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Surface composites reinforced with TiC particulates were fabricated by high-energy electron-beam
irradiation. In order to investigate the effects of flux addition on the TiC dispersion in surface composite
layers, four kinds of powder mixtures were made by mixing TiC with 5, 10, 20, and 40 wt pct of
the flux components (MgO-CaO). To fabricate TiC-reinforced surface composites, the TiC-flux mix-
tures were deposited evenly on a plain carbon steel substrate, which was subjected to electron-
beam irradiation. Microstructural analysis was conducted using X-ray diffraction and Mössbauer
spectroscopy as well as optical and scanning electron microscopy. The microstructure of the surface
composites was composed of a melted region, an interfacial region, a coarse-grained heat-affected
zone (HAZ), a fine-grained HAZ, and an unaltered original substrate region. TiC agglomerates and
residual pores were found in the melted region of materials processed without flux, but the number
of agglomerates and pores was significantly decreased in materials processed with a considerable
amount of flux. As a result of irradiation, TiC particles were homogeneously distributed throughout
the melted region of 2.5 mm in thickness, whose hardness was greatly increased. The optimum flux
amount, which resulted in surface composites containing homogeneously dispersed TiC particles, was
found to be in the range of 10 to 20 pct to obtain excellent surface composites.

I. INTRODUCTION by direct irradiation using a high-energy electron beam in
order to achieve surface hardening or surface alloying.[19,20]

GENERALLY , metal-matrix composites reinforced
When a material surface is irradiated by a high-energywith ceramics have excellent properties compared to unrein-

electron beam of several MeV, electron energy is transferredforced metals because they show high strength, high elastic
to the material surface by collisions with the electrons ofmodulus, and improved resistance to wear and oxidation.
the material. The energy from these electrons is transferredIn particular, because TiC-reinforced ferrous or nickel-base
nearly instantaneously to the lattice as heat[21] that is highcomposites are very hard and have thermodynamically stable
enough to melt materials having high melting temperatures.TiC particles inside the matrix, whose structure can be modi-
Upon irradiation of a metal surface on which ceramic pow-fied by subsequent heat treatment,[1,2] they can be applied
ders are evenly deposited, the metal surface is melted, whileto structures requiring resistance to abrasion and corrosion
the ceramic powders are either partially or completely meltedand high-temperature properties. Ferrous composites rein-
and then precipitated again during solidification, therebyforced with titanium carbides are typically fabricated by a
fabricating a surface composite. This electron-beam-irradia-powder-metallurgy route through the process of mixing TiC
tion method rarely forms pores or cracks because of highpowders with steel powders, densification, and sintering and
thermal efficiency and homogeneous heating and cooling.are commercialized in such brand names as Ferrotic, TiCAl-
It can be continuously performed due to its application inloy, and Ferrotitanit.[3,4,5] In this fabrication method, homo-
air, and thus can treat a very large area conveniently at onegeneous mixing of TiC and steel powders is hard to achieve,
time, which makes it advantageous for the fabrication ofand the surface of both powders is prone to contamination
large-sized structures or parts and for mass production.during mixing. Another way to fabricate TiC-reinforced
Advantages of this irradiation method are (1) a discontinuitycomposites is by casting using liquid Fe-Ti-C alloys,[6,7] Fe-
in chemical and mechanical properties between the meltedTi and Fe-C alloys,[8,9] or Fe-Ti alloys and graphite[10] to
region and the substrate does not exist, in distinction fromobtain thermally stable carbides from the liquid by in situ
other surface treatments such as spraying and evaporation;precipitation of TiC particles. However, this method
(2) slag formation is minimized; (3) ceramic powders candemands a complex process to achieve a uniform TiC particle
be saved by alloying only the surface region; (4) productivitydispersion. Other fabrication techniques such as liquid-phase
is high, e.g., 72 m2 area per hour; and (5) the fabricationsintering,[11] self-sustaining high-temperature synthesis,[12]

cost is reduced because energy of 0.6 to 0.8 kWh is requiredplasma spraying,[13] and surface alloying using a laser[14–18]

to treat 1 kg of powder.have also been used. Recently, new attempts have been made
In the present study, a simple process is suggested to
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Table I. Irradiation Conditions of High-Energy ElectronA mixture of MgO and CaO powders was used as flux to
Beam for the TiC-Reinforced Ferrous Surfaceobtain a uniform TiC particle dispersion, and four kinds of

Compositesspecimens were fabricated by varying the mixing ratios of
TiC and flux in order to compare the resulting various micro- Electron energy 1.4 MeV
structures, chemical compositions, and hardnesses. Beam current 28 mA

Beam traveling speed 1 cm/s
Beam diameter 1.2 cmII. EXPERIMENTAL
Scanning width 4 cm

Ceramic reinforcements used in this study are TiC pow- Scanning frequency 20 Hz
Distance from diaphragm to specimen 9 cmders fabricated by Atlantic Equipment Engineers Co., Ltd.

(Bergenfield, NJ), with a 99 pct purity and a size of 2 to 5 mm.
Stoichiometric TiC is a stable and hard compound having the
NaCl-type fcc structure, a density of 4.94 g/cm3, and a

After sectioning the irradiated specimen parallel to themelting temperature of 3160 8C.[22] A plain carbon-steel
irradiation direction, the microstructure was examined usingplate (40 3 50 3 20 mm) was used as a substrate. The
optical microscopy and scanning electron microscopysteel’s composi-
(SEM). Phases in the surface composite specimens weretions are Fe-0.10C-0.24Si-0.56Mn-0.16Cu-0.08Ni-0.06Cr-
analyzed by X-ray diffraction and Mössbauer spectroscopy,0.02Al-0.01P-0.03S (all in wt pct). In the present study,
and volume fractions of TiC particles were measured usingMgO and CaO powders were selected as flux components
an image analyzer.and mixed with a 1:1 ratio (in wt pct) for convenience. It

A 20 mCi Co57 gamma-ray source in Rh matrix washas been reported that the role of MgO is to control the
used for the Mössbauer spectroscopic study. Thin disk-typemolten fluidity and that of CaO is to reduce the impurities
specimens (about 50 mm in thickness and 10 mm in diameter)during welding or brazing.[23,24] After mixing TiC powders
were prepared from the surface composite layers. The trans-with the MgO and CaO components, the mixture was dried
mission-mode resonance absorption spectrum was taken.at 200 8C for 30 minutes. In order to survey the effects of
The spectrum was least-squares fitted with the subspectraflux addition on TiC dispersion in surface composite layers,
relevant to iron carbides and iron phases of bct-Fe, of bcc-four kinds of TiC-flux mixtures were made by mixing TiC
Fe, and of fcc-Fe.[25,26] Microhardness was measured alongwith 5, 10, 20, and 40 wt pct of the flux components. For
the depth from the irradiated surface using a Vickers hard-convenience, these mixtures are referred to as “T5,” “T10,”
ness tester under a 500-g load.“T20,” and “T40,” respectively. The surface of the steel

substrates was ground and cleaned, and the TiC-flux mix-
tures were deposited on it homogeneously to about 1-mm

III. RESULTSthickness. The mixtures were pressed at 300 kPa and then
irradiated with a high-energy electron beam. Figure 1 is a A. Microstructure of Surface Composite Layers
schematic diagram showing the fabrication procedures.

A high-voltage electron accelerator at the Budker Institute Figures 2(a) through (d) are low-magnification optical
micrographs showing the overall microstructures of the fourof Nuclear Physics (Novosibirsk, Russia) was used for irradi-

ation. This accelerator has energy ranges of 1.0 to 2.5 MeV TiC-reinforced ferrous surface-composite specimens. The
surface of the carbon steel substrate as well as powder mix-and a maximum power of 80 kW. Irradiation conditions

depend on process parameters such as beam power, beam tures is melted, and the melted region is composed of par-
tially or completely melted and reprecipitated TiC particlescurrent, and beam traveling speed. The process parameters

used in this study are listed in Table I. The flux components, in matrix phase. The thickness of the surface composite
specimens shows minor variations but is approximately 2.5MgO and CaO, form slag crusts after irradiation, and thus,

no flux components exist in the surface composite layers. mm in all the specimens. The interface between the melted

Fig. 1—Schematic diagram showing the fabrication procedures for the TiC-reinforced surface composite specimens.
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micrograph of the T10 specimen and shows faceted rosette-
shaped primary TiC particles and fine needle-shaped formed
between primary TiC particles by a ternary eutectic reaction
(marked by an arrow). In the T20 specimen, only cuboidal
TiC particles of about 3 to 4 mm in size are evenly distributed
in the melted region (Figure 4(d)). The TiC volume fraction
is radically reduced in the T40 specimen because only cuboi-
dal TiC particles of about 1 mm in size are found (Figure
4(e)). It is interesting to note that a few eutectic TiC particles
are precipitated along solidification-cell boundaries in the
T40 specimen (Figure 4(f)). When the matrix of the melted
region is observed in the nital-etched condition, the T40
specimen is mainly composed of bainite together with a
small amount of ferrite (Figure 5). The matrices of the other
specimens are also composed of mostly bainite, as in the
T40 specimen.

The volume fraction and average size of the TiC particles
precipitated in the melted region are listed in Table II. The
volume fraction of TiC agglomerates in the T5 specimen is
about 30 pct, and the total TiC volume fraction reaches about
50 pct if primary and fine eutectic TiC particles are counted.
The agglomerate volume fraction decreases to about 8 pct
in the T10 specimen, and the total TiC fraction is about 28
pct. In the T20 and T40 specimens, the total TiC fraction
is reduced to 13 and 2 pct, respectively, and TiC agglomer-
ates are not found.

B. Microstructure of HAZ
Fig. 2—Low-magnification optical micrographs of the TiC-reinforced sur-
face composite specimens irradiated with a high-energy electron beam: (a) Figures 6(a) through (f) are optical micrographs of theT5, (b) T10, (c) T20, and (d ) T40 specimens. The TiC powders and the

T20 specimen, showing the microstructural modificationsurface of the steel substrate were melted by irradiation, and the interface
between the melted region and the HAZ is clearly visible. Nital etched. from the interfacial region to the unaltered substrate region.

A distinct interface between the melted region and the HAZ
exists, as shown in Figure 6(a). Below the interface are a
coarse-grained HAZ, a fine-grained HAZ, and an unaltered

and the unmelted regions is clearly visible. Below the melted region. Such a sequence of microstructures is similar to the
region lies a heat-affected zone (HAZ) of about 2.5 mm case of a welded-steel HAZ.[27,28] The HAZ adjacent to the
in thickness. interfacial region consists of a coarse-grained structure of

ferrite and bainite (Figure 6(b)). The ferrite here is character-Figures 3(a) through (e) are optical micrographs of the
ized by a peculiar growth pattern, which occurs radially incomposite specimens. In the upper part of the melted region
one direction, unlike the equiaxed or elongated shapeof the T5 specimen, coarse TiC agglomerates and pores are
observed in an ordinary ferrite-pearlite structure. This hap-observed, as indicated by arrows in Figure 3(a). Figure 3(b)
pens under an extremely low cooling rate when ferrite growsis a higher magnification micrograph of the area marked by
in a Widmanstätten pattern from the prior austenite grain“A” in Figure 3(a). These TiC agglomerates look similar to
boundary into the interior of the austenite grain.[29] Belowthose formed in a sintered reaction, and are concentrated in
the coarse-grained HAZ exists the fine-grained HAZ, whichthe upper melted region because of the density difference
is mainly composed of ferrite (Figure 6(c)). Figures 6(d)between the TiC and the steel substrate. In the T10 specimen,
and (e) show a decomposition process of pearlite in theTiC agglomerates are also observed, together with micro-
region below the fine-grained HAZ, because this region waspores inside the agglomerates, but a fraction of agglomerates
heated up to (a 1 g) region during irradiation. Figure 6(f)and pores is considerably reduced in comparison to the T5
is a micrograph of the unaltered region, which consists ofspecimen (Figure 3(c)). The TiC agglomerates continue to
ferrite and pearlite.decrease in number as the flux addition increases and, thus,

almost completely disappear in the T20 and T40 specimens
(Figures 3(d) and (e)).

C. Phase Analysis of Surface Composite LayersFigures 4(a) through (f) are SEM micrographs showing
the TiC particles in the melted region. The T5 specimen is Figures 7(a) through (d) are the X-ray diffraction patterns
mainly composed of radially grown dendrites of primary of surface composite layers, confirming the presence of TiC
TiC particles, together with faceted rosette-shaped and fine particles and ferrite. The TiC intensity decreases with
cuboidal TiC particles (Figure 4(a)). The T10 specimen also increasing flux-mixing ratio. A small amount of retained
shows the same solidification behavior as in the T5 speci- austenite is also present in the T5, T10, and T20 specimens,
men, except that the TiC particle size is slightly reduced because the carbon content of the matrix might be increased

by the melting of TiC powders.(Figure 4(b)). Figure 4(c) is a higher magnification SEM
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Fig. 3—Optical micrographs of the melted region of (a) and (b) the T5, (c) the T10, (d ) the T20, and (e) the T40 specimens. (b) is a higher magnification
micrograph of the area marked “A” in (a). Arrows indicate TiC agglomerates and pores in (a) through (c). Not etched.

Mössbauer spectroscopy is advantageous for its capability the irradiated surface composite layers and to quantitatively
measure their fractions. It should be noted that the Mössbauerto provide qualitative and quantitative information on the

fraction of iron-containing phases in steels, which is hard analysis does not give information on compounds of noniron
alloying elements such as TiC, since only the signal fromto obtain from other analysis methods such as X-ray analysis.

Thus, when used complementarily with other analyses, it can the iron can be detected in this experiment.
Table III lists the reported hyperfine parameters, withproduce very important insights. The present study employs

Mössbauer spectroscopy to identify the phases present in which the least-squares fitting of the Mössbauer spectra can
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Fig. 4—SEM micrographs of the melted region of (a) the T5, (b) and (c) the T10, (d ) the T20, and (e) and ( f ) the T40 specimens. Arrows indicate TiC
dendrites, faceted rosette-shaped TiC particles, cuboidal TiC particles, and needle-shaped eutectic TiC particles precipitated along solidification cell boundaries.
Not etched.

be conducted. Pure ferrite has a single sextet (bcc-Fe), whose iron atoms to produce several subspectra. Due to the strong
disturbance, there seems to be no resolution to differentiatehyperfine field is about 33 Tesla. The bct phase (martensite),

however, includes significant amounts of carbon at the inter- the patterns of bct-Fe and bcc-Fe, where substitutional ele-
ments are incorporated. The only choice is to designate thestitial sites. Thus, the spectrum consists of at least three

sextets, depending on the location of carbon atoms at the spectra simply as Fe-M(1) and Fe-M(2) for those Fe’s with
an alloying element at the first and the second nearest substi-first, the second nearest interstitial sites, and further (bct-

Fe(1), bct-Fe(2), and bct-Fe).[30] Substitutional elements, tutional sites, respectively. (When the element locates further
apart, the spectrum becomes bcc-Fe or bct-Fe.) The nonmag-such as manganese and silicon, are soluble in both bcc and

bct structures and strongly disturb the local environment of netic fcc phase (austenite) has a highly isotropic structure
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fcc) and is about 13 A
˚

3 in carbides. (The volume per iron
atom was obtained by dividing the volume of a unit cell
with the number of iron atoms in the cell.) In these regards,
the area fraction of the subspectrum is a good estimation of
the fraction of the corresponding phase. It should be noted
that the bcc phase could be the constituent of pure ferrite,
pearlite, and bainite. Thus, the relevant structure must be
assigned with the help of the microstructural observations.

Figures 8(a) through (d) are Mössbauer spectra of the near-
surface melted region and show peak positions of subspectra.
The bct-Fe was not detected in any specimens. Correlating
these results with the microstructure of Figure 5, the bcc
phase in these surface composites can be assigned to be
bainite (or ferrite), since pearlite cannot be identified from
the microstructure. The fraction of each phase was deter-
mined according to the aforementioned method and is listed
in Table IV. The surface composite layers are composed of

Fig. 5—Optical micrograph of the melted region of the T40 specimen, 89 to 96 pct bainite (or ferrite), 2 to 3 pct cementite, and 2showing the matrix microstructure composed of bainite, together with a
to 8 pct austenite, depending on the flux-mixing ratio.small amount of ferrite. Nital etched.

D. Hardness
Table II. Quantitative Analysis Results of the Surface

Composite Specimens Fabricated by a High-Energy The hardness of the surface composite specimens was
Electron Beam measured along the depth from the irradiated surface, and

the results are shown in Figures 9(a) through (d). The mea-Volume Fraction of TiC Particles (Pct) Average
surements in all of the plots represent several sets of hardnessSizeTiC Primary Eutectic Total measurements made from the surface, and the bars associated(mm)Specimen Agglomerate TiC TiC TiC with each hardness data point represent the standard devia-

T5 29.6 15.8 5.2 50.6 — tion of each hardness measurement at that depth. The Vickers
T10 7.9 13.3 6.5 27.7 — hardness of the melted region of the T5 specimen ranges
T20 0 4.7 8.7 13.4 3.5 from 440 to 510 VHN (Figure 9(a)) and that of the TiC
T40 0 0.5 1.2 1.7 1.12 agglomerates is about 790 VHN. The hardness deviation

expressed by an error bar slightly decreases as it is close to
the interfacial region located at 2.5-mm depth, and the hard-
ness abruptly drops to 175 VHN in the coarse-grained HAZand produces a singlet.[31] Fe3C carbide has two equivalent
just beneath the interface. The hardness tends to graduallysites in the crystal structure and, thus, produces two magnetic
decrease further down in the HAZ and reaches 150 VHNsextets. The hyperfine magnetic fields are 20.5 and 19.7
in the fine-grained HAZ. The hardness of the unalteredTesla for Fe3C(a) and Fe3C(b), respectively.[32–35] In a rapidly
region is about 135 VHN, and thus, the hardness of thecooled sample, some cementites should be very fine. This
melted region is 4 times higher than that of the unalteredrequires an extra spectrum for super paramagnetic cementite,
original substrate. The T10 specimen also shows a hardnessFe3C(s), to analyze the sample where martensite and/or bain-
trend similar to that of the T5 specimen, but the maximumite are the constituents.[36] The sextet of Fe5C2,[35] another
hardness is slightly less because of the reduced size andmagnetic carbide, is distinct due to the hyperfine magnetic
fraction of TiC particles (Figure 9(b)). The maximum hard-field of 23 Tesla.
ness of the T20 specimen is reduced to 410 VHN, but isThe integral intensity of each subspectrum (the area below
relatively constant as cuboidal TiC particles are evenly dis-the base line) provides an estimation of iron population in
tributed in the structure (Figure 9(c)). The T40 specimeneach phase. The volume fractions of steel phases have hardly
also shows a constant hardness in the melted region, but thebeen mentioned in the Mössbauer spectrum analysis, because
hardness is lowered to 380 VHN because of the low fractionthe gamma ray recoil-free fractions are not exactly known
of TiC particles (Figure 9(d)). These hardness data indicatefor the phases. At a constant experimental temperature, how-
that the hardness of the melted region is 3 to 4 times greaterever, the recoil-free fraction is solely determined by the
than that of the original substrate.Debye temperature of the phase.[37] The Debye temperatures

are about 470 K for bcc-Fe[38] and 480 K for Fe3C.[32] The
value for the bct-Fe is not available at this time, but should IV. DISCUSSION
be between 470 K (bcc-Fe) and 480 K (Fe3C), as is the
mechanical rigidity of the bct-Fe. Such a negligible differ- The microstructure of the TiC-reinforced ferrous surface

composites fabricated by high-energy electron beam irradia-ence in the Debye temperatures imply that the fraction of a
subspectrum represents well the atomic population of iron tion is composed of the melted region, the HAZ, and the

unaltered original substrate region. The thickness of thein each phase without a serious correction for the recoil-free
fraction. Furthermore, the atomic fraction and the volume melted region depends on the penetration depth of the elec-

trons, which is determined by the electron energy and mate-fraction differ less than 10 pct (relative), since the volume
per iron atom is about 12 A

˚
3 in iron phases (bcc, bct, and rial density.[39] Since the electron energy was fixed at 1.4
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Fig. 6—Optical micrographs of the T20 specimen, showing (a) interfacial region, (b) coarse-grained HAZ, (c) fine-grained HAZ, (d ) and (e) the region
below fine-grained HAZ, and ( f ) unaltered original microstructure, which consists of ferrite and pearlite. Nital etched.

MeV and the density of the steel substrate (7.8 g/cm3) was inhomogeneous distribution of reinforcing phases in the
melted region because the unmelted ceramic particles, ormuch higher than that of the powder mixture (1.5 g/cm3),

the irradiation depth is mostly dependent on the substrate such particles that form first during solidification, have a
tendency to float in the liquid pool. To overcome this prob-density. Thus, the thickness of the melted region, i.e., the

surface composite layer, does not vary much with the flux- lem, ceramic powders such as SiC, TiC, TiB2, and TiN,
having lower density than the substrate, are sprayed usingmixing ratio, being constant at about 2.5 mm under the

present irradiation conditions. a laser beam.[18] However, the present work achieves a homo-
geneous distribution of reinforcing phases by adding anA problem in fabricating surface composites reinforced

with ceramic particles by electron beam irradiation is the appropriate amount of flux to control the fluidity of the
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agglomerates decrease in number, and the homogeneous
dispersion of TiC can be achieved. This is evidence for the
fact that the flux components play an important role in
controlling the molten fluidity. They form slag crusts in
the upper surface of the melted region after electron beam
irradiation, and thus have no effect on the composition of
the surface composite layer. The results of the X-ray analysis
indicate that there are no phases related with the flux compo-
nents (Figures 7(a) through (d)). When a small amount of
flux is added, as in the T5 specimen, TiC agglomerates
and pores exist in the melted region (Figures 3(a) and (b)),
whereas with too much of the flux (and a lesser amount of
TiC powders), the hardening effect is reduced because of
the lower fraction of TiC particles inside the melted region
(Figure 3(e)). According to these results, the optimum flux-
mixing ratio is 10 to 20 pct.

When the steel substrate deposited with properly mixed
TiC powders and flux is irradiated, the TiC powders and
the substrate surface are melted, forming the melted region
after the subsequent solidification. Depending on the amount
of the flux addition, TiC particles in the melted region have
various shapes. The T5 specimen has a lot of coarse TiC
agglomerates formed in the upper part of the melted region,
leading to an incomplete distribution of TiC particles. The
TiC volume fraction in these agglomerated regions reaches
70 pct, and thus, it is believed that they have formed when
only the surface of the powders is partially melted and solidi-
fied to a spherical shape.

The precipitation of TiC particles in the melted region
and the solidification of the matrix can be explained from
an Fe-Ti-C ternary phase diagram.[6,7,40] Because no fluxFig. 7—X-ray diffraction data of the melted region of (a) the T5, (b) the
components exist in the surface composite layer, it is possibleT10, (c) the T20, and (d ) the T40 specimens.
to use this ternary phase diagram. Figure 10 shows a liquidus
projection of the iron-rich region. Supposing that the matrix

Table III. Hyperfine Parameters at 300 K and TiC powders are completely melted, the liquid composi-
tion of each specimen can be plotted on the dotted line.

Phase Spectrum d (mm/s) Q (mm/s) Hf (T) References Also, it can be assumed that the TiC agglomerates are not
bcc bcc-Fe 0.00 0.00 33.0 standard involved in the solidification process during irradiation

bcc 1 bct Fe-M(1) 0.11 0.02 27.4 36 because they are mainly composed of unmelted TiC powders
Fe-M(2) 0.07 20.04 30.7 and condensed in certain areas, as shown in Figures 3(a)

bct bct-Fe(1) 0.08 0.28 26.5 30
and (c). The region of the TiC agglomerates is different frombct-Fe(2) 20.05 0.20 34.3
the dominant microstructure of the surface composite layer.bct-Fe 0.06 20.18 33.3
Thus, the fraction of TiC agglomerates can be excluded infcc fcc-Fe 20.05 0.00 0.0 31
determining the liquid composition.Fe3C Fe3C(a) 0.21 20.06 19.7 32–36

Fe3C(b) 0.19 0.32 20.5 Since the TiC fractions (primary and eutectic TiC) in the
Fe3C(s) 0.41 1.74 0.0 T5 and T10 specimens are about the same (around 20 pct),

Fe5C2 Fe5C2 0.10 0.12 23.0 35 as shown in Table II, it can be presumed that they underwent
a similar solidification process. When the temperature rises
to the melting point of the TiC powders and then cools down
below the liquidus temperature, primary TiC particles startliquid pool and to enhance the wetability between the liquid
to nucleate and grow by diffusion of nearby Ti and C aspool and ceramic powders. Generally, a flux is added to the
the temperature decreases. When the temperature decreasesmetal melt during welding or brazing to clean the surfaces
further to the point “A,” ferrite dendrites also start to formof the joint chemically, to prevent atmospheric oxidation,
and continue growing with the TiC particles until the pointand to reduce impurities or float them to the surface.[23,24]

“TP,” the ternary quasi-peritectic temperature (1320 8C). AtBecause the flux is very versatile in its components and its
the point “TP,” the liquid interacts with ferrite dendrites andaffect varies with the process conditions, it is very important
is partially or totally transformed to austenite dendrites. Thisto decide precisely what components are used and how much
transformation continues in the solid phase, and more TiCof them are to be mixed. The flux used in this work is a
and austenite are precipitated. Reaching the point “TE,” themixture of CaO and MgO (1:1 ratio in wt pct). It has been
ternary eutectic temperature (1130 8C), austenite is finallyreported that the former performs a refining function in the
transformed into pearlite, martensite, or bainite, dependingmetal melt and the latter controls the fluidity inside the

liquid pool.[23,24] As the flux addition increases, the TiC on the cooling rate, and solidification is completed. It is
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(b)(a)

(d )(c)

Fig. 8—Mössbauer spectra of the melted region of (a) the T5, (b) the T10, (c) the T20, and (d ) the T40 specimens.

Table IV. Quantitative Analysis Data Obtained from region. Reaching the point “TP” after primary d-Fe is precip-
Mössbauer Spectroscopy for the Surface Composite itated, the liquid is partially or totally transformed to austen-
Specimens (Weight Percent, Error Range: 61 pct) ite dendrites reacting with ferrite dendrites, and TiC particles

start to precipitate along the cell boundaries of the austeniteSpecimen Austenite Bainite (or Ferrite) Fe3C
dendrites. When the temperature reaches the point “TE,”

T5 4 94 2
solidification is completed. The melted regions formed byT10 5 93 2
the preceding processes are found to have microstructuresT20 8 89 3
that are consistent with the microstructural results of SectionT40 2 96 2
III–A and the phase analysis data of Section III–C.

The results of this study on the TiC-reinforced ferrous
surface composites fabricated by high-energy electron-beamfound that the matrix of the melted region of the T5 and
irradiation explain the surface composite process includingT10 specimens is mainly composed of bainite.
the formation of the melted region and the hardness improve-In the case of the T20 specimen, it does not have sufficient
ment. They further suggest ideas on the fabrication of surfacetime for primary TiC to form because the temperature range
composites with enhanced surface properties. Also, high-from liquid to the point “A” is very narrow, unlike in the
temperature properties of a material’s surface can beT5 and T10 specimens. Due to the lower content of Ti and
improved tremendously by the formation of a considerableC inside the liquid, TiC particles do not grow as large but
amount of TiC particles that are thermodynamically stableform in a cuboidal shape (Figure 4(d)). In the T40 specimen,
at high temperatures. Because the electron-beam irradiationthe TiC fraction in the melted region is very small, and thus,
can easily melt ceramic powders, the surface compositesit goes through a different solidification process from the

other specimens because the liquid exists within the ferrite with an even distribution of thermally stable carbides on the
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(a) (b)

(c) (d )

Fig. 9—Vickers hardness vs depth from the irradiated surface of (a) the T5, (b) the T10, (c) the T20, and (d ) the T40 specimens.

substrate surface can be fabricated by in situ precipitation V. CONCLUSIONS
of TiC particles. Considering the energy distribution vs depth

Surface composites reinforced with TiC particles werefrom the surface, the electron beam has a Gaussian distribu-
fabricated by high-energy electron-beam irradiation, andtion, whereas the laser beam shows a tendency for an expo-
their microstructures and properties were analyzed.nential reduction;[41] thus, thicker surface composites can be

fabricated by electron-beam irradiation. Particularly, when 1. Microstructures of the surface composites were com-
using a high-energy electron beam of several MeV, as in posed of the melted region, HAZ, and unaltered region.
this study, the penetration depth of the electron beam further The thickness of the melted regions was nearly constant
increases, thereby making it possible to form surface com- at about 2.5 mm without showing much variation with
posites of 2 to 3 mm in thickness. As this electron-beam- the flux addition.
irradiation method is not only economical but also leads to 2. By adding the proper amount of flux, the surface compos-
the development of new advanced materials with improved ites did not have TiC agglomerates and pores and showed
properties, further studies are required on selection of the a homogeneous dispersion of TiC particles. When a small
ceramic powders and flux, establishment of proper mixing amount of flux was added, TiC agglomerates and pores
ratios and irradiation conditions, evaluation of high-tempera- formed, while too much flux reduced the volume fraction
ture properties, and interpretation of property-enhance- of TiC particles in the melted region. The optimum flux

addition was found to be 10 to 20 pct.ment mechanisms.
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