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The coating of FeB, FeTi, FeW powders on AlSI 430
stainless steel by PTA
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In-situ synthesized TiB,, Fe;B reinforced Fe based coating was fabricated on an AlISI 430 steel substrate by plasma transfer
arc process (PTA) with FeB, FeTi, FeW powders. The effects of the process parameters on the coating were investigated
experimentally. The surfaces were subsequently characterized by SEM, EDS and XRD to differentiate the effect of coating
parameters on the microstructure. Primary ferrite (o) phase dendrites and complex TiB,, Fe»B borides around the dendrites
were detected on the subsurface microstructure. The experimental results show that the distribution of boron and titanium is
not homogeneous on either the coated surface or interface microstructures. The difference in hardness of the
microstructures is specifically attributed to the type of borides.
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1. Introduction

In recent years, in situ synthesis of boride and carbide
reinforced metal matrix composites surfaces, which were
produced by using plasma transferred arc (PTA), gas
tungsten arc welding (GTAW) and laser beam techniques,
have received much interest in world-wide [1]. They put
forward elimination of interfacial incompatibility of
matrices with reinforcements by creating more
thermodynamically stable reinforcements based on their
nucleation and growth from the parent matrix phase [1].
The PTA surfacing process is characterized by extremely
high temperatures, excellent arc stability, low thermal
distortion of the part, and high coating speeds [1]. PTA has
a potential to be used for surface modification [2-3].
Surface roughness and thickness of the heat affected zone
is serious problems in the GTAW method [4], and laser
beam methods is expensive and difficult comparing complex
components using the PTA method [4,5]. Recently, the PTA
process have been used widely to achieve a surface
composites coatings, where the alloying powders feed
externally to melting bath and a thin surface layer is
simultaneously melted and then solidified [5]. The PTA
process has an advantage of using two independent arcs
(i.e. non-transferred arc as pilot and transferred arc as
main arc). This advantage may play a role in allowing
proper microstructural development and was used in the
present study to investigate its effect on the resulting
coating properties. The PTA system works by passing
argon gas through an inert annulus between the cathode
and anode and is ionised, forming a constricted plasma arc
column, which provides a current path for a transferred
arc. The PTA process was widely used for the surface
treatment of materials and developed as a modification of
the plasma arc welding method [2].

Fe based metal matrix composites have extensive
applications in tools, dies and wear as well as high
temperature oxidation resistance components. Ferrous
matrix composites have a wide range of applications
because of their high mechanical strength. Serious
techniques are being used to produce high performance
composites to improve the interfacial compatibility and to
avoid serious interfacial reactions. The in-situ technique is
being used as a new technique for the production of
ceramic particle reinforced metal matrix composites
(MMCs) [1-4]. The in-situ processing technique depends
on a basic principle: thermodynamically stable phases
having fine sizes are formed by an exothermal reaction
between elements and compounds within the metal matrix.
This process has some advantages; the reinforced surface
generated in-situ tends to remain free of contamination,
such as gas absorption, oxidation and other detrimental
surface reactions. The mentioned advantages produce an
improved reinforcement matrix interface bond. In addition,
the composites produced by the in-situ process exhibit
improved mechanical strength, hardness, as well as
enhanced wear resistance [5,6]. The production of Fe
based composites or coated surfaces through the in-situ
process with titanium diboride (TiB,) has been examined
in literature [5-8]. Titanium diboride (TiB,) is the most
inert, stiff, and hardest of all the borides [7], and has high
mechanical strength and high resistance to wear and high
tensile strength at high temperatures. In contrast to most
ceramics, it is electrically and thermally conductive [7,8].
These properties suggest that TiB, is a potential
reinforcing material for the wear applications where high
thermal conductivity is important. These properties lead to
its use in shields elements. The major advantage is that
they eliminate the interfacial incompatibility of matrices
with reinforcements by creating more thermodynamically
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stable reinforcements based on their nucleation and growth
from the parent matrix phase. Recently, the in-situ
synthesis of TiB, reinforced metal matrix surfaces
composites materials was reported. TiB, particles were
successfully synthesized in microstructures [9]. It is
desirable that the surface layer of components is reinforced
by TiB, particles to offer high wear resistance to them
whilst they retain the high toughness and strength [10-15].
Fe, Ni and Co are the most suitable metals as they have
appropriate melting points and very good wetting
properties on TiB, [16]. Most of the TiB,-(Fe,Ni) materials
which have been developed so far have metallic phases
with a Fe:Ni weight-ratio near to 70:30 as they exhibit not
only excellent wetting properties on TiB, but also very
low thermal expansion coefficients [17]. Research on these
materials has been mainly focused on the prevention of the
formation of secondary borides (M;B, M;B,4, where M:Fe,
Ni, Ti) which cause resentment of these materials [18,19].
It is important to avoid the formation of undesirable
secondary borides.

The objective of this study is to produce a coated
surface having TiB, hard phases with a minimum
production cost. In addition to establish relationships
between the chemical compositions and microstructure
and decreasing the undesirable secondary borides in the
microstructure. The PTA is suggested to process TiB,

reinforced Fe-based surface coating by evenly depositing
B, Ti and W based alloy powders.

2. Experimental procedures

A powdered mixture of ferroboron (FeB),
ferrotitanium (FeTi) and ferrowolfram (FeW) was used as
the coating material. Ferroalloys were used as alloying
powder due to their price and low melting temperature.
Rectangular plates of ferritic stainless steel (AISI 430, 120
mm long, 50 mm wide and 10 mm thick) were used as
substrates in a quenched and tempered condition. The
surfaces of the samples were thoroughly cleaned, dried
and finally rinsed with acetone. The main chemical
compositions of FeB, FeTi, FeW are listed in Table 1. The
average size of the ferroalloy particulates was less than 50
pm. In order to obtain a homogeneous distribution of
particulates, the combined powders were attrition-milled
for 1 h using an agate ball mill with an agate container,
and the balls were operated at 300 rpm. The milled
mixture with a thickness of 1 mm was fed under the
plasma arc (Table 2). Coating was conducted to produce a
stable arc by using the PTA process and a tungsten
electrode of 3.2 mm in diameter. The arc speed was
applied as 0.01 m/min. Table 3 lists the parameters of the
coating process. Argon was used as a shielding gas, and
the flow rate of the gas was 0.8 1/min.

Table 1. Chemical concentration of the powders used for coating.

W Ti Si S Fe B C P

FeTi - 75 05 003 Bal. - - 003
FeB - - 15 004 Bal 8 7 004
FeW 80 - 05 - Bal. - - 004

The energy given to the surface was controlled as 5
Jem®. Samples were cut from the alloyed samples for
microstructural examination and hardness measurements.
The samples were prepared for metallographic
examination by grinding on SiC wheels followed by
polishing and etching with a solution of alcohol and 2%
nitric acid. Scanning electron microscopy (SEM) equipped
with an energy dispersive X-ray spectrometer (EDS).

The XRD analysis was obtained by a Rigaku
Geigerflex X-ray diffractometry operated at 40 kV and 30
mA using Cu-Ko radiation and X-ray diffraction (XRD)
was employed for studying the microstructure and
elemental analysis of the coatings. The micro-image
analyses with a microprocessor were used to determine the
hard phase volume fraction and particle size in the
coatings. The average hard phase size and volume fraction
were determined by quantitative metallography using a
digital image  analyser, LEICA  Q550. The
thermodynamics of the borides were investigated by
differential thermal analysis (DTA).

3. Results and discussion
3.1. Microstructure of coating

The exothermic dispersion technology [20] was used
by applying the PTA to produce a new modified surface in
the form of a composite having complex borides (MB,-
M;B) reinforcement particulates. The melting and dilution
of the ferroalloy powder mixture to the surface of the
substrate resulted in exothermal interaction between the
components, and through these reactions, fine hardening
particles formed in the solvent phase. Fig. 1 shows the
representative microstructure and XRD of the surface
coatings of sample S, (Table 2,3). The Fe based borides
are distributed at grain boundaries and Ti based borides
uniformly in the matrix of the ferrite phase. On the coated
surface of sample S;;, Fe,B, FeB and Fe;B borides
dispersed as 28.5-34.5 vol.% with a particle size in the
range of 0.7-3 pm (Table 4). In some studies [20-22]
where Ti-B was used, the reinforcement particulates
resulted in the formation of TiB, with a size of 1-10 pm.
The XRD pattern of the coated surface showed that two
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types of borides were present: Ti based and Fe based
borides (Fig. 1b). The Fe based boride phase mixtures
distribution may be ascribed to the interaction between the
coating particles and the advancing solid-liquid and liquid-
liquid interface. During solidification of molten pool under
the arc, the rapid movement of the solid-liquid interface
limits the in-situ synthesis of Fe,B particles, and brings
about a phase mixture of Fe,B-FeB-Fe;B borides in an
intergranul form. The decrease of FeTi/FeB ratio of the
cladding coating powders affected the morphology of the
microstructure by diffusing the B from boron saturated
matrix to grain boundaries during solidification, which
then affected the Ti/Fe boride ratio. Fig. 2 shows the SEM
micrographs of sample S, ,, Sample S, 3, Sample S 4.
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Fig. 1. a) SEM micrographs of sample S; ;, b) XRD
of sample S ;.
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Fig. 3 shows the change of titanium (wt.%) obtained
by EDS analysis from the regions labelled in Fig. 2. Fig.
3a shows the change of Ti(wt.%) at superficial layer. The
distribution of Ti at cross-sectional area was plotted by
EDS analysis taken from the points 1-4 labelled in Fig. 2.
On the other hand, Fig. 3b shows the titanium (wt.%) at
matrix and borides, and the EDS analysis taken from the
points 1, 2 and 3 in Fig. 2c. The fact that in all cases the
amount of Ti is slightly different than expected can be
explained by taking into account that during the
processing. On the contrary, samples exhibiting secondary
borides have a higher proportion of Ti in thea-phase.
Depending on the metallographic investigations, the
matrix is ferrite (a-Fe) having more or less equiaxed TiB,
particulates homogeneously distributed in low amount and
the second hard phase mixture of Fe borides in irregular
shape forming interdendritically in the main. It is seen
from the elemental distribution of coated surface that Ti
concentration decreased by coming closer from the coated
surface to the steel side; on the other hand, TiB, borides
homogeneously distributed inside the matrix phase of S;,
(Fig. 2a,b). The rate determining state for the formation of
hard phases is thought to be the reaction of FeTi with FeB
during alloying, and the change in kinetic mechanism may
be result of the titanium atoms that changes the solubility
of the TiB, rather than the boron atoms. Hence, the
decrease of the FeTi ratio in cladding powder material
decreased the Ti (wt.%) of the borides but increased the
vol.% of Fe,B hard phases (Fig. 2). It is thought that the
solidification mechanism is too complex where under the
arc, the fine ferroboron particles are melted and merged
into streamlets, which arrive at the ferrotitanium particles.
The solidified iron nucleus is surrounded by a thick layer
of a crystallized liquid whose composition is close to the
composition of the Fe+Fe,B eutectic melt, according to the
EDS results. Upon solidification of this melt, the Fe, Fe,B,
and FeB phases could be found on the corresponding sites
of the coating surface (Fig. 2). Increasing in volume, the
ferroboron melt covered the solid ferrotitanium particles;
at the sites of contact, these particles began to penetrate
into the FeTi+Ti (the melting point T,=1085 °C) and
Fe,Ti+Fe (Tyea= 1290 °C eutectics). The solidified coated
microstructure shown in the Fig. 4 consists of the ferrite
grains separated by the eutectic interlayers his shows that
boron intensely dissolves in the ferroboron melt, which is
a high-boron melt under the plasma arc. After the
ferrotitanium particles are melted completely, the
ferroboron and ferrotitanium melts form in the coating
surface. A layer of titanium diboride continuously forms
between the melts, one part of which dissolves as the
temperature increases and the other part is carried away by
convective liquid flows and is distributed in the form of
fine particles in both melts. It seems that the titanium-
boron interaction, accompanied by the formation of a
contact Ti+TiB liquid, has no time to occur, since when
the melting point of this eutectic (1540 °C) is reached in
the arc pool, a large amount of liquid phase has already
formed in the front on the basis of the other eutectic,
which determines the character of the interaction between
titanium and boron via this liquid phase. At the moment of

crystallization, quite a homogeneous melt forms in the
coating surface, which solidifies to form equilibrium TiB,
particles against the background of the TiB,+Fe eutectic
melt (Fig. 4). Thus, three types of titanium boride phases
were identified in the final product: primary particles,
equilibrium particles from the melt according to the state
diagram, and eutectic particles (Fig. 2). In some studies
based on Fe-Ti-B systems, (Ti,Fe)B, and TiB, phases were
detected in the microstructure [20-23]; however, we
observed basically a Fe,B phase in the grain boundaries.
As can be seen in Fig.1, in which XRD traces of S;; are
shown, secondary borides along with the (a)-phase are
exhibited.
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Fig. 3. a) The change of Ti (wt.%) at superficial layer of
samples S; 5, S;2, S13 Si.4 b) The change of Ti (wt.%) at
matrix and borides (1:matrix, 2:Fe,B, 3:TiB,).
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Fig. 4. SEM micrograph of sample S; ;.

The fracture toughness of Fe,B and FeB borides are
lower than TiB,, and not sufficient for wear applications.
For this reason, the chemical composition of coating
material must be adjusted appropriately to decrease Fe
based borides and increaseTiB, borides [9]. It is known
that the presence of W activates the formation of TiB, as
complex (TiWB)B, boride [9]. Hence, Ferrowolfram
(FeW) was added to the cladding material, and the samples
coated by 10 wt.% FeW were called as S, group (Table 2).
The micrographs of the coated surfaces of the samples
S,.1-S55-S, 3 were shown in Fig. 5. The XRD pattern of the
surface composite coatings is shown in Fig. 5b for sample
S, 1, which indicates that the phases present in the coating
are mainly rectangularTiB,, o-Fe and WB,.The
intermetallic compounds form dendritically during the late
stages of solidification. It clearly confirms that TiB,
particulates can be synthesized by a direct reaction
between FeTi and FeB in the presence of 10 wt.% FeW.
Depending on the EDS analysis, it was seen that W was
seen at matrix as 0.2 wt.% and, rather it is found as
dissolved in hard boride particulates as 0.6-0.7 wt.%

(Fig. 6).

Table 2. Portions of the powders used for coating (wt.%).

Sample FeTi Few FeB

Number % % %
S1.1 90 -- 10
S1.2 80 -- 20
S1.3 70 -- 30
S14 60 -- 40
S2.1 80 10 10
S2.2 70 10 20
S2.3 60 10 30
S3.1 70 20 10
S3.2 60 20 20
S3.3 10 10 80
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Fig. 5. a) SEM micrograph of sample S, ;, b) XRD results
of sample S, ;, ¢) SEM micrograph of sample S, ,, d) SEM
micrograph of sample S, ;.
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Fig. 6. a) The change of Ti wt. % at coated surface of
sample S,;, S, and Sy3, b) Tiwt.% at matrix and
borides (1:matrix, 2:Fe,B, 3:TiB,).

A small change in the Ti ratio changes the chemical
composition of the liquid solution, causing a shift in the
structure from TiB,-Fe binary phase equilibrium to TiB,-
Fe-Fe,B. It is seen in Fig. 6 that the chemical composition
of Ti in the TiB, phase decreased from 68 to 40 wt.% by
decreasing the ratio of FeTi powders from 80 to 70 wt.%
(Table 2). Using the above considered technique, one can
determine the sequence of the processes in the coating of
the second group of samples from the results of structural
studies. The final product is a result of the solidification of
the melt. As in the first case, the appearance of the liquid

phase in the coating is due to the contact melting of the
charge components and substrate. When considering the
structure formation in the coating, we assumed that the
liquid phase forms on the sites of particle contact as a
result of contact melting, according to the diffusion-free
mechanism, which implies that the following two factors
are sufficient for the liquid phase to appear in the coating:
the contact between the particles and the corresponding
temperature [8]. The EDS microanalysis showed that there
is iron in the titanium boride particles with a changed
microstructure. These points to the solid phase character of
the initial stage of the titanium boron interaction (Fig. Sc-
d). The first portions of the liquid phase appear in the
system when the temperature corresponds to the FeTi low-
temperature eutectic melt. Possibly, when the temperature
corresponding to the second Fe,Ti+Fe eutectic melt is
reached, the liquid phase of another composition forms at
the contact sites. After the appearance of the liquid phase
in the system, the ferroboron-ferrotitanium interaction
occurs via the contact melt in which iron, boron, titanium
and wolfram dissolve as the temperature increases. When
the liquid phase forms, probably ferroboron, ferrotitanium
and ferrowolfram particles partially disperse in the molten
pool. The fine initial and dispersed FeB particles dissolve
rapidly in the ferrotitanium melt, saturating it with
wolfram and boron. The coarse ferroboron particles are
gathered by the contact melt in a conglomerate. At the
interface between this conglomerate and the melt, the TiB,
layers forms. Ferrotitanium dissolves completely in the
intermediate melt, which contacts extensively with the rest
of the ferroboron particles. In Fig. 5d the ferroboron
regions bordering the melt are light-coloured. As the EDS
analysis shows, these are the regions of almost pure iron
which were formed as a result of the intense diffusion of
boron into an "intermediate" melt. In the ferroboron
particles, the interfaces between the grains, where the
diffusion flows primarily occur, are depleted of boron too
(Fig. 6). After the rest of the ferroboron has melted
completely through the intermediate melt, near the region,
a concentration-inhomogeneous melt forms; this melt
crystallizes to yield titanium borides and several types of
structure: WB,, and Fe;B (Fig. 5b).

Table 3. PTA operating parameters.

Current Plasma Gas Shielding Gas Traverse Speed Nozzle Powder Coating size (um)
(A) Flow (I/min.) Flow (I/min.) (m/min.) Diameter feeding (gs™)
(mm) dc hc tc wce
130 0.8 20 0.01 32 1.5 260 | 320 | 570 | 400

dc: maximum depth (above the original substrate surface, hc: max. height above the original substrate, tc: maximum total coating thickness (dc+hc), we:

maximum width.

In order to make a thermodynamic approach based on
the general trends, data published in the literature [24-26]
must be considered. As it concerns the Fe-Ti-B system, a
quasi-binary section can be found along the line TiB,-(Fe,
2 at.% Ti), characterised by a simple eutectic. Below this
amount of Ti, Fe;sB coexists with TiB,. In the W-Ti-B
system, the presence of a W,B is due to the dissolution of

Fe;B in FeCr at the eutectic temperature. In addition, it
must be pointed out that Fe;B is the minimum Ti-
containing phase which can coexist with TiB, in the
absence of the W,B. It was seen that the addition of the
FeW to the coating powders increased the hard phase ratio
at coated surface structure (Table 4). Due to the fact that a
higher minimum amount of Fe is required, increasing
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proportions of Ti should be related to the highest heat of
reaction of W,B associated with W-rich Fe-W-Ti alloys.
In the studied composition range, the equilibrium state
expected is the maximum amount of TiB,. Regarding the

third group, the concentration of the FeW in cladding
powders of second group increased from 10 wt.% to 20
wt.%.

Table 4. The hard phase ratio, surface hardness and micro hardness of hard phases and matrix of coated surfaces.

Sample TiB, (HV) Fe,B (HV) Hard phase ratio (Vol. %) Matrix (HV)  Surface hardness (HRc)
Sii 1500-1700 28 600-680 42.87
Si2 1550-1700 31 670-700 46.22

Si3 1600-1700 32 800-900 47.82
Sia 1600-1700 34 800-900 48.65
Sz 1600-1700 33 800-1000 49.93
S,a 2300-2400 1300-1450 34 800-1000 51.15
Sa3 2300-2400 1300-1450 35 800-1000 52.25
S5 2300-2400 1300-1450 34 800-1000 51.75
S35 2700-3000 1500-1700 39 800-1000 53.70
S33 3100-3300 1500-1700 43 900-1100 55.26

The SEM micrographs of the coated surface of the S;
group samples that were coated with a cladding powder
mixture of (FeTi-FeW-FeB) are given in Fig. 7. As seen
from the microstructure and EDS analysis (Fig. 7), W was
dissolved in the matrix. The existing phase of the coated
surface of the third group is mainly TiB,, WB, anda-Fe
(Fig. 7d). The intermetallic compound of Fe,B was not
observed for the samples coated by the FeW-FeB-FeTi
powder mixture. The TiB, phase was formed
homogenously and in a rectangular form. The borides with
a 900-1100 °C melting temperature and appropriate

18
%l 00

wetting character were not formed. The diborides of IV-VI
group metals dissolve at temperatures of 2000-3000 °C,
and the atomic size difference between the elements
decreases the dissolution temperatures [27-28]. For this
reason, it is thought that W activated the formation of TiB,
at 2000 °C. The EDS analysis shows that the hard
particulates are (Ti,Fe)B, when the concentration of
cladding powders have about 70 wt.% FeTi (Table 2). But
the decrease of FeTi powder concentration in cladding
powders from 70 to 60 wt.% changed the type of boride
from (Ti,Fe)B; to (Fe,Ti),B (Fig. 7d).
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Fig. 7. SEM micrograph of a) Sample Ss;, b) Sample S;,, c) Sample S; 3 d) XRD of sample S3 3,
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The chemical analysis taken from the borides shows
that Ti concentration in hard reinforcement phases are 65
wt.% for sample S;, 19.23 wt.% for sample S;,, and 3.61
wt.% for sample S;3;, which show that the B wt.% of
reinforcements substantially dependent on the FeTi/FeTi
ratio (Fig. 8). The TiB, phase can be present with FeB,
Fe,B, a or y-Fe, FeTi, and FeTi phases [28]. The samples
coated by FeB+FeTi+FeW powders have shown that W
decreased the hard phase ratio; on the other hand, TiB,
hard phases were seen in these samples. Three types of
borides, (Ti,W)B,, (Ti,W)B, and (W,Ti),Bs, can form in
the Ti-W-B system [23]. However, (Ti,W)B, phases were
not observed for the samples S;1-S3,-S; 3 in this work. For
formation of the maximum TiB, and minimum FeB,
phases the best coating powder ratio (FeW:FeTi:FeB) was
seen in the composition of S;,. From XRD results it was
seen that the increase of the W in the powder decreased
the Fe;B/TiB, ratio by up to 0.65. In addition, the increase
of the FeW ratio from10% to 20% decreased the
W,B/TiB; ratio from 1 to 0.7 (Fig. 8).
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Fig. 8. a) The change of Ti wt.% at coated surface of
sample S3;, S;, and S;3 b) Ti wt. % at matrix and
borides (1:matrix, 2:Fe,B, 3:TiB,).

3.2. DTA of coating

DTA of coating surfaces were shown in Table 5. DTA
analysis of sample S; group shows that y-Fe dissolves to
a-Fe phase at 760-1050 °C temperatures intervals. By
reaching 1100 °C temperature, TiB;, is in equilibrium with
FeB, Fe,B, a-Fe, Fe,Ti phases [20]. It was observed that
TiB,-Fe binary system is in equilibrium with FeB, at 1167
°C. Furthermore, system has solid a-Fe instead of liquid
o-Fe phase at 1167 and 1268 °C. During 1200-1300 °C
temperature interval the F,B boride dissolved, and TiB, is
in eutectic equilibrium with liquid Fe over 1268 °C
temperature. In some studies at eutectic point and 1340 °C
temperature, Fe-TiB, pseudo-binary equilibrium was seen
[17,19]. The increase of FeB powder rate, from 10 (wt.%)
to 20, of coating material increased the dissolution
temperature of y-Fe, but the addition of FeW ferro-alloy
powder did not change the dissolution temperature of y-Fe
in high rates, but increased the y-Fe to a-Fe dissolution
temperatures from 900 to 1100 °C temperatures. On the
other hand, FeW powder addition to coating material did
not affect the dissolution temperatures of Fe,B boride
phase, on the other hand decreased the enthalpy of this
reaction from 370 J/g to 45 J/g.

For S; group the dissolution temperature of y-Fe to o.-
Fe reaction is near to S, group (Table 5). However, the
enthalpy of this reaction decreased and the dissolution of
Fe,B phase did not seen. In some studies; Fe was accepted
as a binder phase for TiB,, but in this study the formation
of Fe,B is unavoidable, and a Fe solid solution is in
equilibrium with Ti. The first liquid phase appears at 1270
°C coming from the Fe-FeB, eutectic. TiB, is compatible
with Ti bearing ferrite only below 928 °C. TiB,-a Fe
contains FeB, below 1167 °C, and between 928 and 1148
°C solid y or a-Fe are absent.

Table 5. DTA analysis of samples giving dissolution
temperatures and enthalpy changes.

vFe —>aFe Fe,B—Liquid
Sample T,C AH,J/lg T,°C AH,J/g
S1.1 964 -405 1281 -4,3
S1.2 975 -465 1272 -5,6
S1.3 987 -1000 1220 -85
S1.4 1097 =221 1215 -200
S2.1 1073 7155 - -
S2.2 1084 -7280 - -
S2.3 1096 -7450 - -
S3.1 928 -5130 - -
S3.2 1148 -9960 - -
S3.3 1113 -10160 - -
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3.3. Hardness of the coating

The hardness of the coated surface reinforced by TiB,,
WB, and Fe,B borides was determined along the depth
from the irradiated surface; all the data was an average of
three measurements. The variations of the hardness across
the transverse cross-section of the coating are presented in

Table 6, demonstrating that the presence of FeW and FeTi
in the cladding material produced an increase in hardness
due to solid solution strengthening, and an increase of
TiB, with the Fe,B hard phase ratio. The hardness of the
hard particulates and matrix are shown in Table 4.

Table 6. Macrohardness via layer depth of the PTA processed coating.

Sample No S1l.1 S12 S13 S14 821 S22 S2.3 S3.1 832 S33
Rockwel (A) 57 59.7 615 587 593 526 60.1 59.7 59.1 583
s 56.3 58.8 55 534 57 59.7 57.6 58 63 60.2

% \]/ % 52.6 527 544 526 579 57 59.1 53.1 577 594
54.2 55.7 54 534 539 544 54.1 56 542 553

The hardness of the coating progressively decreased
from the surface to the substrate. It was noted that there is
no sudden transition from the coating to the substrate in
terms of the hardness, which indicates an absence of a
sharp demarcation in materials’ properties across the
interface. Furthermore, the average hardness of the coating
gradually increased with an increase in the content of TiB,
and Fe,B, which was due in part to the formation of more
particles during PTA processing. The highest hardness
value was obtained from the coated sample having a 39
vol.% hard phase ratio. The matrix hardness also changed
depending on the coating powder ratio. The reported
hardness value of TiB, varies from 2900 HV [29] to 3400
HV [30]. The measured hardness value of TiB, falls within
the reported range. The measured hardness of Fe,B
matches the literature value [31, 32].

4. Conclusions

1. A new in-situ method has been developed to
produce a metal matrix composite with TiB,, Fe,B and
W,B reinforcing particles by alloy surface composite
coating on AISI 430 stainless steel by PTA. Complex TiB,
particles were synthesized from FeB-FeTi-FeW powder
mixture, and a coated surface having homogeneously
distributed borides in the size of 1-5 pm were obtained.

2. The FeTi/FeB ratio in cladding powders increased
up to 3/2, and the Fe;B/TiB, boride phase ratio decreased
substantially to 4. The reinforcement phase is formed at
the 3-5 um size, =34.5(vol.%).

3. Addition of ferroboron to the mixtures leads to the
(TiW)B, phase which are intermetallic compounds, mainly
spherical. The hard phases in the coating were mainly
~35(vol.%) TiB,, and Fe;B intermetallic compounds.

4. Completely (TiW)B, hardened microstructure are
obtained with an alloying powder having FeTi-FeW-FeB
mixture for sample S;,. The chemical composition and
(vol.%) of borides change as the ratio of the powders used
in alloying mixture. Ti and W elements were dissolved in
the matrix of the sample S; group samples. The highest
TiB, concentration was seen for the sample S;; having
~43(vol.%). The usage of FeW:FeTi:FeB ratio as 20:60:20

prevented the formation of unwanted Fe;B phase, and the
Fe;B was seen as (Fe;B/TiB,=0.6).

5. The formation of Fe,B boride consumes a
substantial fraction of the ductile Fe phase such that Fe,B
is believed that it makes brittle the coated surface
seriously. The usage of FeW hold up the formation of that
phase, which was a major goal for developing and
increasing vol.% of tough TiB, phase, and where DTA
results of this study are is proportional with XRD results.

6. The usage of titanium, tungsten, boron elements
from ferro-alloys brings an extremely cheap production
cost.
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