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WEAR AND CORROSION RESISTANCE OF C45 STEEL LASER ALLOYED WITH BORON
AND SILICON

Summary

The paper presents the results of studies on microstructure, microhardness, wear and corrosion resistance of C45 steel la-
ser alloyed with boron end silicon. The aim of laser alloying was to cover the steel with the modifying element and then
melting it with a laser beam. As a result of laser alloying a layer was obtained that was composed of remelted zone enriched
in modifying elements and of heat affected zone. It was found that as a result of laser alloying with boron and silicon layer
are formed that are characterized by good corrosion and wear resistance, high microhardness compared to laser boronized
and laser siliconized layers.

Key words: laser alloying, boronizing, siliconizing, borosiliconizing, microstructure, microhardness, wear resistance, cor-
rosion resistance

ODPORNOSC NA ZUZYCIE PRZEZ TARCIE I KOROZJE STALI C45 STOPOWANEJ
LASEROWO BOREM I KRZEMEM

Streszczenie

W pracy przedstawiono wyniki mikrostruktury, mikrotwardosci, odpornosci na zuzycie przez tarcie i odpornosci korozyjnej
stali C45 laserowo stopowanej borem i krzemem. Laserowe stopowanie polegato na naloZeniu pokrycia z pierwiastkiem
modyfikujqcym, a nastepnie przetopieniu go wiqzkq laserowq. W wyniku laserowego stopowania uzyskano warstwe zlozong
z strefy przetopionej wzbogaconej w pierwiastek modyfikujqcy oraz strefy wplywu ciepla. Stwierdzono, ze w wyniku lasero-
wego stopowania borem i krzemem powstajq warstwy, ktore charakteryzujq sie dobrq odpornosciq na korozje oraz na zuzy-
cie przez tarcie, duzq mikrotwardoscia w stosunku do warstw borowanych laserowo czy krzemowanych laserowo.

Stowa kluczowe: laserowe stopowanie, borowanie, krzemowanie, borokrzemowanie, mikrostruktura, mikrotwardos¢, od-

pornos¢ na zuzycie przez tarcie, odpornos¢ korozyjna

1. Introduction

Surface technologies such as diffusion boronizing [15,
16], laser heat treatment by using elements (e.g. B, C, N, Si,
Cr, Ni, Cu) [2,3,6,7,8,9, 11, 12, 15, 17, 18, 21, 22, 23],
intermetallic phases [10] or ceramic powder [5] enable
shaping of materials, giving them new properties, like in-
creased durability and reliability. Modification of boronized
layers has been discussed in numerous publications [1 — 3,
7, 13 — 16]. The effect of various methods of boronized
layer modification with elements such as Si [13, 14 ,16], Ni
[2, 16], N [16, 21], C [7, 16], Cu [1, 16], Cr [3, 16] is ana-
lyzed.

Lasers are increasingly being used in surface engineer-
ing. As a result of laser heat treatment different metal alloys
such as Fe, Ni, Nb, Cr, W can be modified [2-12, 15, 17,
18, 21, 22, 23]. Adequate selection of alloy additives and
process parameters enables to obtain surface layers with
properties comparable to high alloy steels [8, 18]. High
temperature gradient at the border of the melted surface
layer with a cold substrate leads to a rapid cooling of the
material and its solidification. As a consequence, the fine
crystalline microstructure, highly supersaturated with the
selected element is obtained. Thermo-chemical treatment
using a laser beam is advantageous because it results in
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good microhardness, high wear resistance and good corro-
sion resistance [2-12, 15, 17, 21, 22, 23].

The microstructure of mild carbon steel after laser alloy-
ing with SiC is described in paper [22]. The macrostructure
of the alloyed layer composed of three zones. The first zone
consisted of crystals growing epitaxially on the partially
remelted matrix grains, the second zone had only columnar
crystals, and the third zone consisted of mixed (den-
dritic/acicular) crystals at the subsurface. The martensitic
structure in the last zone varied in the needle size. They
formed during the later stages of the martensitic transfor-
mation were much thinner.

2. Research methodology

The aim of the study was to evaluate the impact of laser
alloying with boron and silicon on the basis of changes in
microstructure, microhardness profiles, wear and corrosion
resistance. The results of the study of laser alloying were
compared with a typical diffusion boriding process.

(45 steel was used for investigations. The tests were car-
ried out on C45 steel with the following chemical composi-
tion: 0.42% C, 0.72% Mn, 0.19% Si, 0.030% S, 0.008% P.
The samples were ring-shaped of about 20 mm external di-
ameter, 12 mm internal diameter and 12 mm high.
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Laser alloying was carried out using TRUMPF TLF
2600 Turbo CO, laser of nominal power of 2.6 kW. Pa-
rameters used in the experiment were: laser beam power P
= 1.04 kW, laser beam radiation density q = 33.12 kW/cmZ,
scanning laser beam velocity v = 2.88 m/min, laser beam
diameter d = 2 mm. Laser tracks were arranged as multiple
tracks with distance f = 0.5 mm (Fig. 1), where f was dis-
tance between axes of adjacent tracks.
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Fig. 1. Distribution scheme of the laser tracks
Rys. 1. Schemat rozlozenia sciezek laserowych

Prior to laser heat treatment (LHT) the specimens were
hardened in water from 850°C and tempered at 570°C for
1h. The scheme of layers production using laser alloying
boron paste, silicon paste or boron and silicon paste method
is presented in Fig. 2. The process of production of layers
was composed of heat treatment (Step 1), paste application
(Step 2) and laser modification (Step 3).

Microstructure tests were performed using an optical mi-
croscope Metaval Carl Zeiss Jena with a camera 2300 3.0 MP
and Live Motic Images Plus 2.0 Resolution software.

Metallographic observations of the microstructure were
conducted on polished and etched cross-sections of the sam-
ples in a solution 2% HNOs;. To determine microhardness pro-
files a ZWICK 3212 B Vickers hardness tester was used with
indentation load of 100 G (HVO,1). The studies were carried
out according to standard PN-EN ISO 6507-1 [25].

Wear resistance tests were carried out with tribometer
MBT-01 type Amsler [24]. A ring as specimen and sintered
carbide plate S20S as counterspecimen were used to exam-

ine wear resistance. Wear resistance tests were carried out
under the load F = 147 N and at specimen rotation speed of
n = 250 rev/min, in dry friction conditions. Wear resistance
was evaluated by specimen mass loss (Am [mg]).

Corrosion resistance of laser modified layers was stud-
ied in a 5% solution of NaCl at temperature 22°C on the
surface of 50 mm?®. The studies were performed on a poten-
tiostat-galvanostat ATLAS 0531 EU & IA ATLAS
SOLLICH. Auxiliary electrode was a platinum electrode,
and the reference electrode was a calomel electrode. The
test procedure and recording of the results were performed
using AtlasCorr and AtlasLab computer programs. The po-
larization of the samples was carried out in the direction of
the anode in the range of potentials from -1.5 to 1.5 V. The
study was conducted at a rate of change in potential of 0.5
mV/min. Based on the analysis of current curves potentio-
dynamic corrosion and corrosion potential were deter-
mined. The corrosion resistance studies were carried out
according to standard PN-EN ISO 17475 [26].

3. Results and discussion

Microstructure after laser alloying with silicon is shown
in Figures 3, with boron in Figure 5 and with silicon and
boron in Figure 7. Microstructure after laser modification
consisted of three zones: remelted zone (MZ), heat affected
zone (HAZ) and substrate (Fig. 3, 5, 7). Microstructure of
the remelted zone was composed of solid solution or bor-
ides eutectic with martensite [4, 11]. Heat affected zone
was composed of martensite needles. Figure 4 presents the
microstructure of remelted zone which contained solid sili-
con solution with martensite. Figure 6 presents the micro-
structure of remelted zone of laser borided which contained
eutectic borides with martensite. Microstructure of remelted
zone after laser borosiliconized is presented in Figure 8 and
which contained silicon borides eutectic with martensite.
As a result of remelting of the layers laser track microstruc-
ture was composed of both surface layer material and sub-
strate material. Fluctuations in the melting pool in bo-
ronickelized layers are clearly visible in Figure 5.

3 ACTION OF THE LASER BEAM

P — laser beam power
v — scanning laser beam velocity
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Fig. 2. Scheme of laser alloying with silicon, boron or boron and silicon
Rys. 2. Schemat laserowego stopowania borem, krzemem lub borem i krzemem
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Substrate

Source: Own work / Zrodlo: opracowanie wiasne
Fig. 3. Microstructure of laser siliconized layer
Rys. 3. Mikrostruktura warstwy laserowo krzemowanej

Source: Own work / Zrédlo: opracowanie wiasne
Fig. 4. Microstructure of laser siliconized layer
Rys. 4. Mikrostruktura warstwy laserowo krzemowanej

Source: Own work / Zrodlo: opracowanie wiasne
Fig. 5. Microstructure of laser borosiliconized layer
Rys. 5. Mikrostruktura warstwy laserowo borokrzemowanej

Results of microhardness tests of layers after laser alloy-
ing are shown in Figures 9, 10 and 11. Microhardness was
tested along the axis and along the interface of laser tracks.
The microhardness in the remelted zone of the laser sili-
conized layer was about 850 HV 0.1 (Fig. 9).
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Fig. 6. Microstructure of laser borosiliconized layer
Rys. 6. Mikrostruktura warstwy laserowo borokrzemowanej

Source: Own work / Zrédlo: opracowanie wlasne
Fig. 7. Microstructure of laser boronized layer
Rys. 7. Mikrostruktura warstwy laserowo borowanej

Source: Own work / Zrédlo: opracowanie wlasne
Fig. 8. Microstructure of laser boronized layer
Rys. 8. Mikrostruktura warstwy laserowo borowanej

For laser boronized layer the microhardness in the
remelted zone of approximately 1700-1400 HVO0.1 was ob-
tained (Fig. 10). Microhardness is different in the axis and
at the interface of the laser tracks, in the remelted zone,
which may be dependent on aggregated impacts of the laser
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beam and laser tracks distribution. The microhardness in
remelted zone of laser borosiliconized layer was about 1800
HV 0.1 (Fig. 11). In all layers the microhardness in heat af-
fected zone reached 600 - 400 HVO0.1 and decreased to-
wards the substrate - 350 HVO0.1. The microhardness of the
remelted zone had a milder gradient towards the substrate.
Varying microhardness of the heat affected zone is proba-
bly due to the different thermal conductivity of applied
element coatings.

Wear resistance of boronized and borosiliconized laser
layer was compared. It was found that concomitant alloying
of boron and silicon has a lower weight loss; thus higher
resistance to frictional wear.
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Fig. 9. Microhardness profiles of laser siliconized layer
Rys. 9. Profile mikrotwardosci warstwy laserowo krzemo-
wanej
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Fig. 10. Microhardness profiles of laser boronized layer
Rys. 10. Profile mikrotwardoSci warstwy laserowo borowa-
nej
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Fig. 11. Microhardness profiles of laser borosiliconized
layer
Rys. 11. Profile mikrotwardosSci warstwy laserowo boro-
krzemowanej
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Fig. 12. Wear resistance of laser alloyed layer

Rys. 12. Odpornos$¢ na zuzycie przez tarcie warstw lasero-
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Fig. 13. Corrosion resistance of laser alloyed layer com-
pared to diffusion boronized layer

Rys. 13. Odpornosé¢ korozyjna warstw laserowo stopowa-
nych w poréwnaniu z warstwq borowangq dyfuzyjnie
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As a result of laser alloying with boron and silicon cor-
rosion resistance increases. The worst corrosion resistance
was observed on boronized layers. Based on these studies it
can be concluded that silicon improves corrosion resistance.

4. Conclusions

- The microstructure of layers after laser alloying with
elements is composed of three areas: remelted zone, heat
affected zone and the substrate.

- Microhardness measurements are characterized by a
mild microhardness gradient from the surface into the mate-
rial.

- Wear resistance and cohesion increase after laser alloy-
ing with boron and silicon.

- Corrosion resistance increases after laser alloying with
boron and silicon.

- The surface layers formed as a result of laser alloying
are characterized by lower energy consumption in the
manufacturing process.

- After laser alloying the properties of C45 steel i.e. mi-
crohardness, wear and corrosion resistance increase.
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