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Microstructure and properties of the
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TiC/Fe-based alloy hardfacing layers were obtained by shielded metal arc welding (SMAW),
in which HO8A bare electrode was coated with a powder mixture of ferrotitanium, rutile,
graphite, calcium carbonate and calcium fluoride. TiC particles are produced by direct
metallurgical reaction between ferrotitanium and graphite during welding. The particles of
TiC with cubic shape are distributed evenly in the Fe-rich matrix in the hardfacing layers,
the particle size is about 3-5 um. The microstructure and mechanical properties of the
hardfacing layers are markedly affected by the amounted of the ferrotitanium and graphite
in the coating of the electrode. The wear properties of the hardfacing layers are superior to
the substrate AlISI 1045 steel. The coefficient of friction data of the hardfacing layers do not
show significant fluctuations. © 2005 Springer Science + Business Media, Inc.

1. Introdution

Wear related failure of machinery components is one
of the most common problems in engineering appli-
cations. Wear resistant of materials can be improved
through surface modification. There are various surface
modification techniques, such as plasma spraying, ther-
mal spraying, hardfacing, laser cladding, chemical and
physical vapor deposition processes [1-6]. Hardfacing
applications for wear control vary widely, ranging from
very severe abrasive, such as rock crushing and pulver-
izing, to application to minimize metal- to-metal wear,
such as control valves, where a few thousands of an
inch of wear is intolerable [7].

Metal matrix composite coatings have been known
to have high hardness and exceptional wear resistance
[8]. Carbide particles have often been incorporated in a
Fe matrix to form a composite due to its inherent high
hardness. By careful selection of the type of carbides,
it is possible to design a composite coating for severe
wear conditions. Ceramic particles of TiC have higher
hardness and thermal stability than chromium carbides
and tungsten carbides [9]. It has been frequently used
as reinforcement in Fe-based composite coating [10].
Recent years, TiC reinforced Fe-based composites have
been received interest worldwide, but intense research
and development are focused on the powder metallurgy
routes or liquid-based routes [11-13], there is limited
research on the formation of TiC particles via direct
metallurgical reaction between FeTi and graphite dur-
ing arc welding.

The aim of the present investigation is to produce
a TiC/Fe-based alloy hardfacing layer by shielded
metal arc welding (SMAW). TiC particles were formed
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by metallurgical reaction of ferrotitanium (FeTi) and
graphite during welding, rather than the TiC particles
being directly added into the welding pool. The pro-
cess, microstructure and wear properties of the hard-
facing layers were studied to obtain an experimental
basis for practical application of TiC/Fe-based alloy
surface composite layers.

2. Experimental procedures

The core wire of the electrode was HOSA bare elec-
trode with diameter 4 mm, it was coated by a layer
of marble-fluorspar-graphite with (wt%) 35—40 ferroti-
tanium (FeTi), 25-30 rutile (TiO,), 6-10 calcium car-
bonate (CaCO3), 10-14 calcium fluoride (CaF,) and
8-12 graphite (purity 99.5%), 1-2 alkali carbonate and
3-5 other arc-stabilizer. The chemical compositions
of HO8A, ferrotitanium are shown in Table I. During
the welding process, sublimation of graphite and de-
composition of CaCOs3 in the high temperature pro-
duced gas of CO and CO,, which protected the melting
metal and made the arc stability. The alloying elements
in the fluxes were transited to the hardfacing layer,
thus deposit metals with different alloy contents were
obtained.

Hardfacing was done on the substrate AISI 1045 steel
plates by using SMAW under direct current with a re-
verse polarity. The chemical composition of the sub-
strate is shown in Table I. The electrode was baked in
the furnace at 250°C for 2 h for drying. To avoid the ef-
fect of dilution, hardfacing was welded in a 2 mm thick
layer, and then the hardfacings on the second and third
layer were done with the same electrode, which were
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TABLE I Chemical composition of materials used

Chemical composition (wt%)

Material C Mn Si Cr Ni S P Ti Fe

HO8A <0.10 0.30-0.55 <0.03 <0.02 <0.03 <0.03 <0.03 - Bal.
FeTi <0.08 - - - - <0.025 <0.035 >41.5 Bal.
1045 steel 0.45 0.66 0.25 - - <0.03 <0.03 - Bal.

about 3 mm, and with an interpass temperature of about
200-250°C. The welding parameters were as follows:
welding current 170-180 A, arc voltage 25-28 V, and
electrode traveling speed 0.3-0.4 mm s~

Samples were cut from the hardfacing layer using
an abrasive cutting machine. Microstructure was ob-
served with an optical microscope (OM), scanning elec-
tron microscope (SEM) and transmission electron mi-
croscopy (TEM). The chemical composition was ana-
lyzed by using electron microprobe analysis (EPMA).
The image analyzer (model XQF-2000, China) was
used to determine the carbide volume fraction, carbide
particle size, distribution and grain size in the hard-
facing layer. The structure of the hardfacing layer was
analyzed by X-ray diffractometer (XRD). The macro-
hardness of the hardfacing layer was determined by
means of the average of five measurements taken from
the surface of the layers.

Tribological properties were performed on testing
machine (model: MM-200, China) using block and ring
specimens under dry sliding at room temperature. The
test specimens were machined into blocks of size of
8 mm x 8 mm x 18 mm. The ring material of the wear
couple was a hardmetal containing 92 wt% WC and
8 wt% Co. The wear conditions were 49 N normal load,
0.84 m s~! sliding speed and 750 m sliding distance.
The friction coefficient of the layers was recorded in
real time by a computerized data acquisition system
equipped with an analog/digital converter. The wear
resistances were determined by measuring the weight
loss after a certain time interval on an analytical balance
with a precision of #1073 g. The specimens and ring
were removed and cleaned thoroughly in acetone and
dried in warm air before measuring the weight loss.

3. Results and discussion
3.1. Thermodynamic analysis and
predictions

The thermodynamics of Fe-Ti-C system had been stud-
ied by several researchers [14, 15]. It has been con-
cluded that Fe-Ti-C is a complex system due to several
factors. For Fe-Ti-C system, it is essential to consider
all possible reactions between Ti-C, Fe-Ti and Fe-C.
The various reaction equations accompanied by their
respective free energy changes for the formation of car-
bides from respective elemental state is extracted from
various sources [16-21], which has been listed in Ta-
ble II. The free energy values help in predicting the
formation of carbides relative to each other.

Fig. 1 shows the Gibbs free energy of formation of
the carbide with respect to temperature. It can be seen
that the Gibbs free energy of formation of TiC is always
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TABLE II Free energy of reaction as function of temperature

Temperature
Reaction Free energy (J/mole) rage ( K)
(1) Ti+C=TiC —183172+10.09 T 298-1155
—186731 +13.20 T 1155-2000
(2) 3Fe+ C=Fe3C 25958 —23.27T 298-463
26711 — 2478 T 463-1115
10360 — 10.17 T 1155-1808
(3) 2Fe + C=Fe,C 19860 — 10 T 298-1155
18420 - 10T 1155-1808
(4) Ti+ 2Fe =Fe,Ti —53300+53.7T 298-2000
(5) Ti+ Fe=FeTi —398224+149T 298-2000
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Figure 1 Gibbs free energy of formation of Fe,Ti, Fe3C, Fe,C, FeTi
and TiC as a function of temperature.

negative, and its values of TiC is much lower than Fe;C,
Fe,C and Fe,Ti. On the other word, Ti has stronger
carbide forming tendency than Fe, and TiC has better
stability than Fe-C and Fe-Ti. In addition, it also indi-
cates that the free energy of formation of TiC does not
change significantly with temperature, it is reasonable
to assume that free energy of carbides varies in a simi-
lar manner even at the temperature higher than 2000 K
during SMAW. Yan et al. [19] reported that for Fe-Ti-C
system, formation in situ TiC took place only when it
has heated to 1373 K. In the welding molten pool, the
temperature is much higher than 1373 K, which favors
the formation of TiC. Hence, It is evident that forma-
tion of TiC by reaction between FeTi and C is possible
to occur during SMAW.

It is also indicated from Fig. 1 that some possibil-
ity of formation of Fe;C exists at the temperature over
1100 K. Apart from the temperature, activity of car-
bon also plays an important role. The coating of the
electrode contains lots of graphite and TiC formation
occurred with Ti depletion from the Fe-Ti-C system,
which could lead to the tendency of Fe reacting with



redundant graphite to form Fe;C. In addition, it also
shows that the formation of Fe, Ti exists at temperature
lower than 1000 K. However, due to formation of TiC
and use as deoxidization, Ti is depleted completely dur-
ing SMAW, there is impossibility of formation of Fe, Ti.

3.2. Microstructural characteristics
Fig. 2 shows an XRD pattern of the hardfacing layer for
the electrode containing 35% FeTi, 25% TiO, and 12%
graphite. This pattern of the hardfacing layer shows that
the products include TiC, Fe;C, «-Fe and y-Fe, but no
trace of Fe,Ti and Fe,C phase remain after the metal-
lurgical reaction. It clearly confirms that TiC particles
can be synthesized by direct metallurgical reaction be-
tween ferrotitanium and graphite during the welding.

Fig. 3 shows the microstructures of the hardfacing
layer. It can be seen that titanium carbide particles are
round and distributed evenly in the matrix. Although
some areas show more TiC particles than others, the
distribution of TiC particles is, in general, uniform. On
the surface of the sample, uniform TiC dispersions of
10.4-15.6% by volume fraction are achieved with par-
ticle sizes in the range 3-5 pum. Fig. 4 shows the re-
sults of EPMA area analysis of elements Ti and C in
the hardfacing layer. It indicates that the expected mi-
crostructure, well-distributed fine TiC reinforcement in
an iron matrix, had been achieved.

Due to the high cooling rate of the SMAW process-
ing, metastable phases, such as martensite and retained
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Figure 2 X-ray diffraction spectra of hardfacing layer.
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Figure 3 Distribution of TiC particles in the hardfacing layer.
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Figure 4 EPMA profiles of Ti and C elements in the hardfacing layer.

austenite etc., are formed. Fig. 5a shows the carbide
TEM morphology in the hardfacing layer. It indicates
that there is considerable dislocation in the subcrystal
structure. Fig. 5b shows the lath martensite and retained
austenite in the hardfacing layer, but no twin martensite
is found based on the TEM observation. When the lath
martensite is formed, the microstructure of the hardfac-
ing layer has high strength and toughness is still largely
maintained.

The impact fractograph of the hardfacing layer is
shown in Fig. 6. It is found that there are a lot of dim-
ples in the impact fractograph. It is possible that such
fine dimples be related to the fine particles detected in
Fig. 3 and implies that the hardfacing layer possesses
good impact toughness. However, when graphite in the
coating of the electrode amounted to over 15%, the
fracture morphology in the hardfacing layer is a quasi-
cleavage fracture, which has a river pattern feature, and
shows characteristics of a brittleness fracture (Fig. 6b),
and TEM observation found obvious twin martensite
and cementite in the hardfacing layer. Therefore, the
amount of graphite in the electrode coating should be
controlled strictly.

3.3. Hardness of the hardfacing layer

The investigation showed that the key factor affecting
the structure, quantity of TiC and properties of the hard-
facing layer was the coating composition of the elec-
trode. Fig. 7 shows the relationship between the macro-
hardness of the hardfacing layers and content of the
coating materials. It can be seen that the macrohard-
ness increases rapidly with the increase in the content
of graphite in the coating of the electrode. However,
based on the observation of SEM, a large quantity of
continuous cementite and retained austenite form when
graphite amounts to over 12%. With the increase of re-
tained austenite, the hardness of the hardfacing layer
decreases. On the other hand, with an increase in the
amount of cementite, the crack resistance of the hard-
facing layer reduces. Therefore, the amount of graphite
should be kept within 10-12%. Ti is a strong carbide-
forming element. With an increase in the amount of
FeTi, metallurgical reaction formation of TiC increases
in the hardfacing layers, as a result the hardness in-
creases. However, the detachability and fluidity of the
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Figure 6 SEM fractograph of hardfacing layers (a) 12% graphite in the coating of the electrode; (b) 15% graphite in the coating of the electrode.
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Figure 7 Effect of the amount of FeTi and graphite on the hardness of
the hardfacing layer.

slag become bad when the amount of FeTi in the coat-
ing of the electrode is over 40%. Hence, the amount
of the FeTi in the coating of the electrode should be
controlled within 40%.

3.4. Wear test

Typical plots of wear volume of the hardfacing layer and
AISI 1045 steel substrate as a function of the sliding
distance at an applied load of 49 N is shown in Fig. 8. It
can be easily observed that the hardfacing layer shows
excellent wear resistance compared with to 1045 steel
substrate. Additionally, it can also be seen that with
an increase of the sliding distance the wear volume
increases.

3632

1.5

—e-Hardfacing layer
1045 steel

—

Wear volume / mm>
=4
W
T

Il | L Il Il |

0 1
0 100 200 300 400 500 600 700 800

Sliding distance /m

Figure 8 Wear volume vs. the sliding distance.

The coefficient of friction versus sliding time for the
hardfacing layer and 1045 steel are shown in Fig. 9 at
a normal load of 49N and under same test conditions.
It shows that the friction coefficient of hardfacing layer
is much lower than that of the steel substrate, and the
coefficient of friction data of the hardfacing layer does
not show significant fluctuations. In addition, the fric-
tion coefficient shows fluctuation in value during the
wear. This is suggested on the basis of a stick and slip
mechanism [22]. As the asperities adhere during the
wear, the moving parts stick leading to a high friction
value. But, as the junction ruptures under the applied
load the friction tends to decrease.

Fig. 10 shows a SEM micrograph of the worn surface
of the hardfacing layer. It indicates that there is a mild
wear with fine scratches for the hardfacing layer, and
there is no indication of brittle failure or loose debris
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Figure 9 The average coefficient of friction vs. sliding time for the hard-
facing layer and 1045 steel.
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Figure 10 SEM micrograph of the worn surface of hardfacing layer.

formation of TiC ceramic phase. As mentioned earlier,
TiC particles in the Fe-based matrix are formed in an
metallurgy reaction manner, which improves the bond-
ing strength between the TiC particles and Fe-based
matrix interface. As a result the hard TiC particles do
not easily pulled out from the matrix during dry slid-
ing. Therefore, TiC/Fe-based hardfacing layer is found
to possess a much higher resistance to plastic defor-
mation and scoring, which increases the resistance to
plastic erasing and removal of the edges of grooves
during subsequent passes.

4. Conclusions

(1) After adding FeTi, TiO; and graphite to the coat-
ing of an electrode, TiC particles are formed by met-
allurgical reaction during the arc welding. The mi-
crostructure and properties of the hardfacing layer is
affected by the amount of FeTi and graphite in the coat-
ing of the electrode.

(2) TiC particles are found to distribute evenly in the
matrix, the particle size is about 3—5 um. There are a

lot of dimples in the impact fractograph of the hardfac-
ing layer, and shows the characteristic of ductile/tough
rupture.

(3) TiC/Fe-based hardfacing layer is found to pos-
sess better wear resistance and lower coefficient of fric-
tion than that of AISI 1045 steel substrate.
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