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ABSTRACT

In this study, 5% and 10% by weight of anhydrous borax (AHB) was added to the iron (Fe)
matrix material by powder metallurgy method and the effects of the additive ratio on the Vickers
hardness (HV), Brinell hardness (HB) and Indentation modulus (Eir) values of the composites
(Fe/AHB) were investigated. In the productions carried out using Taguchi experimental design
method, AHB additive ratio, and sintering temperature parameters were selected as control
parameters that were thought to affect the physical and/or mechanical properties of the Fe/AHB
composite materials. The productions were carried out according to the Taguchi L4 orthogonal
array, which was created depending on the control parameters and levels. Vickers hardness and
indentation modulus measurements of pure iron and Fe/AHB composite materials were
performed in accordance with BS EN ISO 14577-1 standard and Brinell hardness measurement
was performed in accordance with TS EN ISO 6506-1 standard. According to the signal-to-
noise ratio (S/N) analysis performed with the experimental data, it was determined that the 10%
AHB additive ratio and 950°C sintering temperature optimized all the investigated properties of
the Fe/AHB composite material. It was determined that the values for Vickers hardness, Brinell
hardness and indentation modulus increased by 142.03%, 69.32% and 144.11%, respectively,
in the levels where the properties of the composite material were optimized compared to pure
Fe material. As a result of the qualitative examination of all samples after storage in a
comfortable environment without daylight, it was also observed that the anhydrous borax
additive delayed the corrosion time of pure iron material.
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1. Introduction

Composites are a group of advanced technological materials
formed by the combination of at least two different materials,
where the components called matrix and reinforcement come
together by creating an interface and behave as a single
material. As technology has evolved, the properties expected
from materials have changed and the increasing demand for
lightweight materials with high chemical and mechanical
strength in many sectors has increased the interest in
composites [1,2].

Metal matrix composites (MMCs) with continuous fibers and
whiskers as reinforcement were developed in the 1970s and
proposed for applications requiring high performance. [3].
These materials have attracted great interest from the industry
due to their unique mechanical and structural properties [3,4].

The improved mechanical strength, wear resistance, hardness,
stiffness, damping capacity, thermal stability, ductility of
metal matrix composites have attracted attention for a wide
range of applications [3,5]. MMCs are ideally suited for use
in ground transportation and aviation in the reduction of
structural weight and related fuel consumption [5]. When the
reinforcement materials preferred in the production of metal
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matrix composites, which can be produced by different
techniques [7] such as powder metallurgy, spray deposition
technique, and stir casting, are examined; silicon carbide (SiC)
with high hardness, wear resistance, toughness, fatigue
resistance properties and boron carbide (B4C) with high
melting point, low density, great resistance to chemical
substances are frequently preferred materials [5]. Boron
carbide (B4C), an important reinforcement material, is the
hardest known material after diamond and cubic boron nitride
(cBN) [6]. Since borides have higher hardness and thermal
stability compared to carbides, borides have the potential to be
a wear-resistant phase [8]. It is also known that B increases
the hardenability of the iron matrix [9].

When the materials used in the production sector do not
perform as expected, situations such as production
inefficiencies, quality problems and consequently customer
dissatisfaction inevitably arise. In this context, there are
different methods developed to improve both expected
material properties and product quality. The Taguchi method
is one of the methods developed to obtain the most
information with the least amount of time, cost, and energy by
designing experimental studies. It has proven to be an
effective tool to create optimal production conditions in a
wide range of production environments, especially in
achieving more efficient results with reduced trials [10,14].

In this study, a metal matrix composite was produced with
iron (Fe) as the matrix material and anhydrous borax (AHB),
a type of boron mineral, as an additive.

By evaluating the effects of anhydrous borax and/or
anhydrous borax additive ratio and sintering temperature
factors on the mechanical properties of the final product
(composite material), it is aimed to determine the most
effective additive ratio and sintering temperature to increase
Brinell hardness, Vickers hardness and indentation modulus
values and to develop Fe/AHB composite material. The
experimental study was carried out by Taguchi experimental
design method and Fe/AHB composites were produced by
powder metallurgy method according to the obtained Taguchi
orthogonal array.

2. Material And Methods
2.1. Iron (Fe)

Pure iron with a density of 7.87 g/cm3, a melting temperature
of 1535°C and a grain size of 3 um was used as matrix material
for the production of composite materials

2.2. Anhydrous borax

Anhydrous borax mineral with the trade name Etibor-68
purchased from Eti Maden Operations, with a density of 2.37
g/cm?® and a melting temperature of 742.5°C, was ground and

used under a sieve size of 20 um as an additive material for
the production of composite materials.

2.3. Implementation of Taguchi Method

Taguchi experimental design method was used to optimize the
Brinell hardness, Vickers hardness and Indentation modulus
values of the composites produced and to determine the
optimum levels of the factors. In addition to the control factor
of sintering temperature, which is thought to affect the quality
and mechanical properties of the composite products by
powder metallurgy method, the AHB additive ratio was also
specified as a control factor in order to investigate the effect
of different weight percentages of AHB additive. (see Table
1).

Table 1. Control factors and their levels

Factors Level 1 Level 2
AHB additive ratio (wt. %) 5 10
Sintering temperature (°C) 850 950

Depending on the factors and their levels, Taguchi L4
orthogonal array was selected (see Table 2) and the
productions were carried out in accordance with the
orthogonal array. At least 3 specimens were produced for each
test set-up and Brinell hardness, Vickers hardness and
indentation modulus values were determined by taking 5
different measurements on the specimens.

Table 2. Experimental conditions for L4 orthogonal array

AHB additive ratio

Sintering temperature

Trials (Wt. %) C)
1 5 850
2 5 950
3 10 850
4 10 950

Using the experimental data obtained after the measurements
of Brinell hardness, Vickers hardness and indentation
modulus values, signal-to-noise ratios (S/N) were examined
by using the Minitab program, in accordance with the "larger
is better" method (see Equation 1) to determine the parameters
that optimize these values.

S/N =-10 -log (%Z%) )

i=1”¢

2.4. Composite material production

In the preliminary preparation stage before production, AHB
was first subjected to grinding in a RETSCH brand SK100
model device to reduce the grain size and then to sieving in a
RETSCH brand AS200 model device to separate the particles
according to grain size. In order to obtain a homogeneous
mixture, Fe/AHB composites with different weight
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percentages were prepared in a glass jar with a nickel ball
inside using a MSE-TEC brand ball mill machine at a grinding
speed of 200 rpm and a grinding time of 30 minutes. Then,
Fe/AHB composite materials were obtained (see Figure 1) in
a DIEX model induction furnace, in a graphite mold with an
inner diameter of 20 mm, at a constant heating rate of
45°C/min to the sintering temperature, under a constant 15
min holding time at sintering temperature, and at different
sintering temperatures (850°C — 950°C). Since the sintering
temperature was higher than the melting temperature of AHB
used as an additive, AHB liquefied in the mold and caused
fractures in the mold when pressure was applied. For this
reason, the productions were carried out under a constant
pressure of 2 MPa to prevent damage to the mold.

MSE-TEC Ball Mill
Machine
* 200 rpm grinding speed
* 30 min grinding time

Mold

- *  Grafit material

* 20 mmx 8 mm

!

DIEX-VSS50 Induction
Furnace
45°C/min heating rate

15 min holding time

SAMPLE

Figure 1. Sample production steps

2.5. Brinell hardness, Vickers hardness and Indentation
modulus measurement

Vickers hardness and indentation modulus measurements
were carried out under 1 kg load according to BS EN I1SO
14577-1 standard on a Zwick BZ2.5/TS1S instrumented
hardness tester at Tlbitak National Metrology Institute.
Brinell hardness measurement was carried out under 31.25 kg
load according to TS EN 1SO 6506-1 standard ina WOLPERT
brand hardness tester in Kocaeli University Mechanical
Engineering Department.

3. Results and Discussion

It has been determined in previous studies that the strength and
stiffness of composite materials can be enhanced by the
presence of intermetallic phases and compounds [15]. Due to
the structure of MMCs, the interface between the matrix and
the additive is important for increasing the mechanical
properties. Because in the composite material exposed to load,
it is desired to form a structure in such a way that the relevant
load is transferred from the matrix to the additive through the
interface [11].

3.1. Brinell hardness value

The Brinell hardness values of the materials are comparatively
graphed in Figure 2, which was prepared using the
experimental data obtained. When Figure 2 is examined, it is
determined that the hardness value of the composite material
produced at 850°C sintering temperature with 5 wt% AHB
additive increased by 25.40% compared to the reference pure
Fe material produced at 850°C sintering temperature. It was
also found that the hardness value of the composite material
produced at 950°C sintering temperature with 10% AHB
additive increased by 69.32% compared to the reference pure
Fe material.

[°cl
850//950
Il

Sintering temperature

§50//950 85011950
! !

50 Heating rate 45°C/min
] .

Sintering time 15 min

[HB]

Brinell hardness

Percentage change compared to initial value [ % ]

AHB additive ratio

[wt %]

Figure 2. Graph of the change in Brinell hardness values

When the S/N ratio table (see Table 3) and graph (see Figure
3) are examined, it was determined that the most effective
factor on Brinell hardness is the AHB additive ratio, which is
the factor with the largest delta value. It was determined that
the factor levels that optimized (maximized) the Brinell
hardness value were 10% AHB additive ratio and 950°C
sintering temperature.

Table 3. S/N ratio response table of Brinell hardness values
of composites

AHB additive Sintering
Level -
ratio temperature
1 29.27 29.74
2 31.08 30.61
Delta 1.82 0.88
Rank 1 2
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AHB additive ratio Sintering temperature
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Signal-to-noise: Larger is better

Figure 3. Main effects plot of S/N ratios of Brinell hardness
values of composites

3.2. Vickers hardness value

The Vickers hardness values of the materials are
comparatively graphed in Figure 4, which was prepared using
the experimental data obtained. When Figure 4 is examined, it
is determined that the hardness value of the composite
material produced at 850°C sintering temperature with 5 wt%
AHB additive increased by 36% compared to the reference
pure Fe material produced at 850°C sintering temperature. It
was also found that the hardness value of the composite
material produced at 950°C sintering temperature with 10%
AHB additive increased by 142.03% compared to the
reference pure Fe material.

Sintering temperature  [°C |
850//950
|

850//950 850//950
! !

Heating rate 45°C/min
[ T ]

Sintering time 15 min

[HV]

Vickers hardness

Percentage change compared to initial value [ % ]

AHB additive ratio

[wt. %]

Figure 4. Graph of the change in Vickers hardness values

When the S/N ratio table (see Table 4) and graph (see Figure
3) are examined, it was determined that the most effective
factor on Vickers hardness is the sintering temperature, which
is the factor with the largest delta value. It was determined that
the factor levels that optimized (maximized) the Vickers

hardness value were 10% AHB additive ratio and 950°C
sintering temperature.

Table 4. S/N ratio response table of Vickers hardness values
of composites

Level A Bragitt(ijc()j e teSrr:r;)teerg?ugre
1 27.10 26.35
2 29.07 29.81
Delta 1.97 3.46
Rank 2 1

AHB additive ratio Sintering temperature

N
W

Mean of SN ratios
N
®

N
~
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5 10 850 950

Signal-to-noise: Larger is beller

Figure 5. Main effects plot of S/N ratios of Vickers hardness
values of composites

Because of the boron's low solubility in the iron lattice
(approximately 500 parts per million), only minimal quantities
are necessary to generate significant volumes of hard phases
[12,13]. Additionally, boron enhances the hardenability of the
iron matrix [16]. A review of past studies also shows that
Fehmi and Mustafa's study [11] has similar results that boride
phases formed in the inner structure considerably increase the
hardness of iron-based composites.

3.3. Indentation modulus value

The Indentation modulus values of the materials are
comparatively graphed in Figure 6, which was prepared using
the experimental data obtained. When Figure 6 is examined, it
is determined that the indentation modulus value of the
composite material produced at 850°C sintering temperature
with 5 wt% AHB additive increased by 43.84% compared to
the reference pure Fe material produced at 850°C sintering
temperature. It was also found that the modulus value of the
composite material produced at 950°C sintering temperature
with 10% AHB additive increased by 144.11% compared to
the reference pure Fe material.
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Figure 6. Graph of the change in Indentation modulus values

When the S/N ratio table (see Table 5) and graph (see Figure
7) are examined, it was determined that the most effective
factor on Indentation modulus is the sintering temperature,
which is the factor with the largest delta value. It was
determined that the factor levels that optimized (maximized)
the Indentation modulus value were 10% AHB additive ratio
and 950°C sintering temperature.

Table 5. S/N ratio response table of Indentation modulus
values of composites

Level A Braat?g e tesrr:r[])t:rre:tnugre
1 47.47 46.94
2 49,53 50.05
Delta 2.06 3.11
Rank 2 1

AHB additive ratio Sintering temperature

50,0
495
49,0
485

48,0

Mean of SN ratios

475

47,0

5 10 850 950

Signal-to-noise: Larger is better

Figure 7. Main effects plot of S/N ratios of Indentation modulus
values of composites

Calculations indicates that as the boron content increases,
there is a heightened hybridization between B 2p and Fe 3d.
Consequently, this strengthens the Fe-B bond, elevating both
the elastic modulus and thermodynamic stability [12,17]. The
rise in covalent bonding corresponds to a concurrent increase
in hardness [12]. In their study also Lentz et al [12] also
determined that; because of the strengthening of covalent
bonding, the indentation hardness and indentation modulus of
the FesC phase can be improved significantly by increasing
the B content in the Fes(C,B) phase.

3.4. Qualitative examination

High wear and corrosion resistance is important to prevent a
reduction in the mechanical resistance of equipment and
economic loss of mechanical parts. As a result of the
qualitative examination of all samples after storage during 12
months in a comfortable environment without daylight, it was
observed that the anhydrous borax additive delayed the
corrosion time of pure iron material (see Figure 8 and 9) Boron
diffusion in the matrix controls the oxidation of Fe,B boride
[13]. Zheng Lva et al [13] also obtained a similar result that
increasing boron concentration increases the oxidation
resistance of pure iron.

(b)

1000 um

Figure 8. Macro image of produced at 850°C sintering
temperature (a) Fe/AHB composite with 5% AHB additive and (b)
pure Fe materials

a MJEN
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1000 um

Figure 9. Macro image of produced at 950°C sintering
temperature (a) Fe/AHB composite with 10% AHB additive and (b)
pure Fe materials

4. Conclusion

As a result of selected and/or preferred 2 control factors and
their 2 levels as well as constant heating rate and constant
sintering time parameters; Brinell hardness, Vickers hardness
and indentation modulus were strongly affected by the AHB
additive.

Comparing the pure Fe reference sample (850°C) with 10%
AHB added Fe composite sample prepared at 950°C sintering
temperature, the Fe/AHB composite sample with 10 wt.%
additive showed the best results with 69.32%, 142.03% and
144.11% increase in Brinell hardness, Vickers hardness and
indentation modulus, respectively.

The factors that optimize the Brinell hardness, Vickers
hardness and indentation modulus together are the ratio of
10% SB additive and the sintering temperature of 950°C.

As a result of the qualitative examination of all samples after
storage during 12 months in a comfortable environment
without daylight, it was observed that the anhydrous borax
additive delayed the corrosion time of pure iron material.

In the future studies on the related subject, it is recommended
to examine the effect of different levels of control factors and
different constant heating rate, and constant sintering time
parameters in addition to decreasing/increasing the particle
size and/or additive ratios of anhydrous borax.

Acknowledgment

This study was prepared within the scope of the master's thesis
titled "Production of anhydrous borax added iron material by
powder metallurgy and optimization of tribological and
mechanical properties by experimental design method" with
the thesis number 651237 of the Council of Higher Education.

References

[1] Petersson, H., “Carbon Fiber Composite Materials in
Modern Day Automotive Production Lines: A Case
Study”, Proceedings of the ASME 2013 International
Mechanical Engineering Congress & Exposition
IMECE2013, San Diego, California, USA, 2013.

[2] Reddy V. V., Mandava R. K., Rao V. R., Mandava S.,
“Optimization of dry sliding wear parameters of Al 7075
MMC’s using Taguchi method”, Materials Today:
Proceedings, Vol 62, pp. 66846688, 2022

[3] Rana V., Kumar H., Kumar A., “Fabrication of hybrid
metal matrix composites (HMMCs) —A review of
comprehensive research studies”, Materials Today:
Proceedings, Vol 56 pp. 3102-3107, 2022

[4] Mangalgiri P.D., “Composite materials for aerospace
applications”, J. Bull. Mater. Sci. 22 (3) 657-664, 1999

[5] Seetharaman S., Subramanian J., Singh R. A., Wong W.
L. E., Nai M. L. S., Gupta M., “Mechanical Properties of
Sustainable Metal Matrix Composites:A Review on the
Role of Green Reinforcements and Processing Methods”,
Technologies,
https://doi.org/10.3390/technologies10010032, 2022

[6] Karacay E., “Production of boron carbide and its
characterization”, Gazi University, Institute of Science
and Technology, Master Thesis, Ankara, Tirkiye, 2008.

[7] Surappa M.K., “Microstructure evolution during
solidification of DRMMCs (Discontinuously reinforced
metal matrix composites): State of art”, Journal of.
Material Process Technology, vol 63 (1-3) pp. 325-333,
1997

[8] C. Xiang#, L. Yanxiang, “Effect of heat treatment on
microstructure and mechanical properties of high boron
white cast iron”, Materials Science and Engineering A, A
528 pp. 770-775, 2010

[9] K.A. Taylor, S.S. Hansen, “The boron hardenability
effect in thermomechanically processed, direct-quenched
0.2 Pct C steels, Metall”. Trans. A. 21, pp. 1697-1708,
1990

[10]Inal M., Sahin S., ve Sahin Y., “Optimization of the
Young’s Modulus of Low Flow Polypropylene
Talc/Colemanite Hybrid Composite Materials with
Artificial Neural Networks”, IFAC-PapersOnLine
Volume 51, Issue 30, Pages 277-281, 2018

[11]F. Nair, and M. Hamamci, “Effect of In-Situ Synthesized
Boride Phases on the Impact Behavior of Iron-Based
Composites Reinforced by B4C Particles”, Metals 2020,
10, 554; doi:10.3390/met10050554

[12]J. Lentz, A. Rottger, W. Theisen, “Hardness and modulus
of Fe2B, Fe3(C,B), and Fe23(C,B)6 borides and
carboborides in the Fe-C-B system”, Materials
Characterization 135, pp.192-202, 2018

[13]Z. Lva, H. Fub, J. Xinga, Z. Huanga, S. Maa, Y. Hua,
“Influence of boron contents on oxidation behavior and
the diffusion mechanism of Fe—B based alloys at 1073K

xn NS\l MANAS Journal of Engineering, Volume 12 (Issue 1) © 2024

www.journals.manas.edu.kg



http://www.journals.manas.edu.kg/
https://doi.org/10.3390/technologies10010032

S. SAHIN, A. BODUR YILMAZ, T. T. KESEMENLI | MANAS Journal of Engineering 12(1) (2024) 39-45 45

in air”, Corrosion Science, Corros. Sci. 2016, [16]K.A. Taylor, S.S. Hansen, “The boron hardenability

http://dx.doi.org/10.1016/j.corsci.2016.03.002 effect in thermomechanically processed, direct-quenched
[14]Bodur A., Sahin S., ve Sahin Y., Inal M., “Modelling of 0.2 Pct C steels”, Metall. Trans. A. 21, 1697-1708, 1990
the Flexural Strength of Low Flow Polypropylene [17]0. Yu Gutina, N.I. Medvedeva, I.R. Shein, A.L.
Talc/Colemanite Hybrid Composite Materials with Ivanovskii, J.E. Medvedeva, “Electronic structure and
Taguchi and ANFIS Methods”, IFAC-PapersOnL.ine magnetic properties of FesC with 2p and 3p impurities”,
Volume 51, Issue 30, Pages 271-276, 2018 Phys. Status Solidi Basic Res. 246, 2167-2171, 2009

[15] Montealegre-Melendez I., Arévalo C., Ariza E., Pérez-
Soriano E. M., Rubio-Escudero C., Kitzmantel M. and
Neubauer E., “Analysis of the Microstructure and
Mechanical Properties of Titanium-Based Composites
Reinforced by Secondary Phases and B4C Particles
Produced via Direct Hot Pressing”, Materials 2017, 10,
1240

xn B NS\\ MANAS Journal of Engineering, Volume 12 (Issue 1) © 2024 www.journals.manas.edu.kg



http://www.journals.manas.edu.kg/

