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The effect of Ti addition (0.15 and 0.20 wt%) on mechanical properties and wear resistance of steel exca-
vator bucket teeth was investigated. Teeth were produced by commercial sand casting technique. After
production normalizing, hardening, and tempering heat treatment procedures were applied to the teeth.
Lath martensitic microstructure was observed and small amount of carbide particles were present in the
microstructures of Ti containing ones. In addition, small amount of hard and brittle TiN particles were
observed in the microstructure of 0.20 wt% Ti containing teeth. The best mechanical properties were
obtained for 0.15 wt% Ti containing teeth with considerably high abrasive wear resistance. However,
0.20 wt% Ti containing teeth exhibited worst abrasive wear resistance and limited ductility due to the
formation of TiN particles.
� 2019 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Excavator is a heavy equipment frequently used in the con-
struction and mining activities [1]. Excavator bucket is one of the
main components of excavator and it is used for digging and load-
ing [1,2]. Bucket contains protruding teeth on its edge. In the oper-
ation of excavator, teeth have direct contact to ground or rocks. For
this reason, the material used for teeth should have high strength,
high toughness, high power and high wear resistance [1,3]. More-
over, teeth are renewed sporadically due to their limited service
life arising from the ground or rock penetration [1]. The wear
behavior of teeth is a very important service life determining fac-
tor. Thus, wear mechanism of teeth should be understood carefully
[4]. Wear can be categorized into two-body abrasive wear, three-
body abrasive wear [5–7], low-stress abrasion, high-stress abra-
sion, gouging [7,8], soft abrasion and hard abrasion. Among these
mechanisms, abrasive wear is the dominant failure mechanism of
excavator teeth used as a digger in mining industry.

Researchers have been working on development of steel having
high strength, high toughness and excellent wear resistance [9–
11]. Alloyed mild carbon steels are potential materials used in
the production of teeth. However, mechanical and physical proper-
ties of these steels can be further improved by means of alloying
element additions. Alloying elements those forming stable car-
bides such as Nb, V and Ti can improve the room-temperature
mechanical properties. In addition, they can also lower the grain
size because of the pinning effect. It is well-known that grain
refinement also improves the room-temperature mechanical prop-
erties. Compared to Nb and V, Ti is cheaper and is used as an alloy-
ing element in the commercial processes [12–15].

In this study, the effect of Ti addition on microstructure,
mechanical properties and wear resistance of commercially pro-
duced mild carbon alloyed steel teeth was investigated. Moreover,
the field tests were performed in a magnetite mine in order to
determine the working life of teeth.
2. Experimental

2.1. Casting process

Steel teeth having various Ti concentration was produced by
commercial sand casting technique. The produced teeth were des-
ignated as MC (0 wt% Ti), MC15 (0.15 wt% Ti) and MC20 (0.20 wt%
Ti) with respect to Ti concentration. The casting was performed
with an Inductotherm medium frequency open atmosphere induc-
tion furnace having 1500 kg capacity and no further vacuum or
argon degassing was applied to the melt. Thus, certain amount of
N dissolves in the melt. We chose maximum Ti concentration as
0.20 wt:% because TiN, which has a detrimental effect on mechan-
ical properties, can be easily formed when the Ti amount of the
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steel exceeds a limiting value. The chemical compositions of the
MC, MC15 and MC20 samples were tested using of OBLF RS1000-
162 (OBLF GmbH, Witten, Germany) model optical emission spec-
trometer and obtained results are given in Table 1.
2.2. Heat treatment

After production of teeth, three steps heat treatment was
applied as indicated in Fig. 1: i) first, teeth were normalized at
920 �C for 15 h and air cooled, (ii) then they were austenized at
920 �C for 4 h and water-quenched, (iii) finally, they were tem-
pered at 300 �C for 8 h. The normalizing treatment was performed
in order to provide a uniform microstructure and grain size,
whereas hardening and tempering heat-treatments were per-
formed in order to increase the toughness and strength.
2.3. Microstructural characterization

Samples for microstructural examination were mechanically
grinded (with 120–1200 grit SiC papers), and then polished with
Al2O3 suspension. Then, samples were etched with 2% Nital solu-
tion. Microstructural observation was performed using Hitachi
SU5000 model scanning electron microscope (SEM).
2.4. Phase analysis

Phase analysis of MC, MC15 and MC20 samples were done by X-
ray diffraction analysis (XRD) using a Bruker IFS 66/S model
diffractometer with a scanning rate of 2�/min and 2h range of
40–100�.
Table 1
Chemical analysis of specimens.

Element MC (wt. %) MC15 (wt. %) MC20 (wt. %)

Fe Balance Balance Balance
C 0.297 0.276 0.275
Si 1.530 1.393 1.350
Mn 0.971 0.905 0.912
S 0.009 0.008 0.008
Cr 2.060 2.028 2.027
Mo 0.382 0.363 0.382
Ni 0.190 0.218 0.333
Ti 0.003 0.144 0.198

Fig. 1. Heat treatment process.
2.5. Mechanical testing

Mechanical properties of the heat-treated teeth specimens were
investigated by means of tensile and hardness tests. Tensile tests
were performed using an ALSA KTM 1000 model universal testing
machine at a strain rate of 10�4 s�1 according to ISO 6892–1: 2016
standard [16]. The 0.2% proof stress in uniaxial tension was consid-
ered the yield stress. At least three specimens were tested for each
composition. Samples having large deviations due to voids and
cracks were excluded from the analysis. Rockwell-C hardness mea-
surements were performed utilizing a Digirock BMS 200-RB Hard-
ness tester. The mean hardness values were determined by
averaging five measurements obtained for each sample.
2.6. Field testing

The field test of teeth was performed in a magnetite (Fe3O4)
mine in Divriği/Sivas/Turkey. For these tests, Komatsu PC 550
model excavator was used MC15 and MC20 teeth were tested on
excavator as one set (5 pieces, Fig. 2). The working life of these
teeth was determined. Trial specimens were tested non-explosive
quarry that digging executed.
2.7. Pin-on-Disk wear test

Pin-on-disc wear tests were applied to MC, MC15, and MC20
samples. Pins having 10 mm diameter and length were prepared.
These pins were grinded with SiC sandpapers. Then, the surface
of the pins was polished with 0,3 lm diamond suspension. The
pins were fixed to disc perpendicularly to holder’s arm. 60 grit
SiC sandpaper was inserted onto the metal disc. The main principle
of the pin-on-disc wear test is that the fixed pin that suffers wear
against to the rotating disc.

The test conditions of the pin-on-disc abrasive wear tests were
chosen as;

� Load: 1 kg (9.8 N)
� 5 cm rotating diameter
� 200 rpm rotating speed
� Dry sliding
� Sliding distance is 1004.8 m
� 60 mesh sandpaper (4 pieces)
Fig. 2. Bucket of excavator and mounted teeth.
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3. Results

3.1. Microstructure and phase analysis

XRD analyses (Fig. 3) revealed that investigated MC, MC15 and
MC20 teeth were mainly composed of martensite and small
amount of retained austenite were also present in the MC and
MC20 teeth. Additionally, no additional carbide formation was
not detected in the XRD patterns. The SEM microstructure images
of the heat-treated MC, MC15 and MC20 teeth are given in Figs. 4
and 5. Tempered martensite microstructure was obtained as a
result of tempering heat treatment. The morphology of the resul-
tant martensite is typical lath martensite [17]. In addition, Ti, Si
or Mo carbides were also detected in the microstructures of Ti con-
taining MC15 and MC20 teeth.

3.2. Mechanical properties

The results of the tensile and hardness test results of the heat-
treated MC, MC15 and MC20 teeth are given in Table 2. According
Fig. 3. XRD patterns of MC, MC15 and MC20 teeth.

Fig. 4. MC specimen SEM-EDS elemental mapping.
to these results, 0.15 wt% Ti addition enhanced the room-
temperature mechanical properties. Elongation, tensile and yield
strength values increased compared to that of Ti free composition.
However, nearly same hardness values were measured for all
compositions.

3.3. Observations on Pin-on-Disc Test Results

The results of the pin-on-disc wear tests are shown in the
Table 3. Wear factor was calculated using the following formula.

xs ¼ Mloss= W � L � qð Þ ð1Þ

where, xs is wear factor, Mloss is weight loss with wear, W is load, L
is sliding distance and q is density of the steel (7.85 g/cm3).

When volume loss (%) with wear result of MC, MC15, and MC20
were found 2.1445, 1.6670 and 2.5337 respectively, wear factor
(cm3/Nm) were found as 1.61 � 10�6, 1.69 � 10�6 and
2.27 � 10�6 respectively.

According to the results of pin-on-disc wear tests (Table 3),
MC20 teeth exhibited the worst wear resistance having highest
volume loss and wear factor. However, MC and MC15 teeth
showed similar abrasive behavior. The wear resistance of MC was
slightly better than that of MC15.

3.4. Field test results

The excavator used in the field test contained five teeth. Teeth
number 01 and 05 was placed on the bucket edges, teeth number
02 and 04 was placed next to the number 01 and 05, whereas tooth
number 03 was placed on the center of the bucket. Volume loss
and length change was measured during the field test.

Volume loss was determined using following equation:

d ¼ m=V ð2Þ

where; d is density, m is mass and V is volume. The density of the
teeth were taken as 7.85 g/cm3 (density for steel).

According to the field test results (Fig. 6), maximum volume
loss was observed for teeth 01 and 05 (edge teeth), while minimum
volume loss was observed for teeth 03 (centre tooth). Moreover,
the volume loss decreased with increasing Ti concentration from
0.15 wt% to 0.20 wt%. The final lengths of maximum and minimum
abraded teeth after field test are given in Table 4. Both teeth were
worked in the same condition.
4. Discussion

The resultant microstructure for the heat-treated teeth was lath
martensite. Martensitic microstructure may have various mor-
phologies such as lath, butterfly, lenticular and thin plate [18].
Among these morphologies, lath morphology is typically observed
since it can easily be formed using a simple heat-treatment pro-
cess. SEM micrographs showed that lath martensite aligned paral-
lel to one another in the parent grain. Toughness and strength of
martensitic steels are directly related to packet and block size,
morphology and crystallography of lath martensite [19]. The
microstructural examination revealed that no important differ-
ences was observed in the volume fraction, distribution, size and
morphology of the constituents with respect to Ti content. The only
change is that small amount of carbide particles were observed in
the SEM investigations of Ti containing MC15 and MC20 samples.
SEM elemental mapping analysis (Figs. 4 and 5) revealed that these
particles could be Ti, Si or Mo carbides. However, the formation of
carbides were not detected in the XRD analyses due to their low
volume fraction and detection limit of XRD analysis.



Fig. 5. MC15 (a) and MC20 (b) specimen SEM-EDS elemental mapping.

Table 2
Results of mechanical test.

Specimen Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness (HRC)

MC 1668 ± 59 1486 ± 53 5.15 ± 0.32 50.85 ± 0.1
MC15 1700 ± 61 1553 ± 66 5.55 ± 0.52 50.56 ± 1.5
MC20 1564 ± 42 1384 ± 78 2.52 ± 0.15 50.76 ± 0.93

Table 3
Pin-on-disc wear test result of MC, MC15 and MC20 specimens.

Case MC MC15 MC20

Weight loss with wear (g) 0.1241
±0.034

0.1308
±0.0146

0.1758
±0.02

Initial volume (cm3) 0.7372 0.7729 0.8873
Final volume (cm3) 0.7214 0.7563 0.8649
Volume loss (cm3) 0.0158 0.0166 0.0223
Volume loss (%) 2.1445 1.6670 2.5237
Wear factor (xs) (cm3/Nm) 1.61 � 10�6

±4.40 * 10�7
1.69 � 10�6

±2.32 * 10�7
2.27 � 10�6

±1.04 * 10�7
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The results of the tensile tests presented that 0.15 wt% Ti addi-
tion has positive effect, while 0.20 wt% Ti has negative effect on
mechanical properties. For MC15, the enhancement of elongation,
Fig. 6. Teeth that used in field tes
tensile and yield strength values are attributed to formation of car-
bide particles. However, the reason for the negative effect of
0.20 wt% Ti addition can be attributed to two parameters: TiN for-
mation and retained austenite. SEM investigations coupled with
elemental mapping (Fig. 7) also revealed that TiN is formed in
the microstructure of MC20. It is well-known that TiN is an extre-
mely hard and brittle phase so that mechanical properties is dete-
riorated. It is caused to crack initiation as shown by Fig. 7. Since we
used open atmosphere induction furnace in the production of the
teeth, the source of N is air. As we did not perform further argon
or vacuum degassing techniques, some amount of N is still present
in the composition of the samples. On the other hand, Ti reduces
dissolved carbon in austenite due to higher affinity to carbon than
the austenite phase [20] and Ti-carbides or nitrides does not dis-
solve at austenitizing temperature [21]. Thus, the surface of these
ting MC15 (a), and MC20 (b).



Table 4
Final length of teeth after field test.

Teeth Type Final Teeth Length (mm) Reduction in Length (%)

MC15 Teeth 01 192 46
MC15 Teeth 03 235 21.66
MC20 Teeth 01 203 32.33
MC20 Teeth 03 248 17.33

Fig. 7. SEM-EDX elemental mapping analysis of TiN particles.
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particles still provides sites to retained austenite. As a result
austenite to martensite transformation may not be completed.
Kawalla and co-workers [20] showed that increased amount of
retained austenite with increasing Ti content in steel can nega-
tively affect mechanical properties.

Field tests (Figs. 6 and 8), difficult and expensive, were per-
formed in the same condition and environment for MC15 and
MC20 teeth. The working life of the teeth was determined as the
time when the teeth become functionless (unable to dig) and need
to be replaced with new ones. Teeth were installed to Komatsu PC
550 model excavator and operated in iron (magnetite) mine. Com-
pared to other mines, iron mine is more abrasive. Thus, teeth were
exposed to abrasive wear due to digging on the unexploded
ground. Wear mechanism in the field is more complex than exper-
imental tests because of the presence of many factors. For example,
though excavators were worked in the same environment, a con-
tent of mine in terms of minerals has not homogeneously dis-
tributed on everywhere.

Dig force and angle of a bucket have significant effect on the life
of teeth. Even if excavator is controlled by a single operator, the
results may be completely different. Therefore, the mean value
should be obtained by performing several field tests. Both labora-
tory abrasive wear tests and field tests revealed that MC20 teeth
Fig. 8. Volume loss with wear to field test of MC15 and MC20 teeth.
showed the worst wear resistance and ductility because of the for-
mation of extremely hard and brittle TiN particles in their
microstructure. However, MC and MC15 exhibited similar mechan-
ical and wear properties due to their similar microstructure. The
mechanical and wear properties of Ti-free MC teeth are slightly
better than carbide containing MC15 teeth.
5. Conclusion

The effect of Ti addition on microstructure, mechanical proper-
ties and wear resistance of mild carbon low alloy steel excavator
teeth was investigated. Lath martensitic microstructure was
observed. Among studied compositions, 0.15 wt% Ti containing
MC15 seems to be the best candidate as an excavator teeth due
to its excellent mechanical properties and good abrasive wear
resistance. However, MC20 teeth exhibited the worst abrasive
wear resistance with highest volume loss and worst mechanical
properties with limited ductility due to TiN formation. The reason
for the enhancement of mechanical properties for 0.15 wt% Ti addi-
tion is the formation of carbide particles. However, extremely hard
and brittle TiN particles were formed in the microstructures of
0.20 wt% Ti containing teeth. Thus, strength and elongation values
decreased considerably.
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