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Abstract: FeTi-FeB was added to molten high chromium
white cast iron in amounts of 0.5–2.5 wt% at 50 °C above
the melting temperature. The samples were produced in
four groups. The first group samples were investigated as
cast, the second group homogenized at 1000 °C for 1 h, and
the other two groups were also homogenized at 1000 °C but
for 3 and 6 h, respectively. To study the effect of FeB and
FeTi on themicrostructure, the samples were characterized
by optical microscopy, scanning electron microscopy, en-
ergy dispersive spectroscopy, X-ray diffraction and hard-
ness tests.Wear testswere performedusing a pin-on disc. A
homogeneously dispersed carbide microstructure was
produced by the homogenization heat treatment method.
The addition of FeTi-FeB inoculants to high Cr white cast
iron played an important role in the distribution of hard
carbides. The chemical rate and the carbide volume varied
on account of the added hard inoculant particles. TiB2,
Cr3C2, M7C3, M23C6, and γ-FeCr phases formed on the
surfaces. The hardness and wear resistance were improved
considerably due to FeTi-B inoculation.

Keywords: FeB; FeTi; heat treatment; inoculation; micro-
structure; white cast iron.

1 Introduction

Materials with high chromiumwhite cast iron (HCrWCI) are
widely utilized in various industries including mining
processes and cement manufacturing. These alloys are
used to process hard materials such as cement, gravel etc.

The materials have high wear resistance due to hard car-
bides. The austenitematrix structure is themost commonly
observed in high chrome alloys. There are M7C3 carbide
structures in these alloys. M7C3 carbide types grow as
blades and bars parallel to the direction of heat flow in the
long axis of themold [1–4].Wear resistance depends on the
chemical compound, process conditions and heat treat-
ment. Such alloy systems should be determined according
to these parameters in addition to the tribological envi-
ronment. Significant microstructural parameters on wear
performance are the carbide volume, morphologic struc-
ture of the carbides, and the interface between the matrix
and the hard carbide phases [5–7]. These parameters can
also play a significant role in the hardness and fracture
toughness. In addition, the microstructures of white cast
iron and metal matrix composites have many similarities.
According to the temperature at which the particles are
inoculated into themelt, composites with externally added
particles have two types of foundry methods. The particles
are inoculated above the liquid temperature in the
liquid metallurgical process. There are many parameters
affecting the final product such as wettability that can
affect the type of particles, shape, surface, size, roughness
and alloying elements in the melt, surface chemistry of the
outer atomic layers and the gas environment of the parti-
cles. The discontinuous reinforcement phase composites
are widely used due to their availability, low cost, inde-
pendent particle orientation and ease of production [8–10].
Titanium (Ti) is an important carbide and boride former.
Titanium carbide and titanium diborides have high hard-
ness values. There are high tensile strength values and
high resistance to wear at high temperatures in titanium
carbide and titanium diborides, which means high elas-
ticity module and compressive strength [11–13]. Scandian
et al. reported the effect of chromium and molybdenum
rates in different proportions on the wear behavior of white
cast iron. Matrixmorphology and carbide shape depend on
the amount of Mo and Cr [14]. Mohammadnezhad et al.
researched the influence of Va on the microstructure,
hardness, toughness of Ni-Hard4 WCI. The addition of Va
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improved the hardness and wear of Ni-Hard4 [15]. Xiaohui
et al. reported the effect of Nb on the microstructure and
mechanical performance of HCrCI. The carbides became
thinner and the M7C3 carbides changed to isotropic [16].

This study aimed to produce hypoeutectic high chro-
mium white cast iron inoculated by FeTi-FeB to create
spherical hard carbide reinforcements in the microstructure.

2 Experimental procedure

FeB and FeTi inoculant particles of 150 (µm) and high chromiumwhite
cast iron were selected as study materials. FeB and FeTi particles
was added to molten high chromium white cast iron in amounts of
0.5–2.5 wt% at 50 °C above the melting temperature. The chemical

composition of the inoculant particles is given in Table 1. Chemical
properties and heat treatments are presented in Table 2. The samples
were produced in four groups. The first group samples were investi-
gated as cast, the second group homogenized at 1000 °C for 1 h, and
the other two groups were also homogenized at 1000 °C but for 3 and
6 h, respectively. Samples were subjected to air-cooling. For metal-
lographic examination, samples were ground and polished, then
etched with a solution of 5 g FeCl3, 30 ml HCl and 100 ml distilled
water. To study the effect of FeTi and FeB on the microstructure, the
samples were characterized by optical microscopy (LEICA DM750),
scanning electron microscopy (SEM: ZEISS EVO LS10) and energy
dispersive spectroscopy (EDS), X-ray diffraction (XRD: Bruker), and
hardness tests (QNESS Q10: HV and HRC scale). Wear tests were
performed using a pin-on disc under 30 N load.

3 Results and discussion

3.1 Evaluation of the microstructure

The microstructures of the S1 group without inoculation are
given in Figure 1a–d. The microstructure of white cast iron
varied considerably according to the chemical composition.

Table: Chemical compositions of the inoculant particulates (wt%).

Elements Fe Ti Si S Al B C P

FeTi Bal.  . . . – . .
FeB Bal. – . . .  – .

Table : Chemical compositions and heat treatment of the samples.

Chemical composition (wt%)

Sample no C Mn Si Mo Cr Cu FeTi + FeB Heat treatment

S. . . . . . . – As cast
S. . . . . . . –  °C,  h
S. . . . . . . –  °C,  h
S. . . . . . . –  °C,  h
S. . . . . . . . As cast
S. . . . . . . .  °C,  h
S. . . . . . . .  °C,  h
S. . . . . . . .  °C,  h
S. . . . . . .  As cast
S. . . . . . .   °C,  h
S. . . . . . .   °C,  h
S. . . . . . .   °C,  h
S. . . . . . . . As cast
S. . . . . . . .  °C,  h
S. . . . . . . .  °C,  h
S. . . . . . . .  °C,  h
S. . . . . . .  As cast
S. . . . . . .   °C,  h
S. . . . . . .   °C,  h
S. . . . . . .   °C,  h
S. . . . . . . . As cast
S. . . . . . . .  °C,  h
S. . . . . . . .  °C,  h
S. . . . . . . .  °C,  h
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Samples having 27 wt% chrome consisted of an austenitic
matrix and M7C3 carbide types. The microstructure had
pro-eutectic austenite dendrites and eutectic cells formed
from M7C3 carbides and an austenite phase as the cast form
(Sample S1.1). Heat treatment dissolved large pro-eutectic
austenite phasedendrites in themicrostructure of sample S1.2
in Figure 1b. M7C3 carbides with irregular size distribution
were predominant, and the structure was transformed into
eutectic cells (γ + M7C3) formed through the remaining
microstructure. Carbides in sample S1.1 had rod-like carbides
structure together with blade-type morphology. Moreover,
blade-like carbides generally occurred around the large pro-
eutectic M7C3 carbides. From the heat treatment results, it
can be seen that the austenite size reduced and austenite
decomposition dissolved M7C3 carbide.

M7C3 carbide formation had many different physical
forms regarding the zone of solidification. The existence of
a eutectic cell prevented the growth of carbide. Also, there
were thin carbides in the hypoeutectic cast iron structures
and they had two types of carbides (Figure 1). Large-shaped
carbides had dendritic physical form, and small secondary
carbides of less than 1 (µm) were deposited in the particles.
The carbides were seen to form on the surface of the sand
casting (max. 5 mm) perpendicular to the surface. The
carbides in the cast were generated randomly. It was found
that the carbide type (hypoeutectic) in samples with
carbides of less than 20 wt% had blade-type M7C3 carbides
because of the eutectic liquid between dendrites
(Figure 1a). The dendritic form of the primary carbides was
altered, and the size of the carbides was reduced with heat

treatment (Figure 1b–d). The M7C3 carbide core was
removed before the temperature of the peritectic reaction
was reached. Thus, the pro-eutectic M7C3 carbides could
not react with the liquid phase to form core and rim
structures. Therefore, the addition of titanium before
casting accelerated pro-eutectic M7C3 carbide nucleation,
the eutectic formation from austenite, and M7C3 carbide
type from the liquid phase. Increasing the FeTiB inocula-
tion concentration increased the amount of TiB2. X-ray
diffraction results of samples S1.1 and S6.1 are shown in
Figure 2a and b. It was understood from the X-ray analysis
results that TiB2 and M7C3 phases occurred in the micro-
structure. Depending on the number of additive in-
oculations, the volume of TiB2 phases changed in the
structure. This phase had a hard structure, low density,
high Young’s modulus, and high melting temperature. In
addition, there was a tetragonal structure with good
strength properties. This phase was beneficial for abrasive
wear resistance applications [12–14].

Four groups of samples were manufactured with
differing rates of inoculation. The size and microhardness of
the carbides changed due to inoculation volume. Borides
and carbides decomposed up to 1600 °C, and throughout
solidification, the TiB2 and a solid solution of (Ti, Cr, Mo)B2
occurreddepending on increasing solubility ofmolybdenum
and chrome. The metallographic examinations of all

Figure 1: Opticmicroscopy images of samples, a) S1.1, b) S1.2, c) S1.3,
d) S1.4.

Figure 2: X-ray diffraction of sample, a) S1.1, b) S6.1.
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samples revealed that the hard particles were non-uniformly
dispersed in the matrix structure because of the differences
of density between the externally added particles and the
moltenmatrix. Themorphologyof carbide inhigh chromium
white cast iron is formed from rod and blade-like structures.
It was confirmed that the rod and blade structure growth
occurred in hypoeutectic and eutectic irons. The adjacent
hypoeutectic rod growth in the melt limited the length of a
hypoeutectic rod. Due to the microstructure, the micro-
hardness of the carbides and energy dispersive spectroscopy
analysis, hypo-centric carbides are thought to form
throughout solidification (Figure 3). EDS analysis of Sample
S2.1 is shown in Figure 3 and Table 3.

However, inoculation of pure Ti did not give the
desired structure because of the density difference between
titanium and iron and titanium’s affinity to oxygen (and its
propensity to form TiO2). Thus, titanium was added as the
FeTiB phase former. The results showed that precipitated
TiB2 was not formed. Therefore, heat treatment was carried
out for secondary carbide and boride precipitation. The
influences of the heat treatment on S2.1, S2.2, S2.3, and S2.4
samples are indicated in Figure 4.

The rate of FeTiB was gradually increased to 0.5, 1.0,
1.5, 2.0 and 2.5 wt%. The resultingmicrostructures revealed
that these particles added to the microstructure affected
the eutectic phase and primary carbides formed for nucle-
ation sites throughout solidification in the hypoeutectic
region. The microstructures of S3.1, S3.2, S3.3, and S3.4

samples are illustrated in Figure 5. Significant numbers of
titanium-containing pro-eutectic carbides were observed.
From the microstructure, the particles that were added
throughout casting were found to act as nucleation

Table : EDS analysis results of sample S. (wt%).

Elements Cr Fe C Mn Ni Al Ti V Si

Object  . . . . . . . . .
Object  . . . . . . . . .

Figure 3: EDS analysis spectrums of sample S2.1.

Figure 4: OM and SEM micrographs of samples, a) S2.1, b) S2.2,
c) S2.3, d) S2.4.

Figure 5: OM and SEM micrographs of samples, a) S3.1, b) S3.2,
c) S3.3, d) S3.4.
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points. The carbide and interdendritic phases were ob-
tained in the microstructure. The homogenization time at
1000 °C caused the refining of hard phases (Figure 5d).
When homogenization time was increased, pro-
eutectoid particles were distributed homogenously in
the microstructure.

The microstructures of samples S4, S5 and S6 are
indicated in Figures 6–8. The homogenization time was
increased from 1 to 3 h and the carbides were significantly
refined. Homogenization heat treatment time for sample
S6 was increased up to 6 h. The microstructure of sample

S6 had primary carbides that were dissolved and
observed in spheroid form. MC and M2C carbides were
also determined, and carbides were distributed homo-
genously. The microstructure of sample S6 is indicated in
Figure 8. The size of the primary (M7C3) and secondary
carbides (M2C and MC) were identical to each other, and
hard particles reduced their size to 40 µm. Titanium and
chrome was found in the carbide microstructure. EDS
analysis of the carbides was determined on sample S2.1,
and the results are shown in Table 3. Carbide volume ratio
was associated with chemical analysis in previous
studies on white cast iron [17, 18]. The chemical rate and
the carbide volume varied on account of the added hard
inoculant particles, which were obtained from the FeTi-
FeB particulates mixture. The inoculants can change the
solidification gradient throughout solidification. From
the X-ray analysis results, it was determined that the
carbide phase in all of these regions consisted of the
primary M7C3 type. The heat treatment application
showed that the phase hardness was reduced, and the
volume ratio of carbide increased because of the
decomposition of the hard phases.

The surface hardness values of samples as-cast are
given in Table 4. It was also determined that the homoge-
nization process affected hardness. The microhardness
values of some carbides were greater than 2500 HV.
According to the EDS analysis, these hard phases consisted
of elements of Ti, C, and B. It was thought that the sec-
ondary carbides could be M2C carbides with Mo, Ti, C
and B. The primary carbides had 1700 HV microhardness
values and were thought to be M7C3.

Figure 6: OM and SEM micrographs of samples, a) S4.1, b) S4.2,
c) S4.3, d) S4.4.

Figure 7: OM and SEM micrographs of samples, a) S5.1, b) S5.2,
c) S5.3, d) S5.4.

Figure 8: OM and SEM micrographs of samples, a) S6.1, b) S6.2,
c) S6.3, d) S6.4.
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3.2 Wear test

Figure 9a and b shows the relationship between wear rate
and hardness. The abrasion rate was higher for sample S1
without FeB and FeTi. Sample S6 had a minimum wear
rate. It was estimated that the reduction of the wear rate
depended on the carbide size, matrix hardness, carbide
hardness, and decrease of primary carbide volume in the
matrix. The abrasive particle measurement played an
important role in the mechanism of wear. Depending on
the abrasive particle size, the abrasive particle is deformed

or cut. Therefore, the ratio of the size of the reinforcement
had great effect. The wear rate increased by critical carbide
size, type and distribution in the microstructure. The dif-
ferences inwear resistancewere consistentwith changes in
the FeB-FeTi amount. Rough primary carbides adversely
influenced the durability of HCrWCI. Consequently, it is
useful to thin the microstructure to increase the strength
properties of HCrWCI. FeB promotes the formation of
thinned dendrites and eutectic structures [19]. The boron
inoculated to the alloy contributed to the formation of a
harder structure. FeTi-FeB reinforcement increased hard-
ness and contributed to wear performance. A rise in the
hardness of a thinner eutectic microstructure with 2 wt%
FeTi was detected. The hardness of primary carbides was
slightly reduced by the addition of FeTi. It was evident that
reinforcements through inoculation resulted in a signifi-
cant reduction in wear rates of the samples throughout
abrasive wear tests. In other words, the samples reinforced
with FeTi-FeB inoculation indicated that the inoculation
rate increased and the hardness in the matrix reduced the
rate of wear [20]. However, the homogenization process
reduced the wear resistance (Figure 9).

4 Conclusions

The following conclusions were reached.
– The addition of FeTi-FeB inoculants to high Cr white

cast iron played an important role in the distribution of
hard carbides.

– Structures having M7C3 carbides were surrounded by a
layer of austenite and pearlitic-austenitic matrix.

– Refinement of the microstructure was related to ho-
mogenization heat treatment.

– The carbides with coarse grains decomposed and
ledeburite phases were formed in the microstructure.

– A thinnermicrostructure improved thewear resistance
of materials.

– The eutectic structure had the greatest abrasion
strength and hardness due to its finer microstructure.

– The differences in wear resistance and hardness were
consistent with changes in the amount of FeTi and FeB.

– FeTi-FeB reinforcement increased hardness and
contributed to wear performance.
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Table : Surface hardness values of samples as-cast.

No Secondary
carbide

hardness
(HV)

Primary
carbide

hardness
(HV)

Hard
phase
ratio

(vol-%)

Matrix
(HV)

Surface
hardness

(HRC)

S.  – .  

S. – – . – 

S. – – . – 

S. – – . – 

S. – – . – 

S. – – . – 

Figure 9: Relationship between wear rate and hardness for a) as-
cast samples, b) heat-treated samples.
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