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Base-Metal Saturation of Refractory Carbide

Coatings Produced by Enhanced Ceramic Jets
In Electrothermally Exploded Powder Spray

Hideki Tamura and Masanobu Itaya
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Tungsten carbide and tantalum carbide were sprayed onto substrates of mild steel by the electrothermally
exploded powder spray (ELTEPS) process. High-speed x-ray radiography revealed that tungsten-carbide
jets of molten particles guided inside a nozzle exhibited denser flow than unguided jets at the substrate. The
velocity of the jet was approximately 800 m/s at the early stage of jetting. The ceramic coatings obtained
from the guided spray consisted of carbides of a few to tens of micrometers in size, which were saturated by
the base metal up to the top of the coating. The coatings exhibited diffusion of the sprayed ceramics and base
metal at the interface of the deposit and substrate. The enhancement of the jet flow formed a microstructure
of the ceramic coating, which was saturated by the base metal even without post heat treatment.

The ELTEPS process provides the ceramic feedstock wit
adequate energy for melting and a jetting velocity of several hun
dred meters per secoRfl.The deposition rate and temperature
of the molten ceramics determines the physical processes th
occur at the substrate surface and, therefore, the coating stru
1. Introduction ture. In this article, the ceramic jet is guided to substrates to in

crease the deposition rate. The guidance is characterized K

Refractory ceramics and metals have been used as spray maneans of a time-resolved observation employing flash x-ray ral
terials due to their resistance against abrasive wear and corrodiography. The coating structure is related to the enhanceme
sion. The densification and interparticle bond in the coatings areof jet flow.
needed to obtain the intrinsic properties of the spray materials.

In conventional spray methods, post heat treatment has been )

employed to decrease cracks and pores by filling nickel alloys2: Experimental Setup

and to enhance interparticle bonding by diffusiéril These . . S
processes enhanced the coating hardness and wear resistance.-”_]e_ELTEPS process 1s performed with an electrlc_ circuit
Metallurgical bonding at the interface between the coatings angconsisting ofa I_arge_ capacitor and a vacuum chamber_ln whic
substrates caused by elemental diffusion and mechanical and pOV;/(leelE container is installed between a pair of elgctrlcal con
choring of the metals increased the adhesion strength of the coalt—)aCts[' oniMetal substrates_ were place_d on a holder in the cha_m
ings. The post laser treatm&hand spray-synchronized laser er. The powder charged in the container vyag tungsten carbid
heatind?® controlled the substrate temperature and have aIsoWC (Japan New Metals Co., Ltd., particle size: less thamm5

been effective in enhancing the hardness and adhesion of th _urity: 99.7%, Osaka, Japan), of 2307 kg, or ta”t'?"“m car-
coatings. ide, TaC (Japan New Metals Co., Ltd., particle size: less tha

The electrothermally exploded powder spray (ELTEPS) can _45”"“’ purity: 99.5%), of 2.4 10 kg. The powder was packed

produce dense deposits of refractory ceramics of electricallyIn the container with a relative density_of approximately 5(.)%
conductive carbides and borides without any sintering agentsur‘:j‘:"r,d‘:lnI argotn stmosdphere. :[I'he coptf\:ngr co_r:ﬁlstelcéof an gg
and post heat treatmeht? According to the spray conditionin ~ PO'YE€tNylene be and an outer metal tube with a 16 mm

the ELTEPS, some of the deposits are characterized with ele-;rhe (;nital tué)e hadha l\g/indow ok&30 mm on its side, which
mental codiffusion at the interfaces or the saturation of base met-2¢€ the substrate ho 1er. .
The Joule heat supplied to the powder was estimated by mex

als up to the coating top surfaces even without any post heat

treatment. Based on observation of the structure obtained for ti->4"N9 the voltage and current applied to the powddfigure 1

tanium boride and nitride coatings, melting, stirring, and capil- S"0WS @ schematic view of a plane crossing perpendicularly th

lary movement of substrate metals would be caused by theaXiS and center of the powder container. A pair of flash x-ray tube

Coa t of molt ic droplessl (Sc_andiflash quel 150, Uppsala, S\_Neden) was placed on a pla
successive impact of molten ceramic drop facing the container at the standoff distance of 400 mm. The tubdg

were used in a soft x-ray mode with a pulse width of 35 ns and a
x-ray source of 1 mml focal spot size. A substrate holder and a pa
Hideki Tamura andMasanobu Itaya, Department of Materials Sci- ~ Of x-ray films (Eastman Kodak Co., model DEF-5, Rochester,

ence and Engineering, Tokyo Institute of Technology, Yokohama 226- NY) were placed perpendicular to the viewing plane at distance
8502, Japan. Contact e-mail: tamura@iron.materia.titech.ac.jp. of 80 and 400 mm, respectively, from the container axis. Cham
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Fig. 1 Schematic of an experimental setup for x-ray radiography. The
view is on a plane crossing perpendicularly the axis and center of the pc (@)
wder container 10

ber windows and film cases were made of acrylonitrile-butadiene- ~~
styrene plates with thicknesses of 6 and 1 mm, respectively. The
chamber was filled with nitrogen at & 4.0° Pa.

In order to guide a ceramic jet coming from the container
window, a nozzle made of polyethyleneterephthalate thin film
was installed in the container. The nozzle was shaped into a tube .
The section perpendicular to the tube axis was shaped ellipti-
cally. The ellipse had two kinds of radig.,large and small, of
25 and 18 mm. The long radius was placed on the container axis
The nozzle ended 65 mm from the container axis. The nozzle 0.01
wall thickness was designed to allow the passage of soft x-rays

(Q

tance

Resis
(@]

with adequate intensity onto the films and to guide a ceramic jet. 0 50 100 150
Mirror-polished mild-steel substrates were fixed on the holder Time (us)
facing the nozzle. The micromorphology and constituent ele- ()

ments of the coatings obtained were characterized by scanning
electron microscopy (SEM, JEOL Co. model JSM-5310, Tokyo) 350
and an electron probe microanalyzer (EPMA, Shimazu Co.

model: EPMA-1400, Tokyo, Japan). The crystal phases werein- 300
vestigated using an x-ray diffractometer (XRD, Mac Science

model M18XHF, Japan). g 250r S)
Z 200} <
. . . ) o
3. Experimental Results and Discussion 2 150[ 3
(=% Ll

3.1 Behavior of Ceramic Jets 100F

When the capacitor of the ELTEPS circuit charged at 8.3 kV 50
started to discharge, the powder was immediately Joule-heatec
by electric current. Figure 2(a) shows typical waveforms of the 00

50
voltage applied to the electric contacts of the chamber and of the Time (us)
current flowing in the WC powder. The time-varying apparent ©
resistance of the powder was estimated from the voltage anc

current’ and is shown in Fig. 2(b). The Joule heat supplied Was rig 2 Electrical characteristics of the ELTEPS of tungsten car-
evaluated from the time integration of the power, which was cal- bide. @) The applied voltage and current as a function of titeT ke
culated from the resistance and current and is shown in Fig. 2(c)apparent resistance of the powde) The electric power and Joule heat
According to prior worki! the rapid decrease of resistance oc- Supplied

curred at 6us and, marked bg, corresponds to the beginning

of a large ejectioni.e., jetting of the ceramic powder heated to the powder is calculated to be 14.2 kJ au93indicated by
with high resistivity. The Joule heat supplied until that time is the ysymbol.

11.8 kJ, which corresponds to 2.9 times the theoretical energy The guidance of jetting is characterized in comparison with
of 4.1 kJ necessary to melt the powder. The total energy giventhe behavior of unguided systems,., free jetting. Figure 3

390—Volume 9(3) September 2000 Journal of Thermal Spray Technology



é

Contai ner Hol der (c) 211 us

¥ (a)48us ¥ (b) 54 us

L)
)
@
=
By
9))
S.
S
@
Q.

l

(@") 5B us 20 mm (b*) 104 us (c') 241 us
(d) 59 us Nozzle (@) B6 us ‘ (F) 209 s
I il
il

(&) 211 us (f') 239 us
(') 109 us ' :

Fig. 3 Soft x-ray shadowgraphs of tungsten carbide jets. Three different sprays conducted by free jetting are shown in three imageapdirs of
(@), (b) and '), and €) and €'). Part of the shadow, which is surrounded by a white squaag, im¢ved to another location indicated &) ( An-
other three different jets, which were nozzle-guided, are shown in image paiysnfl(f'), (€) and €), and {) and {'). The times indicated origi-
nated from each onset of the jetting. The scale corresponds to the unit in length on a plane, which was perpendicular to the substrate holder ang
the powder-container axis

shows six pairs of radiographis., shadowgraphs of the free and () show the change of another jet over aisnterval. The
and guided spray jets. Figure 3(a) arngl\(eere taken at differ-  latter shows the narrow condensation of the jet close to the suf
ent times of 48 and 58s respectively, originating from the strate holder and other faint groups extending upward or down
onset of free jetting. The jet is distinguished by a faint shadow ward. Another jet captured after 2@@ from its onset also
extending from the powder container standing at the left-hand exhibited a faint condensation diverging outward, as shown i
side to the substrate holder at the right-hand side. It is seen theFig. 3(c) and (9. The electrical characteristics regarding energy
part of the shadow surrounded by a white square in Fig. 3(a)supply in these sprays are summarized in Table 1. According t
moved to another location indicated i) @fter 10us. The jet- these data, the energy given to the powder until the onset of je
ting velocity of that part is approximately 800 m/s. Figure 3(b) ting and the total energy supplied average 11.3 and 13.3 kJ, re¢
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spectively, with a divergence of 10% for both the free and 3.2 Microstructures of Enhanced Spray Coatings
guided jets shown in Fig. 3. . ) .

The early stage of a guided jet is shown in Fig. 3(d) ahd (d Figure 4(a). shows Fhe SEM image of the cross section ofa
which correspond approximately to Fig. 3(b) and, (espec- tungsten-carbide coating, which was obtained on a mild-steel
tively, for the free jet with respect to the time after onset. A faint Substrate by the enhanced spray with total Joule heat of 13.5 kJ.
shadow is seen in front of the holder even au&9uring the ~ 1he XRD analysis conducted on a coating top surface had al-
latter 50, that shadow enlarged more than 40 mm along theeady revealed the diffraction peaks r_:orrequndlng o_nly to the
holder surface. However, there is no shadow coming through theC"yStal phases of WC, W, W,C, and iron, while the diffrac-
nozzle wall. Thus, the jet was guided inside the nozzle angtion of the cubic W&y was much stronger than the others. Thus,

sprayed toward the substrate, while the free jet diverged out-decarburization was observed. The elemental analysis of tung-
ward, as seen in Fig. 3jbThe velocity of the condensed part of sten on the cross section indicates that these carbides exist inside

a guided jet had been observed to be approximately 800 m/s_the coating, and i_t is shown in Fig. 4(b). The bright areas are ri_ch
based on another pair of radiographs taken at the early stage, nd tungsten. The iron of the substrate was also analyzed, and itis
shown here. The faint jet of condensed matter had already filedMaPpPed in Fig. 4(c). According to the comparison of the SEM
the space in front of the substrate at the time gf3@s seenin  IMmage with the element distributions, it is found that the carbide

Fig. 3(e). A dense part of the jet had been formed in that Spac(particles of a few to tens of micrometers in size were saturated
during another 12%s, as shown in Fig. 3je The electrical by iron,i.e.,the base metal. Although the deposit rangedriO
characteristics followed by this jetting have been shown in Fig. in thickness, such saturation of the substrate material reached the

2. Another set of radiographs shown in Fig. 3(f) afjca(§o ex- top surface of the coating, which is identified on the depth pro-
hibits a dense jet facing the substrate. The jet was still guided in-fil€ Of iron in Fig. 4(d). The profile was based on the accumula-
side the nozzle, while the free jets shown in Fig. 3(c) afd (c tlon.of the specific x-ray detection over the area of Fig. 4(c). At
diverged faintly. Although there is no leakage of the jet out of the interface of the coating and substrate, the mutual element dif-
the nozzle wall, the deformation of the nozzle base is seen andUSion of tungsten and iron ranges from several tra0This

was caused due to the jet extending perpendicularly to the p|(,jm‘sa}turated microstrugture had not been found in any coatings ob-
of the photograph. Hence, the nozzle is effective in enhancingt@ined by free, unguided spray jets of tungsten carbide. A mono-
the amount of jet flow onto the substrate. lithic coating of tungsten carbide discretely laid on a mild steel

by a free jet can be seen in prior wétk.

This type of composite made of ceramics saturated with base
metals has been found in other coatings of tantalum carbide onto
aluminum@® titanium carbide onto mild ste@ltitanium boride
onto mild steell” and a composite of titanium boride and nitride

Table 1 Electrical characteristics regarding energy supply
in the tungsten-carbide sprays shown in Fig. 3

Duration of Energy _ onto mild steel and aluminufl The process of these phenomena

22?;'239 Sggg'rid D”;ﬁg?;y"f theilgy has been proposed as folloWsthe jet composed of molten ce-

jetting, jetting, supply, supplied, ramic particle deposits due to successive particle impact on the
Spray nus kJ s kJ metal substrate. The surface begins to melt by heat conduction and
(@) 65 101 96 141 is stirred by successive impact. Thus, mixing of the molten mate-
(b) 72 12.4 83 13.8 rials occurs. Although the ceramics should solidify and recrystal-
(c) 70 10.7 89 12.2 lize faster than the metal during the cooling phase, the metal would
(d) 68 L5 92 13.6 still be molten and saturate the interparticle space of the ceramics
(e) 69 11.8 93 14.2 ) ;
) 72 115 76 120 up to the top surface of the deposit. The saturation range depends

on the deposition rate of the ceramic jet, which is determined by

Note: Spray is identified by the figure number in Fig. 3 the amount of the jet flow coming onto the substrate.

@ |

y |

(@) 30 am (b) (c) T ikmrty tai)

Fig.4 (a) SEM image of a cross section of tungsten-carbide coating obtained on a mild-steel suf)stuatgs(en element map on the viewaf (
The bright area is rich in the analyzed elementiron element mapd) Depth profile of iron accumulated over the mapchf (
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Fig. 5 (a) SEM image of a cross section of tantalum-carbide coating obtained on a mild-steel subkffat#a(um element map on the view of
(a). The bright area is rich in the analyzed elemeptirén element mapdj Depth profile of iron accumulated over the mapchf (
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shows the SEM image and element distributions on a coatingyjetals Co., Ltd. for supplying the powders of tungsten carbide
cross section. The XRD analysis exhibited only the two phasesg,g tantalum carbide.

of cubic TaG and iron. The decarburization for the carbon con-

tent of 0.87 was estimated from the analysis considering the re-

lationship between the carbon content and lattice cor&tant.
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