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Commercial flake graphite cast iron substrate was coated with titanium powder by low
pressure plasma spraying and was irradiated with a CO2 laser to produce the wear resistant
composite layer. The macro and microstructural changes of an alloyed layer with the
traveling speeds of laser beam, the precipitate morphology of TiC particulate and the
hardness profile of the alloyed layer was examined. From the results, it was possible to
composite TiC particulate on the surface layer by direct reaction between carbon existed in
the cast iron matrix and titanium with thermal sprayed coating by remelting and alloying
them using laser irradiation. The cooling rate of the laser remelted cast iron substrate
without a titanium coating was about 1× 104 K/s to 1× 105 K/s in the order under the
condition of this study. The microstructure of the alloyed layer consisted of three zones; the
TiC particulate precipitate zone (MHV 400–500), the mixed zone of TiC particulate +
ledeburite (MHV 650–900) and the ledeburite zone (MHV 500–700). TiC particulates were
precipitated as a typical dendritic morphology. The secondary TiC dendrite arms were
grown to a polygonized shape and were necking. Then the separated arms became cubic
crystal of TiC at the slowly solidified zone. In the rapidly solidified zone near the fusion
boundary, however the fine granular TiC particulates were grouped like grapes.
C© 2000 Kluwer Academic Publishers

1. Introduction
The advantages of cast iron as an engineering material
is that it can be used to produce complex shaped parts
economically because of good castability and it has
good machinability and lubrication property etc. The
cast iron can be classified as graphite composite which
contains 10 volume percentage of carbon in the steel
matrix [1].

Laser surface alloying is a beneficial surface modifi-
cation process to achieve functionality, to improve the
strength and hardness and to make a composite layer in
a material surface [2, 3]. There are several methods of
adding an alloy element for surface alloying, they are,
pre-coating of an alloy element to the matrix, cladding,
gas method, direct addition of alloying powder to the
remelted surface and wire addition [4–8].

Laser surface modification for the cast iron can be
divided into two processes; the heating process where
the surface was heated up to the beneath of melting
point and the remelting process where the surface was
remelted and alloyed. Self-diffusion quenching occur

in the last stage of these processes. The heating process
includes hard eye treatment of cast iron [9] and hard-
ening of the cylinder liner [10] or piston ring [11] for
diesel engines. Remelting and rapid cooling treatment
of the surface of the cam shaft or rocker arm [12] and al-
loying a small amount of chrome for valve seat [11] are
classified as the melting process. These processes in-
crease the wear resistance of cast iron by self-diffusion
quenching, the formation of hard phase by remelting or
surface alloying.

Production ofin situ carbide-reinforced composites
by solidification processing would be one of the sim-
plest techniques to produce MMCs. It is expected to
make a hard carbide particulate composite on a cast
iron surface by alloying carbide former element such
as titanium and reactingin situ with carbon contained
in cast iron. However, there is limited research on this
process [13, 14] and more efforts are required.

In this study, low pressure plasma thermal spraying
under a non-oxidizing atmosphere was used to make
a dense titanium coating prior to laser irradiation. To
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examine the possibility ofin situ formation of the
TiC particulate composite layer, CW CO2 laser was
irradiated on the titanium coating of the cast iron sub-
strate. The effect of the traveling speed of the laser
beam on the solidification microstructure of the base
metal and titanium alloyed beads were examined. The
precipitation morphology of TiC particulate generated
by the reaction with carbon contained in the cast iron
matrix and the hardness profile in the titanium alloyed
layer were also observed.

2. Materials and experimental procedures
Table I shows a chemical composition of cast iron
used in this study and the size and chemical com-
position of titanium powder. Flake graphite cast
iron was cast into a sand mold with dimensions of
100× 120× 10 mm and machined to the plate with di-
mensions of 50× 60× 6 mm. The spray powder was a
commercial product (Showa Denko Ltd.) manufactured
in the air and had a size distribution of−45∼+10µm
(Fig. 1A). The surface of the cast iron plate was cleaned
using acetone and was blasted with alumina to improve
the bonding strength of sprayed coating.

TABLE I Chemical compositions of materials used

Materials Chemical compositions (mass%) Remarks

Base metal C Si Mn P S — — — Sand casting: 100× 120× 10 (mm)
3.4 1.8 0.8 0.08 0.08 — — — Specimen size: 50× 60× 6 (mm)

Ti-powder Ti Fe Si Cl N C H O Commercial powder: Showa Denko Ltd.
Bal. 0.02 0.004 0.02 0.03 0.004 0.015 0.42 Grain size:−45∼+10 (µm)

TABLE I I Conditions of low pressure plasma spraying [LPPS) and laser surface alloying

The conditions of low pressure plasma spraying and
surface alloying by CW CO2 laser processing are shown
in Table II. For convenience, specimens designated as
Gxx and GTxx, where G refers to gray cast iron sub-
strate without coating, GT the specimens with a ti-
tanium coating and XX the traveling speed of laser
beam. To obtain a dense coating and prevent oxida-
tion of the titanium powder during thermal spraying,
a plasma sprayer (METECO 7MB, 80 kW) was used
under low pressure (5.2× 104 Pa) and a titanium coat-
ing of 200µm in thickness was formed on the cast iron
plate (Fig. 1B). Argon and hydrogen gases were used as
primary and secondary gases respectively. Surface al-
loying of the titanium was carried out by irradiating CW
CO2 laser beam (MITSUBISHI 25C) at the conditions
of the laser output 2300 W, defocusing distance+50
mm and a scanning width 5 mm. The remelting bead
of 50 mm in length was produced with different trav-
eling speeds of 0.83, 1.67, 3.33 and 5.00 mm/s of laser
beam. The surface alloyed specimen was heat-treated
in a vacuum furnace (6.7× 10−3 Pa, 1223 K, 10.8 ks)
and cooled for comparing as-alloyed specimen. Mi-
crostructure was observed using an optical microscope
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Figure 1 SEM morphology of titanium powder (A) and titanium coating
on the cast iron substrate by low pressure plasma spraying (B).

and scanning electron microscope (SEM), electron
probe microanalysis (EPMA) and X-ray diffraction
analysis (XRD) were performed. Microhardness testing
was also carried out. The cooling rate of the remelted

Figure 2 Microstructural changes of laser remelted cast iron substrate with the traveling speeds of laser beam.

bead at different traveling speeds was estimated by ob-
serving the microstructure of the cast iron matrix with-
out a titanium coating.

3. Results and discussion
3.1. Cooling rates of the laser remelted

cast iron substrate
Fig. 2 shows the microstructural changes of the
remelted cast iron substrate without titanium coating
at different traveling speeds. The microstructure of the
remelted cast iron matrix showed the fine ledebulite.
Dendrite arm spacings (λ) of ledeburite were 1.54, 1.25,
1.05 and 0.85µm at traveling speeds of 0.83(G50),
1.67(G100), 3.33(G200) and 5.00 mm/s(G300), re-
spectively. Fig. 3 shows the calculated cooling rate
of the remelted substrate for the traveling speed of
the laser beam by substitution ofλ measured in this
study to the experimental equation of Kurobe which
was derived from the cooling rate after surface remelt-
ing using a CO2 laser in the Fe-3mass%C-2mass%Si
alloy [15]. The calculated values were 1.15× 104 K/s
and 10.97× 104 K/s at traveling speeds of 0.83 and
5.00 mm/s respectively. As a result, the cooling rate
of the remelted bead, in cast iron, in this study was
assumed to be about 1× 104 K/s to 1× 105 K/s.

3.2. Surface appearance of alloyed bead
and its macrostructures

Fig. 4 shows the variation of surface appearances and
cross-sectional macrostructures of the titanium alloyed
bead at the different traveling speeds. All beads show
severe surface ripple. A few small pores are shown
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Figure 3 Secondary dendrite arm spacing (λ) and calculated cooling
rate of laser remelted cast iron substrate with the traveling speeds of
laser beam.

in the beads with traveling speeds of 0.83 mm/s and
1.67 mm/s, while large pores are shown in the beads
with speeds of 3.33 mm/s and over. Especially, sponge-
like pores are shown in the entire surface of beads with
traveling speeds of 5.0 mm/s. In the case of GT50 and
GT100 a few pores are shown in the surface of bead, but
a lot of pores still present inside of those bead. Large
pores were observed in the fusion boundary and small
pores were observed in the slowly solidified zone in the
center of bead.

Surface ripples of the bead were closely related to
the temperature gradient or surface tension gradient
[16]. The macrostructure of the bead without alloying
showed a few pores and a smooth bead surface (see
Fig. 2). The titanium alloyed bead was less smooth than

Figure 4 Surface appearance of titanium alloyed bead and its sectional macrostructure with the traveling speeds of laser beam.

the bead without alloying in cast iron. These pheno-
mena were assumed to be due to the decreased fluidity
by the formation of TiC in titanium alloyed molten pool
as later discussed.

The main alloying elements in cast iron are carbon
and silicon. The following redox reactions are possible
during alloying of coated titanium on cast iron;

[Si] + 2[O] = 〈SiO2〉 (1)

[C] + [O] = {CO} (2)

〈SiO2〉 + 2[C] = [Si] + 2{CO} (3)

[Ti] + 2[O] = 〈TiO2〉 (4)

〈SiO2〉 + [Ti] = [Si] + 〈TiO2〉 (5)

〈TiO2〉 + 2[C] = [Ti] + 2{CO} (6)

Since cast iron is melted in air, more oxygen than
equilibrium content can be introduced to the melt from
the atmosphere. By the oxidation of cast iron melt
〈SiO2〉was generated in accordance with Equation 1 in
temperatures below 1673 K and{CO} was formed by
Equation 2 in temperatures over 1673 K [17]. Generally,
gray cast iron is melted below 1673 K and then heated
up above 1773 K just before tapping. Therefore, when
cast iron is melted to over 1673 K,〈SiO2〉 suspended
in the melt is reduced by [C] with Equation 3 and then
only small amount of〈SiO2〉 is remained in the melt.

If cast iron is welded in air, the〈SiO2〉 which was
suspended in the matrix or formed by the reaction with
oxygen from the atmosphere should be reduced by car-
bon in the matrix itself to generate{CO} gases. Pores
can be formed when this{CO} gas is captured in the
weld pool [18].
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No pores are shown in the bead without titanium al-
loying as see Fig. 2 indicates that the effect of〈SiO2〉 re-
duction in the matrix is negligible and the formation of
〈SiO2〉 is restricted due to the argon atmosphere. How-
ever, a lot of pores are shown in the titanium alloyed
bead. If〈SiO2〉 is present in the cast iron matrix,〈SiO2〉
should be reduced by titanium to form〈TiO2〉according
to Equation 5 during surface alloying process because
titanium-oxide has negative standard free energy of for-
mation than silicon-oxide [19].〈TiO2〉 should in turn be
reduced by carbon in the matrix to evolve{CO} gases
with Equation 6. If the formation of〈SiO2〉 is restricted
as in the bead without alloying titanium, the formation
of pores in the titanium alloyed bead is regarded as a
consequence of Equation 6. The titanium powder used
in this study has a large amount of oxygen as shown in
Table I, titanium could react with oxygen to form〈TiO2〉
during plasma spraying. Consequently, the〈TiO2〉 that
existed in the molten pool should be reduced by the
carbon to generate{CO} gas. This{CO} gas also con-
tributed to the formation of pores when it was captured
in the weld pool. In fact〈TiO2〉 was detected from the
X-ray diffraction analysis on the titanium alloyed layer
of GT50 (see Fig. 8). On the other hand, the GT300
specimen showed sponge-like pores in the surface and
bead inside. It is assumed that the pores were trapped
in the bead by rapid cooling of weld pool, and on the
contrary at the lower cooling rate in GT50 they easily
escaped from the weld pool surface.

Fig. 5 shows the changes of the width and melt
depth of the bead at different traveling speeds when
the cast iron was alloyed with titanium. In the tita-
nium coated cast iron, the melt depth of the bead was
2.2 times thicker than that of the cast iron without a
titanium coating at a traveling speed of 0.83 mm/s and
2.7 times thicker at 5.0 mm/s. However, the bead width
was not changed significantly in both cases (1.2 times
and 1.0 times width at 0.83 mm/s and 5.0 mm/s respec-
tively). When the as-blasted cast iron is remelted by
the laser, there was a severe reflection of the beam and
lens contamination was observed. Consequently, the in-
creased melt depth of the bead in the titanium coated

Figure 5 Effects of titanium coating and the traveling speeds on the bead width and melt depth (A), and ratio of bead width or melt depth (Ti-coated/
base metal) (B).

cast iron was attributed to the increased rate of laser
beam absorption due to the titanium coat [8]. The bead
width was restricted by the beam oscillation width.

3.3. Microstructures of alloyed layer
Fig. 6 shows optical and SEM micrographs of the bead
section in GT50. The specimen was etched with 4%
nital. The titanium alloyed zone and ledeburite zone
were clearly observed in the microstructure of bead
section. The SEM micrograph shows that polygonic
particulates up to 6µm in size were precipitated in the
top part of bead (Fig. 6A) where the cooling rate was
the slowest, and fine granular particulates under 2µm
in size tended to be precipitated near the boundary of
ledeburite zone (Fig. 6B).

Fig. 7 shows the EPMA line analysis about carbon
and titanium in the same bead section. Carbon and tita-
nium were detected in the alloyed zone where the par-
ticulates were precipitated. However titanium was not
detected in the ledeburite zone. By the X-ray diffrac-
tion analysis the alloyed bead section consisted of TiC,
TiO2, Fe3C andα-Fe (see Fig. 8). These observations
clearly show that TiC particulates can be made by a
direct reaction between carbon and titanium and TiC
precipitated layer can be made in the cast iron surface
by laser surface alloying of titanium which is thermal
sprayed on the cast iron in advance.

On the other hand, in the microstructure of the bead
section in Fig. 4 and Fig. 6, the boundary between the
titanium alloyed zone and ledeburite zone was irregular,
while the boundary between the ledeburite zone and
base metal was clearly visible as a half circle. The melt
in the weld pool shows two types of fluid flow as a result
of the thermal gradient [2]. One is center-to-side motion
that it moves to the bottom of the bead through the side
of the bead where the temperature is relatively low,
reached the bottom center and then back to the surface
highest temperature area near heat source. The other is
a front-to-back motion that moves in a reverse direction
to the heat flow. Such motions of melt are shown in the
solidification microstructure of the bead which reveals
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Figure 6 Optical and SEM micrographs of titanium alloyed bead section (GT50), 4% nital etched. (A): TiC precipitated zone, (B): TiC+ ledeburite
mixed zone.

Figure 7 EPMA depth profile of carbon and titanium elements for titanium alloyed bead section (GT50).

the trace of alloying phenomena. As shown in Fig. 6,
it was found that these convective motions have a large
effect on the mixing process of the titanium coat into
the molten pool.

The boundary between the ledeburite zone and the
base metal was, however, clearly distinguished as a
half circle unlike the boundary between the TiC pre-
cipitate zone and ledeburite zone. This finding means
that remelting of the lower melting point base metal was
continued during solidification of the titanium alloyed
molten pool. The remelted base metal near the fusion
boundary rapidly solidified to form a ledeburite struc-
ture and produced a clear half circle boundary defined

only by the temperature distribution. This microstruc-
ture was also observed when the cast iron was welded
with the nickel base electrode [20].

Based on the above discussion, it is clear that the
laser alloyed bead section consisted of three zones; the
titanium alloyed zone where the fine TiC particulates
were precipitated, partial titanium alloyed zone where
TiC particulates were mixed with ledeburite which was
remelted and solidified in the early stage of heating,
and the ledeburite zone where it was formed by partial
remelting and solidification of cast iron matrix adjacent
to the base metal during solidification of the alloyed
weld pool with the moving heat source.
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Figure 8 X-ray diffraction pattern of the titanium alloyed zone (GT50).

Figure 9 SEM micrograph of TiC composite layer by laser surface
alloying of titanium (GT50).

Figure 10 EPMA area analyses on the elements [C], [Fe], [Ti], [O] and [Si] in the same composite layer of Fig. 9.

3.4. Morphology of TiC particulate
Fig. 9 shows the SEM morphology where the TiC par-
ticulate composited in the titanium alloyed layer of a
GT50 specimen. Fig. 10 shows the results of EPMA
area analysis about elements [Fe], [Ti], [C], [Si] and
[O] in the same area of Fig. 9. Titanium and carbon
were detected in the polygonic or granular particulates
precipitated to the titanium alloyed zone, while iron
and silicon were detected only in the matrix. Espe-
cially, titanium, carbon and oxygen were detected si-
multaneously in the central area where the fine TiC
particulates were grouped. The existence of TiO2 ox-
ides were confirmed by X-ray diffraction analysis in
the same area of alloyed bead. In addition to this, the
EPMA area analysis confirmed the existence of oxy-
gen in the center of the grouped TiC particles. There-
fore, it is assumed that the suspended TiO2 formed
in the weld pool act as the nucleation site of TiC
dendrite.

Fig. 11 shows a SEM micrograph of the microstruc-
ture of TiC particulate deeply etched by the mixed
solution of HNO3+HF+H2O from the same spec-
imen. TiC particulates were precipitated as the typi-
cal dendritic morphology in the upper part of the bead
because of the reduced solidification rate (Fig. 11A,
B). Fine granular TiC particulates were grouped like
grapes within ledeburite which being close to the
fusion boundry because of fast solidification rate
(Fig. 11C, D). If severe thermal and compositional
convections exist in the melt, dendrites will grow ir-
regularly, since dendrite arms grow by avoiding re-
gions with lager solute segregation [21]. Fig. 11B also
shows the growth and separation of secondary den-
drite arm. The root of the secondary TiC dendrite arm
was necking and the arm was also growing to the
polygonic crystal and then became cubic crystal of
TiC.

Fine polygonic, cubic or granular particulates found
in Fig. 10 were TiC particulate precipitated in the
dendritic morphology. As the TiC particulates are
combined to each other in the dendritic morphology in
the TiC alloyed layer, TiC particulates can be difficult to
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Figure 11 Dendritic morphologies of TiC in the titanium alloyed layer, etched by HNO4+HF+H2O solution. (A, B): Typical dendritic morphologies
at the upper part of alloyed zone. (C, D): Grape-like dendrites near the fusion boundary.

extract during wear processes. Therefore the dendritic
TiC morphology is expected to decrease the degra-
dation of wear resistance by the extraction of TiC
or severe abrasion of counterpart caused by extracted
TiC.

3.5. Hardness profile
Microhardness profile of the as-laser titanium alloyed
specimen was compared to that of the heat treated
one in GT50 and in GT100 (see Fig. 12). In case of
GT50, microhardness was MHV 400–500 in the TiC
precipitate zone, MHV 650–900 in the TiC+ ledeburite
mixed zone and MHV 400–500 in the TiC precipi-
tate zone and MHV 650–900 in the ledeburite zone.
The TiC+ ledeburite mixed zone was very narrow and
the width was only 50µm in the GT100. To decompose
the ledeburite which showed an abnormally high hard-
ness profile between the alloyed zone and the base metal
the specimen was heat-treated in vacuum at 1223 K for
10.8 ks and furnace cooled. As a result, microhard-
ness was reduced to MHV 150–200 by the decompo-
sition of ledeburite to ferrite and temper carbon, and
then the smooth hardness profile was made by reduc-
ing the hardness gradually from the surface to the base
metal.

The hardness of the TiC precipitate zone was
changed a little by heat treatment, while the hardness
in the TiC+ ledeburite mixed zone decreased to MHV
450–550 by heat treatment from MHV 650–900 at
the as-laser alloyed state due to the decomposition of
ledeburite.

Figure 12 Microhardness profile comparision of as-laser alloyed layer
with heat treated layer for GT50 and GT100 respectively.

754



4. Summary
To examine the possibility of producing a wear resistant
TiC particulate composite layer in the cast iron, titanium
alloyed bead was produced by CO2 laser irradiation
with a titanium coating on the cast iron substrate. From
the results, conclusions can be drawn as follows:

1. When the dendrite arm spacing (λ) measured from
the ledeburite in the remelted bead of cast iron sub-
strate was calculated by the Kurobe equation the cool-
ing rate of bead was 1.15× 104 k/s at traveling speeds
of 0.83 mm/s and 10.97× 104 k/s at 5.00 mm/s. There-
fore, the cooling rate used in this study can be assumed
to be between 1× 104 k/s and 1× 105 k/s in that order.

2. In case of titanium alloyed bead, at the laser beam
traveling speeds of 0.83 mm/s or 1.67 mm/s there were
a few small pores in the bead surface, while large
pores were generated in bead surface at traveling speeds
higher than 3.33 mm/s and at 5.00 mm/s sponge-like
pores were generated.

3. The microstructure of the alloyed layer consisted
of three zones, the TiC particulate precipitate zone, the
mixed zone of TiC+ ledeburite and the ledeburite zone.
TiC particulate was formed by direct reaction between
carbon originally contained in cast iron and titanium al-
loyed by laser remelting of the titanium thermal sprayed
coating on the cast iron.

4. TiC particulates were precipitated in the typical
dendritic morphology. In the slowly solidified zone of
bead, the secondary TiC dendrite arm was grown to
cubic crystal of TiC. On the other hand, in the rapidly
solidified zone near fusion boundary, the dendrite of
TiC particulate was not fully grown and fine granular
TiC particulates were grouped like grapes.

5. In case of GT50, the hardness was MHV 400–
500 in the TiC precipitate zone, MHV 650–900 in the
TiC+ ledeburite mixed zone and MHV 500–700 in the
ledeburite zone. When decomposition heat treatment
of ledeburite was applied, there was little change of the
hardness in the TiC particulate precipitate zone while
the hardness in the TiC+ ledeburite mixed zone and
the ledeburite zone were reduced to MHV 450–550 and

MHV 150–200 respectively. Thus, this heat treatment
caused a smooth hardness profile in cross section of the
alloyed bead.
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