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Wetting and interfacial behavior of Fe-based
self-fluxing alloy-refractory compound systems

In this study the wettability and interfacial behaviour of the TiC—
FeNiCrBIC and TiB,FeNiCrBSC systems were investigated. The wetting
experiments were performed by the sessile drop method at 1150 °C under a vacuum.
The contact angles of TiC and TiB, wetting by melted Fe-based self-fluxing alloy were
51° and 36°, respectively. Thermodynamic calculations were carried out to understand
the metal-ceramic interaction mechanism in the TiC-FeNiCrBSC and TiB—
FeNiCrBSC systems. The structure of the interface region in the TiB,FeNiCrBSC
system was characterized by the optical microscopy and SEM-EDS analysis. The
formation of Fe, Ni, Cr and Mo complex borides was revealed within the interface
region of the TiB—FeNiCrBS C system.

Keywords: self-fluxing alloy, refractory compound, contact angle,
titanium diboride, titanium carbide.

INTRODUCTION

Modern high-performance machinery and mechanisms operate at
high speeds, loads, and temperatures. In order to provide the reliable operation of
engineering components the protective coatings should be applied to prevent the
intensive wear and corrosion of functional surfaces Ni- or Fe-based self-fluxing
alloys (NiCrBSIC or FeNiCrBSIC) are widely used in the surface engineering to
provide wear resistance of various components, whose surfaces are subjected to
severe tribological conditions. These aloys usualy contain some amount of
alloying elements such as boron, silicon, chromium and carbon. B and Si are added
into alloy to form with nickel or iron eutectic with low melting point (950-
1080 °C) and provide self-fluxing ability of material. The hardness and wear
resistance of self-fluxing coatingsis achieved by the formation of hard phases such
as nickel and chromium borides, chromium carbides [1].

However, the wear resistance of NiCrBSIC or FeNiCrBSIC coatings can be
significantly improved by adding refractory carbides and borides. Several attempts
have been made to enhance tribologica properties of self-fluxing aloys by
introducing the TiC, CrB,, TiB, reinforcements [2]. In our previous work the
NiCrBSIC-TiB, thermal-sprayed coatings were investigated [3-5]. It was shown
that the addition of titanium diboride particles into a nickel-based self-fluxing alloy
leads to a significant improvement of the wear resistance of the plasma-sprayed
coatings.

Fe-based self-fluxing aloys are promising candidates for matrices of composite
materials for coatings spraying. The wetting behavior of molten aloys in contact
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with ceramic substrates is of key importance in the fabrication of metal-ceramic
composites.

To choose the reinforcing additives for FeNiCrBSiC-based composite materials
the wetting and interfacial reactions of TiB, and TiC with Fe-based self-fluxing
aloy have been investigated in the present study.

MATERIALSAND METHODS

In this study the commercialy available powder of FeNiCrBSIC self-fluxing
aloy (Ni—37wt%, Cr—14wt%, Si—25wt%, C—-14wt%, B-—2.2wt%,
Mo<1wt%, Fe — base) was chosen for the development of the composite
material. This aloy is classified as the eutectic one; its base is a readily available
and inexpensive component, i.e., iron, making it promising for the fabrication of
wear-resistant composite powder materials. The FeNiCrBSIC powder was melted
in alumina crucibles at 11501200 °C under vacuum conditions (p = 10" Pa).
Small pieces of the solidified FENiCrBSIC alloy were used for wetting tests.

Hot-pressed TiB, and TiC plates (14x14x2 mm) were applied as the substrates
for the tests. Apparent porosity of the TiB, and TiC specimenswas 2.5 %.

Wetting studies were carried out by means of the sessile drop technique in a
specia furnace. The sessile drop tests were performed at temperature T = 1150 °C
under vacuum conditions (2-10 Pa). Just before sessile drop test the ceramic plate
and alloy piece were cleaned with alcohol. After the test, the metal-ceramic
couples were cooled inside the vacuum chamber until the temperature dropped to
20°C.

The microstructural and energy dispersive spectroscopy (EDS) anaysis of
cross-sectioned metal-ceramic couples were performed using scanning electron
microscopes (SEM) JEOL -9500FS and REM-106l.

EXPERIMENTAL RESULTSAND DISCUSSION

The FeNiCrBSIC alloy wets TiB, and TiC substrates as shown in Fig. 1. The
initial contact angle of TiC wetting by the FeNiCrBSIC alloy is 117° and then the
contact angle changes sowly until the final value 6 = 51° is reached (see Fig. 1,
curve 1). The FeNiCrBSi alloy wets TiB, substrate, forming the final contact angle
of 36° in 15 min from the melting point (see Fig. 1, curve 2).

0, deg
120
100y
801
60
40f P

201

1 5 10 15 20 1, min
Fig. 1. Wetting kinetics in the refractory compound—FeNiCrBSIC systems: 1 —TiC; 2—TiB,.

To understand the interaction mechanism in the TiC—FeNiCrBSiC and TiB,—
FeNiCrBSIiC systems, the reaction thermodynamics have been calculated [6, 7].
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The calculations of the changes in the reaction enthalpy AH°,9s make possible to
compare the feasibility and favorability of these reactions and to detect the
expected stable phases and their compositions at the metal/ceramic interface.
Reactions at the ceramic/metal interface cause the formation of new phases, which
can influence both the wetting in system and performance of composite materials.
The reactions that can occur in the TiB,/FeNiCrBSiC system between the substrate
and alloy components are as follows:
TiB—FeNiCrBSIC system:

TiB, + 4Cr = 2Cr,B + Ti

AHPo9g = —142.29 kJmol-at B

)

3TiB, + 10Cr = 2CrsB3 + 3T AHP598 = —276.17 kJ/mol-at B ()]
TiB,+2Cr=2CrB + Ti AH® 505 = +8.15 kJ/mol-at B 3
2TiB, + 3Cr = CrzB,4 + 2Ti AH®y9g = +91.44 kJ/mol-at B 4
TiB,+ Cr=CrB, + Ti AH® 505 = +64.25 kJ/mol -at 5)
TiB, + 4Fe=2Fe,B + Ti AH®,9g = +132.87 kJ/mol-at B (6)
TiB, + 2Fe = 2FeB + Ti AHP g5 = +60.57 kJ/mol-at B (7)
TiB, + 4Ni = 2Ni,B + Ti AH®,9g = —101.05 kI/mol-at B (8)
3TiB, + 8Ni = 2Ni4Bs + 3Ti AH® 595 = —228.79 kJ/mol-at B 9
TiB, + 6Ni = 2Ni3B + Ti AHP 505 = —237.93kJmol-a B (10)
TiB, + 2Ni =2NiB + Ti AH®9g = +36.07 kJ/mol-at B (12)
TiB, + Ni = NiB; + Ti AHPyg5 = +104.62 kJmol-at B (12)
5TiB, + 3S = TisSi3 + 10B AH®y93 = +301.25 kJmol-at Si  (13)
TiB,+ S =TiS + 2B AHP = +54.39kJmol-at S (14)
TiB,+2Si =TiSi, + 2B AH®y9 = +55.46 kJmol-at Si  (15)
TiB, + C=TiC + 2B AHP 565 = +6.09 kd/mol-at C (16)
2TiB, + C = B4AC + 2Ti AHPpg5 = +317.54 kJmol-at C  (17)

Thermodynamic studies have shown that the reactions (1), (2), (9) and (10)
have negative values of enthalpy changes and are considered as thermodynamically
feasible.

TiC—+eNiCrBSiC system:

6TiC + 23Cr = Crp3Cs + 6Ti AHP 93 = +511.3 kd/mol-at C (18)

TTiC+ 3Cr =CrCy + 7Ti AHP595 = +1081.58 kJ/mol-at C (19)
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2TiC + 3Cr = Cr3C; + 2Ti AHP 95 = +270.26 kJmol-at C ~ (20)

TIC+B=TiB+C AHCy5 = +23.48kImol-atC  (21)
3TiC + 4B = TigBs + 3C AHCy5 = +40.75kImol-at C (22
TiIC+2B =TiB,+C AHys=-6.09kJmol-at C  (23)
2TiC + 5B = Ti,Bs + 2C AHCy5 = —42.04kJmol-at C  (24)
TiC+4B =B,C + Ti AHCy5 = +121.68 kImol-at C ~ (25)
5TiC + 3Si = TisSis + 5C AH° 55 = +336.82 kImol-at Si (26)
TIC+Si=TiSi +C AHCys = +53.98kImol-at Si  (27)
TiIC+2Si =TiSi,+C AHCy5 =+49.37kImol-at Si (28)
TiIC+Si=SIC+Ti AHCy5 =-121.75kJmol-at S (29)

The thermodynamic studies have shown that reactions (23), (24), (9) and (29)
are thermodynamically feasible due to the negative values of enthalpy reaction
changes.

Thus, some chemical reactions can occur both in the TiB,—FeNiCrBSiC and
TiC+FeNiCrBSIC systems. The CrsBs, NizB and NisBs; phases are the main
reaction products at the interface in the TiB-NiCrBSiC system. It should be noted,
that the same phases are found to be formed in the FeNiCrBSIC aloy [1]. That is
why the formation of CrsBs, NizB and NisB3 should not lead to the deterioration of
composite materials properties. Indeed, the formation of Ti,Bsand SiC compounds
are more likely to precipitate at the metal/ceramic interface in the TiC-
FeNiCrBSIC system. It is reasonable to assume that the formation of such new
compounds affects the wetting behaviour of the TiC—-FeNiCrBSIC system
increasing the contact angle. Therefore, the titanium carbide is worse wetted by the
FeNICrBSIC alloy as compared with TiB,. Furthermore, the formation of such
compounds in the TiC—FeNiCrBSIC system can cause the embitterment of
composite materials. Taking into account the wetting behavior and thermodynamic
calculations, TiB, was chosen as more attractive reinforcing additive for a Fe-
based self-fluxing alloy.

The structure of the cross-sectioned, the TiB—FeNiCrBSIC couple has been
studied by the SEM microanalysis after complete the sessile drop test. Three main
areas were reveded in the TiB,FeNiCrBSIC system: the solidified drop

(Spectrum 1), the interaction region (Spectrum 2, 3), and the ceramic substrate

(Spectrum 4) (Fig. 2).

The heterogeneous structure of a solidified drop presents an eutectic that
consists of (FeNi)Si-based matrix (Fig. 3, a, point 4, the table) and grains of Cr, Fe,
Ni and Mo carboborides (see Fig. 3, a, point 1-3, the table).

The formation of 70 um-thick interaction region was detected at the aloy-
ceramic interface. The interaction region comprises two zones: on the FeNiCrBSIC
drop side and TiB, sde. The interaction zone on the drop side is 40 um thick and
characterized by the (FeNi)Si matrix and the diffusion redistribution of elements
(see Fig. 2, Spectrum 2). Obvioudly, the ceramic substrate dissolution into melted
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alloy and penetration of the melted alloy into the solid take place. Boron diffuses
from the TiB, substrate into the drop region resulting in the formation of large
complex Cr, Fe, and Mo boride grains of up to 10-30 um in size (see Fig. 3, b,
point 2).

O Spectrum 1

e | Spectrum 4
\_/

WD=18.1mm 20.00kV x25.0
a

Fig. 2. Structure of the TiB,—FeNiCrBSIC couple showing: general view of the TiB—

FeNiCrBSiC sample (a), interface region (b).

Fig. 3. Structure of a drop (a) and the interaction region on the drop side (b) in the TiB—
FeNiCrBSiC system.

Chemical composition of the interaction products in the TiB,—FeNiCrBSiC
system

Element, wt %

Structure Point - - -
B C Si Ti Cr Fe Ni Mo
Drop 1 464 141 015 - 4506 2368 938 1568
(Fig. 3,4) 2 710 141  0.07 - 4413 2513 868 13.16
3 512 024 - - 11.88 5675 2479 036
4 - 023 712 148 2081 70.26 -
Interaction 1 8.00 - - - 4473 21.63 6.17 19.35
zoneonthe 2 7.47 - - - 3145 1454 449  40.66
dropside 5 - _ 374 - 429 3700 5497 -
(Fig. 3, b)
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(Contd.)

Interaction 1 034 689 062 6L82 258 227 344 1283
zoneonthe ~ 1560 075 5212 366 328 627 14.24
substrateside 3 ggp 148 241 085 2646 2652 2233 1206
(Fig-4) 4 128 165 - 146 3497 1293 500 4200

The thickness of the interaction zone on the TiB, side reaches 30 um. The
heterogeneous structure of this zone includes grains of Fe, Ni, Cr and Mo complex
borides (Fig. 4, point 3, 4), whose composition varies across the interface region.
Moreover, the grains of titanium carbide were found to form in the interaction
region (Fig. 5), that can be explained by the carbon diffusion from the drop zone
into the metal-ceramic interface during high-temperature test. It is aso confirmed
by the fact that the solidified drop contact area has lower C content (up to
0.4 wt %) as compared with the initial onein the FeNiCrBSiC aloy (1.4 wt %).

Al

Fig. 4. Structure of the interaction region on the substrate side in the TiB,—FeNiCrBSiC system.

So, the results obtained indicate that the interaction region is formed at the
metal-ceramic boundary due to some chemical reactions and diffusion of TiB, and
FeNiCrBSIC elements. The structure of the interaction region consists of the
(FeNi)Si-based matrix and inclusions of Fe, Ni, Cr and Mo complex borides.

CONCLUSIONS

The wettability of TiB, and TiC substrates by the FeNiCrBSIC self-fluxing
alloy was investigated by means of a sessile drop technique. The FeNiCrBSIC
alloy demonstrates good wetting with TiB, and CrB, substrates forming a final
contact angles of 36° and 0O, respectively. The contact angle of TiC wetting by
FeNiCrBSIC alloy is51°.

Thermodynamic calculations revealed that some chemical reactions can occur
both in the TiB,—FeNiCrBSIC and TiC—+FeNiCrBSiC systems. The obtained results
suggest that the interaction in the TiB—FeNiCrBSIC system during composite
materials sintering promotes the formation of additional hard boride and carbide
phases. The investigation of interaction region in the TiB,FeNiCrBSIC system
confirms the formation of heterogeneous structure composed by a (FeNi)Si-based
matrix and complex Cr, Fe, Ni and Mo carboborides.
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: Ti
Fig. 5. Chemical elements distribution within the interface region between the drop and ceramic
substrate in the TiB,—FeNiCrBSIC system.

So, the addition of TiB, particlesinto FeNiCrBSIC alloy as well as formation of
new complex carbide and boride phases should improve the wear-performance of
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TiB—-FeNiCrBSiC composite materials and coatings. Furthermore, in our previous
studies, the positive effect of TiB, additives into a Ni-based self-fluxing aloy on
the structure and operating performance has been shown [3, 8]. Thus, TiB; is a
promising candidate for reinforcing additives for Fe-based self-fluxing alloy in
order to develop composite powder material for the wear-resistant coatings.

Hocniooceno 3mouyeants ma KoHmMakmmuy 63acmoodiio 6 cucmemax TiC—
FeNiCrBSC i TiB,FeNiCrBSC. Kinemuxy smouysanns eusueno memodom “ nexcaqoi kpanui”
6 eaxyymi npu memnepamypi 1150 °C. Kymu 3mouysanns TiC i TiB, camopuocienum cniagom
Ha ochosi 3aniza cmanosunu 51° i 36° eionosiono. [ns euseienns ocodausocmeri KOHMAKMHOL
83a€MO0ii Ha Medici Memanesuil CNAA6—Kepamika NpoBeoeHO MePMOOUHAMIYHI PO3PAXYHKU
cucmem TiC—FeNiCrBSC i TiB,-FeNiCrBSC. Memooamu onmuunoi ma cramyiouor
eLeKMPOHHOL MIKPOCKORIT 8ueueno cmpykmypy 30uu 63acmooii 6 cucmemi TiB,—FeNiCrBSC.
Busieneno opmysanns cknaonux 6opudie Fe, Ni, Cr i Mo 6 30mi 63aemo0ii cucmemu TiBy—
FeNiCrBSC.

Knrouosi cnosa. camoguiocisnuii  cnias, my2oniaéka CHOIyKAa, Kym
3MOUYBAHHS, KOHMAKMHA 83AEMOOIs, OUOOPUO MUMAHY.

Hccenedosanu cmavuganue u KOHMAKMHOE G3AUMOOEUCMEUE 8 CUCEMAX
TiIC+FeNiCrBSC u TiB,FeNiCrBIC. Kunemuxy cmauusanus uzyuanu memooom “ iesxcaujeli
kana" ¢ eaxyyme npu memnepamype 1150 °C. Venor cmauusanus TiC u TiBy camogmiocyio-
WUMCA Chaagom Ha ocHose Hukeas cocmaenanu 51° u 36° coomeemcmeenno. [na evisenenus
0cobenHocmeti KOHMAKMHO20 83AUMOOEUCMEUs Ha paHuye MeMmAaiIudecKull Cnias—Kepamurka
6vL1u  nposedenvl  mepmoounamudeckue pacyemsi cucmem TIC-FENICrBSC u TiB,—
FeNiCrBSC. Memooamu onmuueckoil u 21eKMpOHHOU MUKDPOCKONUU UYHATU CIPYKIYDY 30HbL
ssaumooeticmeusi 6 cucmeme TiBy—FeNiCrBSC. Vcmanoeneno @opmuposanue cnoscrHwix
6opuoos Fe, Ni, Cr u Mo ¢ sone 63aumooeticmeust cucmemot TiB,—-FeNiCrBSC.

Knrouesvie cnosa:. camogriocyowuiicss cniag, myzoniaskoe coeouHeHue,
V2Ol CMA4u8aHusl, KOHMAaKmHuoe g3aumooeiicmsue, GOpUO Mumana.
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