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Abstract. In this study, tungsten inert gas (TIG) and microwave hybrid heating (MHH) cladding techniques are used
to develop thick nickel-based alloy clad layers of 1mm thickness on a titanium 31 alloy substrate. In TIG
cladding consider current was considered as a process variable, whereas in MHH cladding, exposure time
was considered as the process variable. Scanning electron microscopy (SEM) with energy dispersive
spectroscopy (EDS) is used to analyze the morphology of both clad layers. The Vickers indentation method
is used to determine the hardness values of the clads. The result revealed that the process current in TIG
and the exposure time in MHH cladding have a significant effect on the clad layer quality. The average
hardness of the TIG clad layer was found to be 1.6 times greater than the MHH processed clad layer. The
XRD analysis confirmed the presence of intermetallic phases Ni4W, TiNi, and TiC. The phases TiNi and
TiC are responsible for metallurgical bonding in the clad layer.
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Annomayus. B HacTOsIIEM HCCIIEOBAHUM TEXHUKH HAIUIABKH C MPUMEHEHHEM BOJIb()PaMOBOr0 MHEPTHOTO rasa
(TIG) u rubpumHoro HarpeBa MukpoBosHamMu (MHH) wncmosb30Bamuch IUisi CO3JaHHS TOJICTHIX CIIOCB
MOKPBITUS 3 HUKEJICBBIX CIUTABOB TOJIIMHOW | MM Ha MOJJIOKKE M3 TUTAHOBOrO ciuiara 3 1. [Ipu HamnaBke
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TIG Tok paccMaTpuBaIM Kak TEpEeMEHHYIO Tporecca, Toraa kKak npu HamtaBke MHH B kadecTe
MEpEMEHHON TIpoliecca pacCMaTpUBAIOCh BpeMs BBIACPKKH. CKaHHMPYIOIasl JIEKTPOHHAs MHUKPOCKOITHS
(SEM) c sneproaucnepcuonHoii criekrpockornmeit (EDS) mcnomp3yercss s aHanmm3a 3aKOHOMEPHOCTEH

CTPYKTYpbl O00OWX IUIAaKHPOBAHHBIX CIJIOEB.

Jus  ompenmeneHHs TBEPOOCTH HCIIONB3YETCS METOX

BIAaBJIMBaHUA 1Mo Bukkepcy. PesynpraT mokasan, uro TexHoJormdeckmii TOK npu TIG u BpeMs BBIOEPKKH
npu HamiaBke MHH okas3blBaloT 3HaUMTENBHOE BIMSAHHE Ha KAa4eCTBO IUIAKUPOBAHHOIO ciod. bbu1o
00OHapy»XeHO, 4TO CPEIHsIsI TBEPAOCTh ciosl, nmokpeitoro TIG, B 1,6 pasa Beille, 4eM cios, 00paboTaHHOTO
MHH. PenTreHocTpyKTypHBIi aHaIN3 NOATBEPAMI Hannune nHTepMeraumyaeckux a3 NigW, TiNi n TiC.
®a3zpl TiNi u TiC oTBe4aroT 3a METATYPIrHYECKYIO CBSI3b B INIAKUPOBAHHOM CIIOE.

Knrwouesvie cnoea: BUI'-HannaBka, MUKPOBOJHOBBIH T'MOPUAHBIA HarpeB, HUKEJIEBBIH CIUIaB, TEXHOJIOTHMYECKHE

napaMeTpsl, MUKpPOTBEPIOCTh
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Introduction

Titanium and its alloys are increasingly used in
aircraft, marine, and petrochemical industries owing
to their high specific strength, good biocompatibility,
excellent corrosion, and oxidation resistance. Due to
their poor surface hardness and tribological proper-
ties the application of titanium alloys is limited [1 —
4]. In this regard, the surface characteristics of the
titanium alloy can be improved by surface treatment
techniques such as plasma spraying [5], physical
vapour deposition [6], and chemical vapour deposi-
tion [7] by adding a layer on the surface. Mostly,
these techniques improve the surface hardness of
the material which enhances the wear resistance.
However, some shortcomings such as thin coating
or low coating density, and poor substrate-coating
adhesion were found in the deposited layers while
fabricating with these methods.

Metal matrix composite coatings (MMC) have
the potential to use in many industrial applications
due to their high hardness, stiffness, and strength.
These coatings give more prominent toughness than
many single-phase materials [8]. Among several
MMC coatings, nickel-based alloys are extensively
applied in severe environments because of their
good material characteristics. Cooper et al. [9] have
studied the nickel-based composite alloy by adding
reinforcement particles like WC, TiC and SiC, etc.
It is evident from the results that the composite
coatings show high hardness and wear resistance
even at elevated temperatures. Many studies are
preferred tungsten carbide (WC) as a reinforcement
material due to its exceptional mechanical proper-
ties. P. Farahmand et al. [10] fabricated the nickel-
tungsten carbide composite coatings using a diode
laser with induction heating and the results showed
that the deposited clads attained good porous free

and mechanical properties. Farayibi et al. [11] de-
posited TiC-WC-WC, composite coating on titani-
um alloy using the laser cladding technique and it is
evident from the result that the deposited layer
hardness is increased by 1.7 times that of titanium
alloy. Also, the wear volume of the coating is noted
as one-seventh of the wear volume of the substrate.
Aytekin and akcin [12] revealed that the composite
TIG claddings developed with reinforcement parti-
cles in the nickel alloy matrix showed high hardness
and corresponding wear resistance. The literature
revealed that the applications of several modifica-
tion techniques are inadequate in the industrial sec-
tor, because of technological and economical com-
plications. Yan et al. [13] has demonstrated the fab-
rication complexity and economical perspective of
composite coatings in the study. Patel et al. [14]
disclosed the advantage of TIG cladding to attain
promising mechanical properties with low equip-
ment and running cost. Even though TIG cladding
is a widely accepted surface modification technique,
controlling the dilution of the substrate with clad-
ding is quite challenging [15]. Literature suggested
that the percentage of dilution is increasing with an
increase in current. So, the optimum selection of
current for particular cladding material is selected
based on a trial and error method. Kaushal et al.
[16] deposited the nickel-based alloy clad by mi-
crowave hybrid heating technique on the steel and
results showed that the microhardness of clad is 3.7
times that of the substrate material. The hardness of
the clad is increased due to the formation of the in-
termetallic compound Ni4W. Dheeraj gupta et al.
[17] revealed that WC-12CO clad developed with
microwave irradiation has a significant increase in
microhardness. Due to the uniform distribution of
nano carbides inthe clad layer, wear resistance in
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Fig. 1. Schematic representation of TIG cladding procedure (@), precoated substrate (), deposited clad layers (c¢)
Puc. 1. Cxemarnueckoe n3o0paxkenne npouenyps! HamiaBku TIG (a), mommoxkka ¢ npeABapuTeNIbHO HAHECEHHBIM MOKPHITHEM (b),
HaHECCHHBIE TUIAKUPYIOLIHE CIIou (¢)

creased significantly. In recent years, treating mate-
rials with microwave energy has emerged as a rapid
processing technique [18]. Microwave energy in-
duces porous free clads with no thermal distortion
due to its molecular-level heating.

In the present work, nickel-based alloy clads are
developed on titanium 31 alloy substrate material
using both tungsten inert gas (TIG) and microwave
hybrid heating (MHH) techniques. The effect of
current on TIG-deposited cladding and the promi-
nent effect of exposure time in MHH cladding are
studied. The comparative study on microstructural
and mechanical properties of both TIG and MHH
clads is examined.

Methodology

A grade 31 titanium alloy of composition
Ti—6A1-3.91V (wt %) with a hardness of 305+10 HV
is used as a substrate material procured from Mishra
Dhatu Nigam Ltd, India. Before cladding, the plates
of dimension (50x50x10 mm) were cut and pol-
ished with 400 grit emery papers. The nickel alloy
powder (Hoganas Pvt Ltd., Belgium) of chemical
composition 47W-7.33Cr-2.21Si-1.91Fe-2.37C—
1.61B-bal Ni (wt. %) is selected as a coating mate-
rial. Before cladding, the powder is mixed with 10
wt. % polyvinyl alcohol (PVA) to make a paste-like
substance. Then the powdered paste is evenly ap-
plied on the substrate plates with the help of a Imm
metallic mask. Further, precoated samples are kept
in the furnace for lhr at 50 °C to remove moisture
content in the coating. It has also enhanced the
bonding between coating and substrate.

The TIG cladding is developed with a thoriated
tungsten electrode of dimension 2.4 mm. The 3 mm
arc length is kept constant. Literature suggested the
secondary shielding setup while welding titanium
alloys. Argon shrouding gas is used for primary and
secondary shielding with a flow rate of 10 I/min and
15 I/min, respectively, to protect the clad from oxi-
dation. It is well known that welding current and

scan speed are responsible for energy input in the
process. In this study, the scan speed is kept con-
stant, whereas claddings are developed by varying
the current. The arc is scanned over the precoated
substrate which resulted in the melting of the pow-
der and formed as a clad layer. The schematic dia-
gram of TIG cladding is shown in Fig. 1, a. The
pre-coated substrate sample is shown in Fig. 1, b,
and the deposited clad layers at welding currents 80
A, 90 A, and 100 A are shown in Fig. 1, c.

In the microwave hybrid heating (MHH) tech-
nique, LG domestic microwave of capacity 900 W
is utilized. The alumina casket box is developed
with pure alumina, and silicon carbide of 10 mm
thickness is used as a susceptor. Silicon carbide
provides a hybrid heating arrangement and mini-
mizes thermal gradient, which could be used to pro-
duce defect-free clads. The graphite sheet is used as
a separator to protect the clad layer from contamina-
tion with the susceptor. The graphite sheet is placed
on the precoated substrate and silicon carbide is
positioned on the graphite sheet.

Further, the whole setup is placed on the alumina
casket to develop insulation inside the chamber. The
MHH schematic setup is shown in Fig. 2, a. The
deposited clad layer is shown in Fig. 2, b. The de-
tailed mechanism of microwave hybrid heating has
been explained elsewhere [19 — 21]. The microwave
radiation exposure time is varied in a step of
5 minutes. At 5 minute exposure time, powder par-
ticles are not fully melted. The powder particles are
partially melted at 10 and 15 minute exposure time,
but the clad is not properly bonded with the sub-
strate. At 20 minute exposure time, the powder is
partially melted is well bonded with the substrate.
At the exposure time of 25 minutes, the clad is de-
veloped and is metallurgically bonded with the sub-
strate. The TIG and MHH processed clad were sec-
tioned and polished well with a diamond paste. The
samples are cleaned with acetone before proceeding
with characterizations. The cross-sectional images
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Fig. 2. Schematic representation of MHH cladding procedure (a), cladded specimen (b)
Puc.2. CxemaTnyeckoe nzobpaxenue nporeayps! miakuposanuss MHH (a), mnakupoBanHbIit oOpazer (b)

of TIG and microwave treated clads are observed
with the scanning electron microscope (SEM) with
attached energy dispersive spectra (EDX). The mi-
crohardness measurements of the claddings are
measured using OMNITECH Vickers microhard-
ness tester with a normal load of 300 g and dwell
time of 10 s. The x-ray diffraction (XRD) (DX GE-
2P, JEOL, Japan) is employed for phase analysis of
the deposited clads.

Results and discussion

Fig. 3 and Fig. 4 depict that the TIG and MHH
of nickel-based alloy clads are well bonded with the
substrate. The claddings deposited with the TIG
welding technique showed very well dilution with
the substrate. The thickness of the claddings is in-
creasing with an increasing current from 80 A to
100 A. The WC particles in the nickel matrix are
well dispersed in the nickel alloy matrix. As increas-
ing current from 80 A to 100 A, WC dissolution is
increased. This could happen due to the change in
energy input, which further changes the clad layer's
solidification rate. It is observed that, due to the dilu-
tion of the substrate, cladding thickness is increased
with increasing current. The clad layer thickness at
80A is comparatively low (1.1 — 1.2 mm). At a high-
er current (100 A), clad layer thickness was found
in the range of 1.28 — 1.35.

Abundant WC particles are preserved in the upper
clad layer responsible for higher average surface
hardness (Fig. 3, a). Fig 3, ¢ shows the more uniform
clad layer compared with the clad processed at 80 A
(Fig. 3, a), which is due to the dissolution of WC
particles. However, the chemical composition of the
clad layer is changing while increasing the current,
which leads to a reduction in hardness. From the
SEM images, it is observed that WC particles are
collected at the bottom due to their higher density
and melting point than nickel alloy. It is also evident
that convection current of the weld pool is not suffi-
cient to prevent the WC particles from sinking to the
bottom.

However, WC particles near the interface restrict
the diffusion of cladding with the substrate. Com-
paratively, more pores are formed at 80 A current
than other processed clads. This could be due to the
inadequate heat input which causes entrapment of
Ar shielding gas in the clad. No crack is formed at
the interface, and clads are metallurgically bonded
with the substrate at all processing conditions. Fig.
5 represents the magnified cross-sectional images of
TIG clad deposited at 80 A current. It can be seen
that Ni alloy-WC clad is metallurgically bonded
with the substrate. Fig. 6 shows the EDS analysis
performed on the selected area deposited at welding
current 80 A.

Fig. 3. SEM images of nickel alloy cladding cross section produced by TIG cladding method with processing current
of 80 A (), 90 A (b), 100 A (c)
Puc. 3. COM-u300pakeHust IOMEPEYHOTO CEUEHHUS MOKPHITUS U3 HUKEJIEBOTO CIUIaBa, MOJTyd4eHHOro Meto oM TIG-HaraBku
pu Toke 06padotku 80 A (a), 90 A (b), 100 A (c)
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Fig. 4. Cross sectional SEM image of nickel alloy clad
produced by MHH cladding method
Puc. 4. COM-u300paxkeHne MONEePEeTHOr0 CCUeHNs,
TUIAKHPOBAHHOTO HUKENIEBBIM CIIABOM, ITOJTYYSHHOTO METOJIOM
iakupoBanus MHH

Near the interface, interdendritic eutectic precipita-
tions are found, as can be seen in Fig. 7, a. The irregu-
lar blocks found in the compound are rich in W and
C. To identify the elemental distribution in the
cladding, EDS analysis is conducted. Fig. 7, a
shows blocky white shaded particles (B), and grey
shaded particles (C) marked in the TIG clad layer
processed at 80 A primarily containing W and C
and W and Ni, respectively. The dendritic structures
formed on the substrate growing towards the clad
layer. These dendritic structures at the interface (C)
are rich in titanium and nickel, and the matrix (D) is
containing nickel alloy (Fig. 7, b). Fig. 7 shows
SEM image of the MHH deposited clad layer. It is
revealed that approximately 1+50mm crack-free
clad is deposited.

In the clad layer, WC particles directly interact
with the microwaves due to their higher skin depth.
Then, the heat conduction from WC particles fur-
ther raises the temperature of nickel alloy particles.
After reaching critical temperature, the whole pow-
der particles start interacting with the microwaves,
which leads to the melting of powder particles. The
observations are noted in a step of 5-minute micro-
wave exposure time. At the 25 minutes exposure
time, the microwave radiation is enough to melt the
preplaced power layer, which further melts the thin
layer of the substrate material. Due to this, the clad

layer is partially diffused with the titanium sub-
strate. The partially melted substrate can be seen in
Fig. 7, a. Few pores are formed in the clad layer,
which may be due to the exothermic reactions of the
powders. It is observed that WC particles in the
nickel alloy matrix are well distributed. The irregu-
lar WC particles are partially dissolved in the clad
layer. To identify the elemental distribution in the
clad layer, EDS study is conducted. The EDS study
confirmed that marks 4 and C in Fig. 7, a are identi-
fied as WC and nickel alloy matrix, respectively.
The interface zone (B) is rich in titanium and nickel
alloy, which is maybe due to the partial melting of
the substrate material. The dissolution of WC parti-
cles is observed in the clad layer. Due to this, the
surrounded nickel alloy matrix contains little W and
C. The EDS analysis shows the presence of possible
intermetallic phases in the clad layer.

The microhardness profiles of the claddings pro-
duced by TIG and MHH processes at different pro-
cess conditions are evaluated by considering the
number of readings along the clad depth. Fig. 8 and
Fig. 9 show the Vickers microhardness distributions
of the TIG clad and MHH clad along with the depth,
respectively. It is to be noted that hardness values
along the cross-section are not uniform. The results
show that the hardness of the clad is increasing while
moving away from the substrate. The addition of WC
particles in the matrix influences the formation of
hard phases within the nickel alloy matrix. The sud-
den increase in microhardness value in the graph
indicates WC particle distribution in the clad. The
higher hardness indicates the rapid cooling rate of
the clad during the development of the cladding.

Moreover, due to the rapid cooling of the molten
zone, WC particles are not dissolved fully in the
matrix. The comparison results of hardness profiles
are showing that TIG processed clad deposited at a
lower current (80 A) has higher average microhard-
ness. Besides, at higher energy input, WC is fully
melted and dissolved in the matrix. Besides, the

Fig. 5. Magnified SEM image of TIG clad processed at 80 A (a), Clad-interface region () clad layer
Puc. 5. YBennuennoe COM-uzobpakenne TIG-mnakuposku, o6padoranHoi mpu 80 A 001acTi MOBEPXHOCTHU IUIAKUPOBaHHUs (@), U
TUIAKMPOBAHHEIH cI10i1 (D)
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Fig. 6. Typical EDS spectra of: (a) region 4, (b) region B, (c) region C, (d) region d
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change in chemical composition at the current 100 A
due to higher dilution causes the hardness value re-
duction. A sudden increase in hardness value is ob-
served due to the collected WC particles near the
interface. Also, the MHH clad hardness is deviating
along the cross-section. The hardness of the MHH
clad mainly depends on the energy input and expo-
sure time. The claddings deposited by TIG and
MHH deposited clads are 3.5 and 2 times higher
than the titanium alloy substrate, respectively, at-
tributed to the formation of hard phases like Cr,;Cs,
WC, W,C, NiyW, and TiC. From Fig. 8 and Fig. 9,
it can be seen that the average hardness values of
the TIG and MHH processed clads are 965.5274
and 591.319, respectively. It is observed that the
hardness value of the TIG deposited clad is 1.6
times the hardness value of the MHH clad. In the

interface zone, TIG deposited clad having hardness
value 320 — 550. Whereas MHH clad is having
hardness around 320 — 415. Also, HAZ near the
interface in both clad shows more hardness than the
reference titanium substrate. The overall hardness
values of the claddings are mostly dependent on the
energy input and reinforcement volume in the clad.
It is worth noting that microhardness studies of TIG
and MHH claddings can evaluate the respective
wear performances approximately. Fig. 10, and Fig.
11 show the XRD analysis of nickel-based alloy
clad deposited by both TIG and MHH cladding,
respectively. The XRD patterns of both TIG and
MHH treated clad show a similar sequence of peaks
formation. The phases TiC and TINi formed in the
TIG cladding might be due to the dilution of sub-
strate material in the clad. Due to the high
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Full Scale 5825 cts. Cursor: 0.000

4 6
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Fig. 7. Typical EDS spectra of: (a) region 4, (b) region B, (c) region C, (d) region d
Puc. 7. YBennuennoe COM-u3obpaxenue B obonouke MHH (a) u cexrpst DJIC obnactu 4 (b), obaactu B (c), obnactu C (d)

-29 -



Bectank COMPCKOro rocyAapcTBEHHOIO HHAYCTpUaIbHOTO yHUBepeuteTa Ne 1 (43), 2023

>
N
T
2
2
IS
S
=~
S 200 . . .
0 400 800 1200 1600

Distance from clad surface, um

Fig. 8. Hardness distribution of TIG clad cross section along
the depth at different processing current
Puc. 8. Pacnipenenenue TBEpJOCTH MONEPEYHOTO CEUSHUS
TIG-HamnaBKy 10 NIyOWHE TP Pa3INnIHOM TOKe 00paboTKN

temperature in the clad, WC particles are dissolved
and formed as the W,C phase. The W,C phase is less
in the MHH deposited clad than the TIG process due
to comparatively lesser energy input causing lesser
dissolution of WC particles. The intermetallic phase
NigW is formed in the clad layer might be due to the
nickel alloy matrix interaction with the free-W. The
TIG and MHH treated clad have typical phases such
as Ni4W, WC, W2C, CI'Q},C(,, Cr3Si, CI'7C3, and TiNi.
The MHH clad was processed at a 25 minute expo-
sure time having TiNi phase, which is attributed to
the diffusion of substrate material in the clad.

Conclusions

The nickel alloy-tungsten carbide 1 mm thick
composite claddings are effectively deposited on
titanium 31 alloy using TIG and MHH cladding
techniques. The main conclusions can be
summarized as follows.
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Fig. 9. Hardness distribution of MHH clad cross section along
the depth at 25 minute exposure time
Puc. 9. PactipeneneHue TBEpAOCTH MONEPEYHOTO CEUCHHS
Hartaskn MHH no riryOuHe npu BpeMeHH BBIICPKKH
25 MUHYT

The TIG and MHH deposited claddings have an
excellent metallurgical bond on the interface, and
no cracks were observed along the clad cross-
section. Comparatively, fewer pores are observed in
the MHH clad layer than TIG processed clad layer.

The average hardness of the TIG clad layer is 3.5,
and the MHH clad is 2 times the titanium alloy. The
dissolution of tungsten carbide particles in the nickel
matrix is attributed to the amount of energy input,
further influencing the hardness of the clad layer.

The TIG deposited clad layer hardness is de-
creasing as an increasing TIG current from 80 A to
100 A. It is observed that the TIG clad layer thick-
ness is increasing from 1.21 mm to 1.50 mm as the
current increases from 80 A to 100 A. The phases
TiNi and TiC formed in the TIG cladding indicate
the dilution of the substrate with the clad.

=y

=% g b

Ml

& Nigw
» CraGe
& CraSi

= CryCy
¥ WaC
o

= HIT

= TG

Intensity (Counts)

20

|
LY 4L

\E-'
| |

W W

5§
v v
v &

*

o )|
o o i

-

30

40

50
20, degrees

60

70 80

Fig. 10. XRD spectra of TIG clad layer processed at 80 A
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Fig. 11. XRD spectra of MHH clad layer processed at 25 minutes exposure time
Puc. 11. Crextpsr POA obpabdorannoro miakupyromiero cios MHH npu BpemeHu skcno3uuu 25 MUH

In the MHH cladding, microwave radiation of
25 minutes of exposure time is sufficient to melt the
preplaced nickel alloy-tungsten carbide clad layer.
The tungsten carbide particles are finely dispersed
in the nickel alloy matrix clad. The nickel alloy ma-
trix is enriched in W and C because of the partial
dissolution of WC particles. The TiNi phase is
formed in the MHH clad attributed to the mutual
diffusion of the substrate and the clad.
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