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ABSTRACT

Enhance the surface hardness of materials usually conducted through a hardfacing technique. Hardfacing
is popular, whereby materials with better properties are deposited over cheaper bulk material. This work
fabricated hard layers by adding titanium (Ti) wire during the welding process. This research used low-
carbon steel as the base material, wire optime Ti grade 1 for Ti addition, and an HV 600 electrode with
a diameter of 3.2 mm for filler metal. A single-layer weld was conducted with SMAW (positive polarity
and 90 A). The samples were directly quenched in a different solution after welding. The properties of
the weld layer were examined phase, structure, microstructure, macrostructure, and hardness using
optical emission spectroscopy (OES), x-ray diffraction (XRD), an optical microscope, a digital camera,
and a hardness device, respectively. Adding titanium (Ti) to the weld layer and quenching the samples
after welding in the solution enhances the hardness. This phenomenon is attributed to different phase
compositions, oxides, and microstructures. A fine dispersion of small particles and oxide amount is
important in increasing hardness. There is no cracking in the weld and base metal. In conclusion, samples
BNTiO and BNTiM are recommended for lathe-cutting tools.

doi: 10.5829/1je.2023.36.03c.13

1. INTRODUCTION

High Speed Steel (HSS) is a commonly used cutting tool
in the lathe. For dry-cutting operational conditions, four
factors need consideration: pressure, temperature, sliding
speed, and the interface. Thus, factors could affect high
wear rate, heat, and short tool life [1]. These conditions
could be reduced by increasing the hardness. HSS
commercial lathe-cutting tool hardness is around 765.68
HV [2].

Enhance the surface hardness of materials usually
conducted through a hardfacing technique. Hardfacing is
popular, whereby materials with better properties are
deposited over cheaper bulk material [3]. Furthermore,
hardfacing is one of the most economical techniques to
mitigate the wear of tools and components of a machine
[4]. By increased the hardness on the surface of the metal
with less hardness is the cheapest than using a bulk metal
with high hardness. Hardfacing applies a hard surface
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layer on the base material to resist abrasion, impact, and
erosion.

Welding is one technique for fusion between two
materials [5]. The welding process also could be
conducted to reach the hard layer. Therefore, a hard layer
could result from welding processes such as shielded
metal arc welding (SMAW) [6, 7], Flux core arc welding
(FCAW) [6], plasma transferred arc welding (PTA) [8],
electro-slag welding (ESW) [9], and gas tungsten arc
welding (GTAW) [10]. The SMAW technique is more
flexible and easy to operate than others.

Commonly filler metals used for hardfacing are iron
(Fe)-based alloys, cobalt (Co)-based alloys, and nickel
(Ni)-based alloys. Singh [11] has reported hardfacing
single layers through various hard alloy filler metals (iron
(Fe)-based alloys), resulting in hardness between 375 and
543 HV. A different electrode composition has resulted
in different hardness. A filler metal with a high carbon
(C), Manganese (Mn), and chromium (Cr) has a resulting

Please cite this article as: S. Syaripuddin, S. Sopiyan, S. Aditya, S. D. Yudanto, F. B. Susetyo, Synthesis of Hard Layer by Titanium Addition During
Welding Process and Quenched Directly, International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 03, (2023) 532-539



mailto:Syaripuddin_andre@unj.ac.id

S. Syaripuddin et al. / IJE TRANSACTIONS C: Aspects Vol. 36, No. 03, (March 2023) 532-539 533

high hardness. Deng et al. [12] reported that hardfacing
by cobalt (Co)-based alloys resulted in different hardness
for different thicknesses. Less thickness is resulting high
hardness. This phenomena is caused by the absence of the
fine grain when the thickness is decreased. Kesavan and
Kamaraj [8] have found that aging treatment of a nickel-
based hardfacing has reduced the hardness when
treatment time increased.

Titanium (Ti) and Ti-alloys are widely applied in
marine, petrochemical, chemical, aerospace, and
biomedical industries because promising high specific
strength and high corrosion resistance [13, 14].
Furthermore, Ti also promises good hardness and erosion
resistance [15]. Therefore adding a Ti into the weld layer
could increase the hardness. Zhou et al. [16] have added
0.263 wt% Ti in the flux of the SMAW filler metal (Fe-
Cr13-C-Nb). Exhibit Ti leads to a decreasing hardness
from 46.2 to 45.2 HRC. Ti could be aglomerated
perfectly between filler and based metal because the flux
is changed into gasses as shielding for molten metal when
the SMAW process is performed. Zhou et al. [16] found
that the hardness of the layer increased from 56 to 61
HRC with titanium content from 0 to 0.63 wt%. Increased
Ti content to 1.17 wt% could form TiC carbide because
too much carbon is consumed by titanium. It led to a
change in the microstructure to a hypereutectoid one and
caused a decrease in the hardness. Moreover, the exhibit
Ti content in the layer also increases the hardness than Zr
addition by approximately 603 and 584 HV, respectively
[17].

In addition, increasing the hardness of a material can
also be conducted by quenching techniques in various
solutions such as oil [18, 19]. Vegetables and engine oil
were used for quenching operations to avoid undesirable
microstructure [18, 20]. Dauda et al. [20] quenched
carbon steel in engine oil, and Totten et al. [21] also
quenched steel in vegetable oil which could increase the
hardness. Various oils for quenching solution would be
resulting different microstructures due to different
cooling rates. Engine oil and vegetable oil at 40 °C have
a cooling rate of 64.4 and 71.9 K/s, respectively [21]. The
cooling rate decreases as the viscosity of the solution
increases [22].

Before quenching, the sample was heated in a muffle
furnace. Commonly, the muffle furnace temperature is
set to > 800°C, and the specimen was heated 0.5 until 1
hour [18]. For cost efficiency, the sample quench after
the welding process is similar to when the sample heating
with a muffle furnace and then rapidly quenching
because the temperature during the welding process is
around 1200 °C, which is similar to heating with a muffle
furnace [23].

In this research, the hardfacing by the commercial
electrode and adding Ti during welding on the low-
carbon steel was conducted. Moreover, after welding,
each sample was directly quenched in vegetable oil and

engine oil. It is worth to be mentioned and to highlight
the major concern about properties and hardness result by
adding Ti in the weld layer and directly quenching
method after weld. This method is more cost-effective
than heating the sample with a muffle furnace. The
application of this research is for lathe cutting tools
application.

2. MATERIALS AND METHODS

This research used low-carbon steel (150x10x10 mm) as
the base material. The composition of the base material
is 0.128 wt% C, 0.359 wt% Si, 0.996 wt% Mn, 0.225
wt% Cr, 0.167 wt% Cu, and Fe balance (see Figure 1).
Wire optime Ti grade 1 with a diameter of 0.65 mm (from
the USA) was used for Ti addition. The weight of each
Ti wire used is 0.225 g. HV 600 electrode (typical
composition: 0.6 wt% C, 1 wt% Mn, 0.4 wt% Si, 4wt%
Cr, and Fe balance) with a diameter of 3.2 mm (from
Nikko Steel Manufacturer) was used for filler metal.

Prior welding process, the based material surface was
cleaned by hand grinder. HV 600 electrode was dried for
1 hour (150 °C). Three pieces of Ti wire (150xQ
0.65mm) were placed on the surface of low carbon steel
and welded single layer with SMAW (Fro BF 443,
positive polarity, and 90 A).

This research was resulting three different samples
that were welded using an HV 600 electrode without Ti
addition and directly cooled in the natural air, quenched
in 1L of engine oil (SAE 20-50), and 1 L of palm ail,
namely BNU, BNO, BNM, respectively. Afterward,
three samples were welded using an HV 600 with Ti
addition. They directly cooled in the natural air,
quenched in 1 L of palm oil, and 1L of engine oil (SAE
20-50) were BNTiU, BNTiO, and BNTIU, respectively.
The sample after the weld is shown in Figure 2.

The samples were checked with Was Foundry
Master-Optical Emission Spectroscopy (OES) according
to ASTM E415. X-ray diffraction (XRD) PANalytical
Aeris with CoK=1.789 A and step size 0.0217° was used
to analyze the phase composition and crystal structure.
The Rietveld method was used to calculate the lattice
parameters [24]. Furthermore, the sample was mounted
in the epoxy resin, grinding, polishing, etching in 3%

Figure 1. Base material
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Figure 2. Weld samples

Nital, and captured by a digital camera for
macrostructure. It was also checked by an inverted
optical metallurgy microscope Olympus BX41M — LED
for microstructure investigation (ASTM E407).
Afterward, samples were hardness measured by Vickers
hardness tester FV-300e (5kgr of load). Five readings
were collected to have average hardness.

3. RESULT AND DISCUSSION

3.1. OES Based on the OES result, the base material
was welded with HV 600 electrodes, resulting welded
layer in the composition: 0.342 wt%C, 0.182 wt%Si,
0.608 wt%Mn, 2.09 wt%Cr, 0.139 wt%Cu, and Fe
balance. The 0.342 wt%C in the steel is close to medium
carbon steel [25].

The base material was welded with HV 600 electrode
and added a Ti wire resulting welded layer in the
composition: 0.443 wt%C, 0.366 wt%Si, 0.923 wt%Mn,
2.19 wt%Cr, 0.144 wt%Cu, 0.147 wt% Ti, and Fe
balance. Ti was perfect adding in the weld layer, as
proved by the OES result.

3. 2. XRD Figure 3 shows the diffraction pattern of
the various samples. The plane peaks (110) and (211) are
reflections of the a-iron (ferrite) phase. These a-iron
phase plane peaks are in good agreement with the results
of other studies [26-28]. The peak magnification of 110
plane diffraction patterns in the inset of Figure 3 (20 =
50-53°) shows an asymmetric peak shape. According to
Han et al. [28], this asymmetrical peak denotes the
presence of an o’-iron (martensite) phase. The peak at an
angle of 20 = 41.3°, identified as the Fe3Os phase,
illustrates how the welding process used results in the
oxidation of the steel.

Different intensity values can be seen in the
diffraction patterns of the four samples. This intensity
value can be connected to the full width at half maximum
(FWHM) value of each sample. The BNTiO sample has
the smallest crystallite size, according to the qualitative
analysis of the FWHM values of the a-iron and a’-iron
phases in the (110) and (211) planes, as summarized in
Table 1.
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Figure 3. XRD various samples

TABLE 1. Quantitative analysis of diffraction patterns for
various samples

Source BNU

BNTiU BNTIiO BNTIM

Ferrite phase

Crystal system: Body Center Cubic (BCC)

Space group: Im-3m

Lattice a (nm) 0.2878 0.2867 0.2881  0.2875
Martensite phase

Crystal system: Body Center Tetragonal (BCT)
Space group: 14/mmm

Lattice a (nm) 0.2855 0.2857 0.2859  0.2821
Lattice ¢ (nm) 0.2935 0.2958 0.2931  0.2876
a-Fe (wt.%) 81.24 60.35 72.75 85.41
o'-Fe (wt.%) 1599  32.30 23.86 13.02
Fe;04 (Wt.%) 2.77 7.35 3.39 1.57
FWHM (110) (°) 0.695  0.858 0.548 0.680
FWHM (211) (°) 0.980 1.090 1.030 1.120
Rwp (%) 3.30 531 3.46 3.52
a 1.360 1.369 1.662 1.268

The composition of the phase formed and lattice
constants were determined through the quantitative
analysis of the diffraction patterns. Figure 4 compares the
results of the calculated and observed diffraction patterns
for the BNTiM sample. This study uses the Rietveld
method to analyze diffraction patterns quantitatively. The
overlapping peak (110) of the ferrite and martensite
phase fractions were calculated using the Rietveld
method in order to determine its composition. The ferrite
and martensite phase fractions for the BNTiM sample
were 85.41 wt.% and 13.02 wt.%, respectively (see Table
1). The sample with the greatest a-iron phase content out
of the other three is the BNTiM sample.
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Figure 4. Diffraction patterns for the BNTiIM sample

calculated with the Rietveld method

The BNTIM sample, which has a body center cubic
(BCC) structure with the space group Im-3m, has a lattice
constant value (a=b=c) of 0.2875 nm. Table 1 shows the
lattice constants for the four samples. These constant
lattice values are identical to those previously reported
[29-31].

3. 3. Microstructure Microstructure observation
for the samples with an optical microscope was
conducted as shown in Figure 5.

Based on Figure 5, we can observe different
microstructures were formed. Samples with air cooling
have similar characteristics for Ti addition and without
Ti addition. It seems 0.147 wt% Ti addition does not
influence the microstructure. This phenomenon is due to

)
Figure 5. Microstructure result (a) BNU, (b) BNO, (c)
BNM, (d) BNTiU, (e) BNTIO, and (f) BNTiM

only 0.147 wt% Ti being formed in the welded layer
based on the OES result. Zhou et al. [16] have reported
0.28 wt%Ti could change the microstructure. When the
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Ti composition of Ti raised to 1.17 wit%, the
microstructure significantly changed.

From Figures 5(a) and 5(d), we can see a un uniform
distribution of ferrite (white region) and martensite (dark
area). This behavior was confirmed with the XRD result,
where 81.24 wt % ferrite and 15.99 wt % martensite were
in the BNU. Moreover, 60.35 wt % ferrite and 32.30 wt
% martensite were realized in the BNTIU. The
distribution and compositions formed between
martensite and ferrite could avoid cracking [32]. It has
been no cracking seen in the samples based on
microstructure observation.

Quenching in palm oil and engine oil significantly
influences the microstructure, similar to other cases
reported in literature [20]. Figure 5 shows the martensitic
phase and perfect agreement with different research
results [33]. Quenching the samples in the solution led to
uniformly changing ferrite (a-Fe) distribution between
martensite (o'-Fe). Randomly martensite structure is
distributed in a ferrite matrix after quenching [34]. This
phenomenon is due to the oil's rapid cooling; hence,
conducted ferrite becomes finer and does not grow more
[35]. The quench heat treatment would be resulting
smooth distribution of ferrite and martensite [36].

3. 4. Macrostructure  The samples were compared
to evaluate the effect of the quenching solution and Ti
addition to the macrostructure. Macrostructure
observation with a digital camera is shown in Figure 6.
Based on Figure 6, we can see different
macrostructures were formed. Fusion between the base
metal and weld metal is shown for various samples.

Weld
Deposited
S mm
Base

ia! Material §)
(3 d
S mm
——

(e)
Figure 6. Macrostructure result (a) BNU, (b) BNO, (c)
BNM, (d) BNTiU, (e) BNTIO, and (f) BNTiM

There are no visible cracks on the macrostructure.
Commonly, this occurs influenced by welding
conditions, mechanical restraint, and hydrogen trapping
[37, 38]. It means the welding condition in this research
could avoid this, and no hydrogen trapping appears in the
weld metal.

The penetration of the weld layer would increase by
raising the current of welding. Shukla et al. [39] showed
1.2 mm deep penetration when welding using 90 A and
positive polarity. Rising to 120 A, reach a deep
penetration of around 1.75 mm. The negative polarity and
90° of the electrode angle with a current at 120 A revealed
full penetration because of more heat to the weld region
[35, 39]. Moreover, a higher current for positive polarity
is needed to get full penetration than negative polarity
[40]. Plate thickness also influences penetration. Shifting
to more thicknesses could increase penetration [35]. In
this research, a single layer of weld penetrates
approximately 3 mm for various samples. It shows
perfect agglomeration between the base material and
weld metal. Adding Ti in the weld layer is not influence
the penetration. This result differs from others because
welding parameters such as an electrode, current, and
electrode are different. Commonly penetration of the
weld layer is affected by the polarity, current, and angle
of the electrode for the SMAW process [39].

3. 5. Hardness Distributions A comparison of
the sample hardness was carried out in Figure 7.

Many factors influence hardness were formed.

Khamari et al. [35] found that increasing the current
would increase the hardness. Dauda et al. [20] found
various oil for quenching media resulting in differences
in hardness. An exhibit of a fine dispersion of small
particles of ferrite and martensite also contributed to
higher hardness [20].
Based on Figure 7, we can see that quenching the sample
increased the hardness. BNU sample was resulting an
average hardness of 503.48 HV. This hardness agrees
with the manufacturer of a diverse range of advanced
welding consumable HV 600 for single-layer welding,
resulting in hardness between 440 — 540 HV [41].
Quench the sample into oils significantly increase the
hardness [20].

896.20
1000.00 - SAT5D

/>-\ 800.00 654.04 ) 686.10
T
\5 600.00 |503.48
S 400,00
£ .
£ 20000

0.00

BNU BNO BNM BNTiU BNTiO BNTiM

Sample
Figure 7. Hardness Vickers of the different specimens
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Its seem samples where quenching in oils has higher
hardness than air cooling. Air and oil cooling could
increase the hardness by around 4.5% and 40%,
respectively [42]. Sample where quenching in palm oil
has a higher hardness than engine oil. This value is
attributed to palm oil having less viscosity than engine oil
and thus affecting the higher cooling rate. As we know,
engine oil has 64.4 and vegetable oil has 71.9 K/s of
viscosity at 40° C [20, 21]. A shift to a higher cooling
rate led to higher hardness [43]. For this study, we found
that palm oil is the best quenching solution to increase
the hardness.

Adding Ti also increases the hardness of the sample
when quenching in a different solution. This result
perfectly agrees with other research where adding Ti
improves the hardness, whereas adding 0.63 wt% Ti
could increase the hardness from 56 to 61 HRC [16].
Increasing the Ti from 0.63 to 1.17 wt% could decrease
the hardness because too much carbon is consumed when
titanium content is 1.17 wt% [16]. Therefore, there is a
limitation contained in the layer when Ti is added.
Moreover, 0.147 wt% Ti in the weld layer increases
hardness by around 0.2% for a sample with and without
the quenching process.

Based on Table 1, we can realize that the quenched
sample with Ti addition in the engine oil and palm oil led
to a decrease in the oxide (Fes0a4). This phenomenon may
be attributed to the solution cooling rate that increased
sample hardness. Iron oxide could affect the strength of
the material [44].

Compared to Table 1, an increase in the hardness
linearly within increase in the ferrite for a sample with Ti
addition. Adding Ti could increase in the hardness of the
ferrite matrix [45]. The ferrite phase is the main factor in
increasing the hardness in this research. A shift to higher
ferrite composition (see Table 1) and fine dispersion of
small ferrite particles could enhance the hardness.

Based on the hardness test result, BNTIO, and
BNTiM have more hardness than the HSS commercial
for a lathe-cutting tool [2]. This value means the samples
are recommended for the cutting tool. But this needs deep
further investigation.

4. CONCLUSIONS

The effect of Ti addition and quenching of the samples is
summarized as follows:

1. Adding titanium (Ti) to the weld layer and
quenching the samples after welding in the solution
enhances the hardness. This phenomenon is
attributed to different phase compositions, oxides,
and microstructures.

2. Afine dispersion of small ferrite particles and oxide
amount is important in increasing the hardness.

3. Adding Ti in the weld layer did not influence the
penetration. Therefore, there is no cracking in the
weld and base metal.

4. BNTIO, and BNTiM samples are recommended for
cutting tools.
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