  Signal A=SE1 LE®
(b)

ses of the carbide and matrix. The presence of Ti with W Fig. 12. SEM microstructure of sample S4.1 (a) X4000, (b) X2000
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Fig. 13. XRD result of sample Sy

Fig. 14. SEM microstructure of sample S,,, (a) X4000, (b) X2000

TABLE 10
EDS analysis taken from the coated surface of sample Sy ;-S43
SAMPLE | C CR FE w TI
S41 1.22 | 16.15 | 74.36 | 4.12 | 0.19
MATRIX S42 1.60 | 18.11 | 75.40 | 4.44 | 045
S43 2.59 | 18.31 | 73.79 | 4.97 | 0.34
Sa41 5.48 | 1599 | 78.38 | 4.11 | 0.30
CARBIDE San 3.92 | 56.89 | 33.08 | 5.04 | 0.77
S43 4.11 | 50.85 | 38.68 | 4.99 | 1.42

931

Mag= 100KX  WD= 12mm  EHT=2000kV SignalA=SE1 ]_Ed)
(b)

Fig. 15. SEM microstructure of sample S43, (a) X4000, (b) X2000

3.1. Wear tests

Figure 16 shows the wear rate for different surface treated
samples as a function of the test load, and the wear rate in-
creases with the test load for all surface treated samples. The
FeCrC, FeTi and FeW additions had systematic effect on wear
rate, respective of load. For the FeTi additions, very similar
wear values were found in all the samples for each load. The
sample S, 4 exhibited the greatest wear resistance. In contrast,
the reference sample S;; systematically exhibited the worst
wear resistance, followed by the coated surface having FeCrC.

Results indicate that FeCrC, FeW and FeTi alloying im-
prove the wear resistance of the steel surface compared to the
unreinforced sample. The variation of the microhardness of
FeCrC, FeCrC-FeTi, FeCrC-FeW and FeCrC-FeTi-FeW coat-
ed samples with wear rate are interpreted in Figure 17.

In the Figure 17, it is seen that the relationship between
microhardness and wear rate is in the form of polinomic func-
tion. Wear rate is a function of chromium, titanium and wol-
fram concentration of the carbides. From Figure 17, also it is
seen that the increase at volume concentration and morpholo-
gy of carbide increased hardness and decreased the wear rate
in considerable amount. The results demonstrate that the wear
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Fig. 16. Wear loss versus load for a sliding distance of 800 m and a

sliding speed of 0.84 m s~

1

loss and hardness is not proportional for all of the samples.
The wear loss of the samples having titanium decreased with

hardness. On the other hand, the wear loss and hardness of
the samples having wolfram changed inversely and between
the different coated surfaces the wear rate of the S4 group
samples is the most sensitive against hard phase volume per-
centage. The wear loss of the coated surfaces, which can be
renamed as MMC composite, increase linearly through the

entire applied load range.
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Fig. 17. The relationship between wear loss and hardness of the

samples, (a) 2. Group, (b) 3. Group, (c) 4. Group

4. Conclusion

1. Four different coated surface microstructures were pro-
duced by adding FeCrC, FeW and FeTi powders. These
microstructures were classified based on powder concen-
tration. It was concluded that the formation of microstruc-
tures depends mainly on carbon concentration and Fe/Cr
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ratio of coated surface layers. The matrix phase is face
centered cubic (fcc) austenite (y) and the reinforcement
phase is M7;C3; (M= Cr, Fe) carbide in interdendritic form.
Carbon and chromium concentration of the coated surface
decreases going down from the surface to the steel sub-
strate, which is thought to be due to termal gradient. Prob-
ably increasing carbon and chromium contents reduces the
eutectic reaction temperature and solidification rate of the
eutectic point.

The presence of the W together with Cr, raises the size
and concentration of the MC; carbides.

The variation of the microhardness of FeCrC, FeCrC-FeW,
FeCrC-FeTi and FeCrC-FeW-FeTi coated samples rela-
tionships with wear loss, revealed as their form of poli-
nomic function. In addition, the wear rate curves represent
that the wear rate changes with hardness and the load in
a polinomic function.
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