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Abstract: In this study, the effect of boriding temperature and time on the structural and
mechanical properties of M42 high speed steel were investigated. Samples placed in Ekabor 11
powder were exposed to pack boriding treatment at 900°C and 1000°C for 4 hour and at 950°C
for 2, 4 and 6 hours. Scanning electron microscope (SEM) images indicate that boron diffuses into
the samples and a sawtooth-like cross-sectional morphology is formed. The presence of boron has
also been proven by Energy Dispersive X-ray spectrometry (EDX). In addition, it was determined
that boron layer thickness increased with increasing boriding temperature. When the
microhardness values were examined, it was observed that the sample borided at the highest
temperature had the highest hardness value and the hardness values decrease with the decreasing
of boriding temperature. Similar results were also obtained regarding the boriding time. The
highest microhardness and layer thickness values were obtained after 6 hours of boriding.
Additionally, it was observed that the hardness values of borided samples decreased as they moved
from the surface to the inner parts.

Borlama Sicakhiginin ve Siiresinin M42 Celiginin Yapisal ve Mekanik Ozelliklerine Etkisi
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Oz: Bu caligmada borlama sicakligimin ve siiresinin M42 yiiksek hiz geliginin yapisal ve mekanik
ozellikleri iizerine etkisi incelenmistir. Ekabor II tozu igerisine yerlestirilen numuneler 900°C ve
1000°C derecede 4 saat; 950°C derecede 2, 4 ve 6 saat kutu borlama islemine maruz birakilmistir.
Taramali elektron mikroskop (SEM) goriintiileri incelendiginde borun numunlerin igerisine difuz
ettigi ve testere dislisine benzer kesit morfolojisi olustugu goériilmektedir. Borun varligi enerji
dagilim x-1511 spektrometresi (EDX) ile de ispatlanmistir. Bunun yaninda, borlama sicakligin
artmastyla bor tabaka kalinliklarmin da arttigr tespit edilmistir. Mikrosertlik degerleri
incelendiginde en yiiksek sicaklikta borlanan numunenin en yiiksek sertlik degerine sahip oldugu
ve borlama sicakliginin diigmesiyle beraber sertlik degerlerinin azaldig: tespit edilmistir. Benzer
sonuglar borlama siiresiyle ilgili olarak da goriilmiistiir. En yiiksek mikrosertlik ve tabaka kalinligt
degerleri 6 saatlik borlama sonucunda elde edilmistir. Ayrica, borlanmis numunelerin yiizeyden
i¢ kisimlara dogru gidildikge sertlik degerlerinin diistiigli gorilmiistiir.

1. INTRODUCTION

Surface hardening is a primary method for enhancing
certain mechanical properties of materials. Processes,
such as carburizing, nitriding, and boriding, have been
widely used to improve the materials’ surface properties.
In general, these processes are more cost-effective than
replacing machinery components with ones made from
pricier materials [1]. Boriding is a thermochemical

reaction based on the diffusion of boron into the substrate
material, forming a hard surface coating consisting of
mixed boron compounds [2-5]. Due to its relatively small
atomic radius, boron can easily diffuse into various
materials such as steels, non-ferrous alloys, and some
superalloys [6-8]. The boriding process of the samples is
carried out by heating them in the temperature range of
973 K to 1323 K for 0.5 hours to 12 hours [9-11].
Depending on boriding parameters and the chemical
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composition of the material, the diffusion of boron atoms
leads to the formation of iron and metallic borides in the
material [12-14]. When it is sufficiently applied to the
surface, high hardness values provide valuable wear,
corrosion and heat resistance [15-17]. Boriding can be
performed by various methods such as solid, liquid, gas,
plasma, and past0 e[11, 12, 14, 18-20]. Among these, pack
boriding is carried out using commercial boriding
material containing BC4 KBF, and SiC (Ekabor) [18].
This method is the most commonly used boriding method
due to its simplicity and ease of applicability without
requiring post process surface cleaning [15, 18, 20, 21].
Depending on the concentration of diffused boron atoms,
the boride layer usually forms as tetragonal Fe.B (8 wt%
B) and/or orthorhombic FeB (16 wt% B) [20-22].
Generally, while the FeB phase has higher hardness, the
Fe»B phase exhibits better toughness [4, 20, 21].

High-speed steels are commonly used in milling cutters,
reamers, taps, broaches, saw teeth, drill bits, strip saws,
and guide production [23-25]. The selected M42 high-
speed steel is known for its high toughness due to its 8%
cobalt content. Additionally, due to the cobalt in its
structure, it stands out as an ideal material in lathes used
for processing aluminum and alloys, brasses, automatic
steels, and drilling punches requiring high temperature
and wear resistance [23-26]. In this study, the effect of
boriding temperature and time on the structural and
mechanical properties of M42 steel was investigated by
boriding the steel at 900°C, 950°C, and 1000°C for 4
hours, and additionally at 950°C for 2, 4, and 6 hours.

2. MATERIAL AND METHOD

In this study, M42 steel, chemical composition of the steel
is provided in Table 1, with dimensions of @12.5 x 10 mm
was utilized. The surfaces of the test specimens were
polished using SiC abrasive papers of 80, 150, 360, 500,
800, and 1200 grit sizes, respectively. The boriding
process was carried out using commercial Ekabor Il
powder with the pack boriding method. The samples were
placed in a cylindrical stainless-steel crucible containing
Ekabor II powder. The furnace was heated to 900°C,
950°C, and 1000°C, respectively, before placing the
crucible, and the samples were borided in a preheated
furnace for 4 hours. Additionally, to determine the effect
of boriding time, samples were borided at 950°C for 2, 4,
and 6 hours. Subsequently, they were allowed to cool to
room temperature. Thereafter, to determine the thickness
of the boride layer, the borided samples were cut in half,
polished using SiC papers followed by 3 um and 1 pm
diamond suspensions, and then etched in a 5% Nital
solution after cleaning with alcohol. The etched samples
were examined using a scanning electron microscope
(SEM) (ZEISS EVO LS 10) to determine the thickness of
the boride layer. Additionally, the elemental composition
of the samples was determined using energy-dispersive
X-ray spectroscopy (EDX) method. The phase structure
of the borided samples was analyzed in the range of 30°
to 90° using X-ray diffraction (XRD) (GNR Europe 600
XRD). XRD studies were performed with parameters of
40kV and 15mA. CuKoa radiation with a wavelength of
1.542 A was used to identify the phases. Microhardness

measurements were conducted using the Vickers method
under a load of 100 g and at intervals of 20 um. At least 5
measurements were taken, and the average value was
calculated.

3. RESULTS AND DISCUSSION

SEM images of the cross-sections of M42 steels subjected
to boriding at 900°C, 950°C, and 1000°C for 4 hours are
shown in Figure 1, while SEM images of the cross-
sections of M42 steels subjected to boriding at 950°C for
2, 4, and 6 hours are provided in Figure 2. The EDX
results of M42 steel borided for 2, 4, and 6 hours at 950°C
are given in Table 2. The thickness of the boride layers
which were determined by evaluating of SEM images, are
presented in Table 3. Upon examining the thickness of the
boride layers based on the boriding duration was found as
28.1 um, 47.5 pm, and 52.5 pm for 2, 4, and 6 hours,
respectively. Additionally, thickness of boride layer of
M42 steel which was borided at 900°C, 950°C, and
1000°C for 4 hours, was measured as 29.7 um, 47.5 um,
and 71.4 pm, respectively. It is observed that as the
boriding temperature and time increase, the thicknesses of
the boride layers also increase, with the highest thickness
reached at 4 hours of boriding at 1000°C. Moreover, the
boriding layers exhibit a morphology resembling
sawtooth, which can be attributed to the diffusion of boron
atoms into the base material. In addition, the EDX results
that shows boron rates (weight %) increased from 8.72 to
10.77, confirm the diffusion of boron. As indicated, with
increasing temperature and time, the diffusion rate
increases, leading to an increase in boride layer
thicknesses [2-6].

Table 1. Chemical composition of M42 steel
C Mo Co Cr w Vv Si Mn
1.1 9.2 8 4 15 1.1 0.5 0.2

Table 2. EDX results obtained from the cross-sectional surface of M42
steel borided for 2, 4, and 6 hours at 950°C

Elemen Weight % Atomic %
t
2h 4h 6h 2h 4h 6h
B 8.72 9.98 10.77 | 27.88 | 29.46 | 31.82
C 11.74 10.32 9.2 31.18 27.45 26.48
Vv 1.46 1.31 13 0.91 0.89 0.82
Cr 35 3.32 3.54 2.15 2.04 2.29
Fe 47.73 | 52.73 | 54.09 | 27.27 | 30.15 32.6
Co 5.74 5.8 6.1 3.11 3.15 3.49
Mo 15.5 11.6 8.63 5.16 3.86 3.11
W 4.36 4.15 3.76 0.76 0.72 0.69

Table 3. The boride layer thickness values obtained from borided M42
steel at different temperature and time

Boriding temperature Boriding time Boride layer thickness
(6] (hour) (pm) (+1%)
900 4 20.7
950 2 28.1
950 4 475
950 6 525
1000 4 71.2
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Figure 1. SEM images of M42 steel borided at (a) 900°C, (b) 950 °C
and (c) 1000°C for 4 hours

The XRD results of the untreated M42 steel and the M42
steel borided at 950°C for 4 hours are provided in Figure
3. The XRD indicates that the boride layers consist of FeB
and Fe2B phases as shown in Figure 3b. Generally, while
the FeB phase is harder than the Fe2B phase, it has lower
toughness, making its presence undesirable. Since, it can
deform more easily and lead to fracture and spalling under
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Figure 2. SEM images of M42 steel borided at (a) 2 hours, (b) 4 hours
and (c) 6 hours at 950°C.

high loads due to its brittleness [2]. Furthermore, the
presence of the FeB phase on the surface also reduces
corrosion resistance [3]. To prevent the formation of FeB
phase, the chemical composition of the boriding powder,
boriding temperature and time should be selected
appropriately for the material to be borided.
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Figure 3. XRD results of M42 steel under conditions of (a) untreated
and (b) borided at 950°C for 4 hours.

2000

—0— 900°C
—e— 950°C
1750 —&— 1000°C

1500

1250 +

Microhardness (HV)

1000

750 |

500 . " . :
0 40 80 120 160 200

Depth from the surface (um)
(a)

2000

—0— 2h
—e— 4h

1750 -

—&— 6h

1500 +

1250

1000

Microhardness (HV)

750

500

0 4‘0 8‘0 1;0 1(;0 2(‘)0
Depth from the surface (um)
(b)
Figure 4 The cross-sectional microhardness values varying with the
depth for M42 steel for (a) 4 hours at different temperatures and (b)
950° for different durations

The curves showing the variation of microhardness
values, obtained from cross section of borided M42 steel,
at different temperatures and time with depth are given in

Figure 4. The hardness values of the borided layer range
from 930 HV to 1914 HV. As can be seen in Figure 4, the
hardness values of the borided samples decreased as depth
increases from the surface towards the interior.
Additionally, it is noted that the hardness of the boride
layer formed on the surface increased with the increase of
boriding temperature and time.

4. CONCLUSION

The phase structure, thickness boride layer, and
microhardness values of M42 high-speed steel subjected
to boriding at different temperatures for 4 hours and at
varying time at a constant temperature were investigated.
It was found that as the boriding temperature increased,
the thickness of the layer increased from 29.7 um to 71.2
um, and as the boriding time increased, it increased from
28.1 pm to 52.5 um. Additionally, in the EDX analysis of
borided M42 steel at different times, the Boron element
ratio increased from 8.72% to 10.77%. The structural
analysis of the same sample also indicated the formation
of FeB and Fe2B phases as a result of the boriding process.
It was concluded that boron diffused into the M42 steel,
and the diffusion depth incresed with increasing
temperature and time and as a result of this surface
hardness increased.

Acknowledgement

This study was financially supported by the Scientific
Research Projects Unit of Giresun University under
project number FEN-BAP-A-240222-23.

REFERENCES

[1] Ruiz-Trabolsi PA, Chino-Ulloa A, Miranda-
Hernandez JG, Tadeo-Rosas R, Carrera-Espinoza R,
Velazquez JC, et al. A Comparative Analysis of the
Tribological Behavior of Hard Layers Obtained by
Three Different Hardened-Surface Processes on the
Surface of AISI 4140 Steel. Crystals. 2022;12(2).

[2] Balusamy T, Narayanan TSNS, Ravichandran K,
Park IS, Lee MH. Pack boronizing of AISI H11 tool
steel: Role of surface mechanical attrition treatment.
Vacuum. 2013;97:36-43.

[3] Cimenoglu H, Atar E, Motallebzadeh A. High
temperature tribological behaviour of bonded
surfaces based on the phase structure of the boride
layer. Wear. 2014;309(1-2):152-8.

[4] Gok MS, Kiigiik Y, Erdogan A, Oge M, Kanca E,
Giinen A. Dry sliding wear behavior of borided hot-
work tool steel at elevated temperatures. Surface and
Coatings Technology. 2017;328:54-62.

[5] Handbook A. Heat treating. ASM international
Materials Park, OH; 1991.

[6] Bindal C, Ugisik AH. Characterization of borides
formed on impurity-controlled chromium-based low
alloy steels. Surf Coat Tech. 1999;122(2-3):208-13.

[7] Hudakova M, Kusy M, Sedlicka V, Grgac P.
Analysis of the boronized layer on K190PM tool
steel. Mater Tehnol. 2007;41(2):81-4.

[8] Keddam M. Simulation of the growth kinetics of
FeB and FeB phases on the AISI M2 borided steel:




Tr. J. Nature Sci. Volume 13, Issue 2, Page 1-5, 2024

Effect of the paste thickness. International Journal of
Materials Research. 2009;100(6):901-5.

[9] Abdellah ZN, Keddam M, Elias A. Evaluation of the
effective diffusion coefficient of boron in the FeB
phase in the presence of chemical stresses.
International Journal of Materials Research.
2013;104(3):260-5.

[10] Gunes 1. Kinetics of borided gear steels. Sadhana-
Acad P Eng S. 2013;38(3):527-41.

[11] Gunes I. Wear Behaviour of Plasma Paste Boronized
of AISI 8620 Steel with Borax and BO Paste
Mixtures. J Mater Sci Technol. 2013;29(7):662-8.

[12] Kayali Y, Giines I, Ulu S. Diffusion kinetics of
borided AISI 52100 and AISI 440C steels. Vacuum.
2012;86(10):1428-34.

[13] Kulka M, Kulka M, Castro. Current trends in
boriding: Springer; 2019.

[14] Von Matuschka A, Boronizing H. Son Inc.
Philadelphia, USA. 1980.

[15] He XL, Xiao HP, Ozaydin MF, Balzuweit K, Liang
H. Low-temperature boriding of high-carbon steel.
Surf Coat Tech. 2015;263:21-6.

[16] Vitry V, Kanta AF, Delaunois F. Mechanical and
wear characterization of electroless nickel-boron
coatings. Surf Coat Tech. 2011;206(7):1879-85.

[17] Yildiz I, Celik AG, Gunes I. Characterization and
Diffusion Kinetics of borided Ni-Mg Alloys. Prot
Met Phys Chem+. 2020;56(5):1015-22.

[18] Bican O, Bayca SU, Ocak-Araz S, Yamaneli B,
Tanis NA. Effects of the Boriding Process and of
Quenching and Tempering after Boriding on the
Microstructure, Hardness and Wear of Aisi 5140
Steel. Surf Rev Lett. 2020;27(6).

[19] Keddam M, Chentouf SM. A diffusion model for
describing the bilayer growth (FeB/FeB) during the
iron powder-pack boriding. Appl Surf Sci.
2005;252(2):393-9.

[20] Prince M, Raj GS, Kumar DY, Gopalakrishnan P.
Boriding of Steels: Improvement of Mechanical
Properties - a Review. High Temp Mater P-Us.
2022;26(2):43-89.

[21] Erdogan A. Investigation of high temperature dry
sliding behavior of borided H13 hot work tool steel
with  nanoboron powder. Surf Coat Tech.
2019;357:886-95.

[22] Campos-Silva |, Ortiz-Dominguez M, Lopez-
Perrusquia N, Meneses-Amador A, Escobar-
Galindo R, Martinez-Trinidad J. Characterization of
AISI 4140 borided steels. Appl Surf Sci.
2010;256(8):2372-9.

[23] Hoyle G. High speed steels. (No Title). 1988.

[24] Llewellyn D, Hudd R. Steels: metallurgy and
applications: Elsevier; 1998.

[25] Zhou XF, Zhu WL, Jiang HB, Fang F, Tu Y, Jiang
JQ. A New Approach for Refining Carbide
Dimensions in M42 Super Hard High-speed Steel. J
Iron Steel Res Int. 2016;23(8):800-7.

[26] Luo Y, Guo H, Sun X, Mao M, Guo J. Effects of
Austenitizing Conditions on the Microstructure of
AISI M42 High-Speed Steel. Metals. 2017;7(1).




