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The main aim of this case study is to present the changes caused by heat treatment on the structure and
properties of 100Cr6 steel by annealing, hardening, and tempering in combination with previous chemi-
cal-heat treatment (CHT) by boriding. The boriding causes changes to the microstructure of the steel
samples, which include a change in the morphology of the deposited cementite and a change in the
volume of the chromium carbide particles. The cementite is transformed from its original granular form
to a lamellar form. An increase in the proportion of chromium carbide particles in the sample occurs due
to the higher affinity of chromium for carbon. This leads to precipitation of chromium carbides rather
than carbides of iron. A multiphase diffusion layer Fe;B-FeB with a thickness of 31 * 2.8 pm is formed
during boriding, with a typical tooth-like texture. Although the diffusion layer does not have the same
toughness and resistance as the single-phase Fe;B diffusion layer, samples after boriding increase their
resistance to tribological abrasion by 29 % compared to samples without this treatment. After quenching
and tempering of the borided samples, a maximum tensile strength of Rm = 1779 MPa is measured.
Compared to samples which are only quenched and subsequently tempered, this is an increase in tensile
strength of about 59 %.
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1 Introduction 100Ct6 steel diagram is shown in Fig. 1. Other factors

100C6 steel is commonly used to make the rolling that affect the final structure of the steel after heat

clements for vatious types of beatings [1]. Emphasis treatment include the level of the hardening (austeniti-

. o . . zation) temperature, the grain size of the austenite, in-
is placed on achieving the high hardness and abrasion ) temp e ’

. . . troduce formation, and, last but not least, th
resistance of these elements, which are two basic pre- oduced defo on, and, last b ot feast, tae

. . T . structure of the steel before heat treatment [2-3]. The
requisites for their long service life. These properties

. . . .. resulting abrasion resistance of the material can then
are attained via the steel’s chemical composition and 8

. C . be further increase urface treatment. Inexpensive
heat treatment by hardening, which is usually followed creased by surfac penstv

. L reatments incl ridin hnologies which form
by tempering. When quenching, it is necessary to cool treatments include boriding technologies which fo

. o ither a single- B layer or a multi B-
the material from the austenitization temperature fast cither a single-phase FezB layer or a multiphase Fe

enough to suppress the formation of equilibtium Fe;B layer on the steel surface. A multiphase layer is

. . 1 nt us in terms of its potential application
structures, such as peatrlite. This ensures that the re- ess advantageous in terms of its potential applications

sulting structure is formed from non-equilibrium because FeB boride is less tough than Fe;B boride.

structures, including martensite, see Fig. 1. In addition Qne of the aslvanFages of b(?riding i's that the degrada-
tion of the diffusion layer, its melting, only occurs at
temperatures above 1050 °C [5]. This allows the prod-
ucts to be further heat-treated after boriding. In addi-
tion, the layer has a high hardness (700-3370 HV) and

a low coefficient of friction [6]. The main goal of this

to the cooling rate, the final structure and hardness of
the steel after heat treatment are significantly depend-
ent on the initial chemical composition. The chemical
composition of the steel affects the phases that occur
during heat treatment and affects the temperatures

and times at which these phases arise or disappear study is to verify how the boride diffusion layer affects

The influence of various elements on the shape of the the properties of 100Cr6 steel and how these proper-
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ties differ from processing by conventional heat treat-
ment using hardening and tempering. The results were
further compared with the properties of samples
which had been processed for a long time - annealed
in a furnace without a protective atmosphere under
the same process conditions as the borided samples.

The aim of this step was to determine how the micro-
structure and properties of 100Ct6 steel are affected
by its long-term exposure to high temperatures, and
how its properties then differ from the properties of
samples processed by the other methods.
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2 Experimental parameters

The experimental material was a 100Cr6 steel bar
in the soft annealed state with a diameter of 30 mm.
In this state, its structure is formed by granular peatlite
and chromium carbides in a ferritic matrix, see Fig. 2a.
The chemical composition is given in Table 1. Differ-
ent types of samples were made from the bar depend-
ing on the experiments. Samples with a nominal height
of 15 mm were created for metallographic analysis and
analysis of the surface properties of the material. The
surface of the samples was ground with an MD-Piano
500 grinding wheel before further processing so that a
similar roughness was achieved on the surfaces of all
the samples. The second type of sample was a test bar
used to determine the tensile strength of the material.
The shape and dimensions of the bars were in accord-
ance with the standard CSN EN ISO 6892-1 [7]. After
creating the samples, they were divided into groups,
see Table 1. The first group was processed in the con-
ventional manner. Some of the samples underwent

Fig. 1 ARA Diagram of 100Cr6 steel and comparison of its
microstructure obtained by different forms of heat treatment [3-
4]. The photograph on the left shows the structure of the experi-
mental material after soft annealing, where the structure con-
sists of granular pearlite and carbides in a ferritic matrix. This
structure was formed by gradual heating, sufficiently long hol-
ding at the annealing temperature, and gradual slow cooling of
the steel structure in the furnace. The photograph on the right
shows the structure affer the quenching. The cooling rate was
large enongh to form an unbalanced martensite structure, in this
case, water was used as the cooling medinm. The resulting
Structure consists of martensite, residual austenite, and carbides

hardening and others were further tempered after
hardening. The second group was thermochemically
treated in Durborit boriding powder before the heat
treatment. The last group was treated in a chamber
furnace at the same temperature and for the same time
as the borided samples. After heat treatment the sam-
ples were analysed to determine the differences in
their structure and properties.

The analyses of the samples included metallo-
graphic analysis. This was performed on transverse
metallo-graphic sections after chemical etching using
3 % Nital etchant solution. Metallographic images
were taken using a CarlZeiss Observer Z1m optical
microscope and a PHILIPS XL30ESEM scanning
electron micro-scope (SEM). Using SEM, we carried
out a local points EDX analysis of the chemical com-
position of the analysed samples. Metallographic anal-
ysis was supplemented by microhardness analysis of
the samples using the HV0.1 method. We used a Du-
raScan semi-automatic hardness tester. Microhardness
was measured on each sample to a distance of 1 mm
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from the surface. The distance between the impres-
sions was 0.1 mm. Tensile strength was measured at
room temperature using a Zwick Roell Z250 test sys-
tem. A Ball-on Disc test was performed to analyse the
tribological properties of the sample surface. The
worn volume of material was determined according to
the ASTM-G99 standard. The test parameters were:
tribological track radius r = 3 mm, load Fn = 30 N,
speed 154 tpm, number of repetition cycles 5,000. The
indenter was a 3 mm radius sapphire ball. The wear

coefficient was then calculated according to Equation
1 below [8].

W = [mm?/N-m] (1)

'S
Where:

V... Wear volume [mm?],
L... Normal load Fn [N],

s... Total test distance [m].

Tab. 1 Chemical composition of 100Cr6 steel structure measured by EDAX analyser, and the methodology of heat treatments of

the sanples
Dlemeni Cr Mn Si Fe
(Wt. %) 2.410.13 1.5£0.03 0.2+0.23 rest
Processing boriding annealing
type
Sadies of Temperature Holding time | cooling environ- | Temperature Holding time | cooling environ-
samples °C) (hout) ment O) (hour) ment
1 - - - - - -
2 840 6 furnace - - -
3 - - - 840 6 furnace
4 840 6 furnace - - -
5 - - - 840 6 furnace
6 - _ - - _ _
7 840 6 furnace
8 840 6 furnace - - -
9 - - - - - _
Processing hardening tempering
type
Series @f Temperature Holding time | cooling environ- | Temperature Holding time | cooling environ-
samples &) (hour) ment &) (hour) ment
1 - . . - . B,
2 . . . - . -
3 . . . . . ,
4 850 3 oil
5 850 3 oil - - -
6 850 3 oil - - B,
7 850 3 oil 200 2 furnace
8 850 3 oil 200 2 furnace
9 850 3 oil 200 2 furnace

3 Experimental results

Various phase transformations occurred in the
structure of 100Cr6 steel as a result of the heat tre-
atment, see Fig. 2. The initial structure consisting of
granular pearlite and chromium carbides Fig. 2a was

gradually heated above the AC3 temperature in the
first phase of the heat treatment. At this temperature,
the steel structure gradually transforms into austenite.
The formation of austenitic nuclei occurs first at the
interface between cementite and ferrite. The resulting

indexced on: btp:/ | www.scopus.com



February 2022, 170l. 22, No. 1

MANUFACTURING TECHNOLOGY

ISSN 12713-2489

austenitic nuclei are gradually saturated with carbon,
whose solubility in austenite increases with tempera-
ture. The ferrite and subsequently the cementite are
gradually transformed into austenite. However, the
austenite obtained in the first phase of austenitization
does not have a uniform chemical composition even

MR > 1
TR A h

Fig. 2 Microstructure of the surface of the samples. (a) - initial structure, (b) - initial structure after bardening, (c) - initial structure

after the cementite has dissolved. In areas where ce-
mentite particles were found, the carbon content
remains higher. In addition, the structure also contains
undissolved chromium carbides. The time taken for
the homogenization of the austenite structure is highly
dependent on the austenitization temperature and also
on the rate of heating to this temperature [9-10].
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after hardening and tempering, (d) - structure after long-term annealing, (e) - hardened structure after long-term annealing, (f) - tem-
pered structure after hardening and long-term annealing, (g) - structure after boriding, (h) - hardening structure after boriding, (i) -
tempered structure after hardening and long-term annealing

Sample surfaces that were annealed for a long time
during austenitization Fig. 2d or borided Fig. 2g inter-
acted with the surrounding environment resulting in
different types of diffusion layers forming on their
sur-faces. An oxide diffusion layer with a thickness of
49 £ 8.5 um formed on the samples which were an-
nealed at 840 ° C for six hours. Below this layer, thete
was an area of decarburization with a depth of 93 £
18 pm. In this area, EDX analysis revealed a decrease
in the proportion of chromium of about 32 wt. % of
its original value. The formation of this decarburized
region depleted of carbon and chromium meant that
during cooling there was no re-precipitation of cat-
bides in this area, which led to a reduction in the hard-
ness of the surface layer, see Fig. 3a. In contrast, the

borided samples Fig. 2g formed a multiphase porous
layer FeB - Fe,B with a thickness of 31 2.8 um. This
multiphase layer is disadvantageous in terms of further
processing due to the layers’ different coefficients of
thermal expansion, different crystallographic struc-
tures and the difference in the residual stresses that
these phases create on the surface of the treated ma-
terial [6, 11-12]. Unlike the Fe;B phase, the FeB phase
introduces tensile residual stresses into the surface,
which then allows easier propagation of cracks from
the surface of the material during further processing
or loading [6]. However, the presence of a boride layer
prevented the formation of a decarburized region. As
a result, the carbide phases in the region below the dif-
fusion layer were re-precipitated on cooling from the

indexced on: http:/ | www.scopus.com



February 2022, 10/l 22, No. 1

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

austenitizing temperature. Because the cooling rate
gradient was high enough in this case, cementite was
precipitated into a lamellar structure. This then led to
an increase in the hardness of the sample matrix after
the boriding process, see Fig. 3a. During the subse-
quent heat treatment of the samples by hardening, see
Figs. 2b, 2e and 2h, an unbalanced structure of mar-
tensite was formed during cooling from the austeniti-
zation temperature. The hardness of this structure, see
Fig. 3b, then depended on the degree of decarburiza-
tion of the surface, which also occurred during the
hardening process. During the tempering process, the
metastable structure of mar-tensite gradually disinte-
grated, see Figs. 2c, 2f and 2i, and the associated resid-
ual stresses in the surface layer of the analysed samples
also decreased. This then led to a reduction in the mi-
crohardness of the surface of the samples relative to

their hardened state, see Fig. 3c.
(a) Comparison of microhardness HV0.1 initial state samples
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Fig. 3 Comparison of microbardness HV 0.1 of the samples.
(a) - microbardness in the initial state. (b) - microhardness after
hardening. (c) - microbardness of samples that have been tempe-
red after hardening of their structure
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The changes in the sample microstructures due to
different heat treatments led to different tribological
be-haviours, see Fig. 4, and different tensile strengths,
see Fig. 5. A comparison of the calculated wear coef-
ficient W shows that boriding of 100Cr6 samples in-
creases surface resistance by about 29 %. In contrast,
long-term annealed samples had a reduced resistance
of about 214 %. The reduction in the strength of the
matrix of samples treated in this way was due to de-
carburization of the surface during heat treatment. In
contrast, after hardening, the borided samples showed
the highest value of wear coefficient, i.e. the lowest
value of resistance to tribological abrasion. The fact
that there was such a significant deterioration in the
abrasion properties of the borided material after hard-
ening was connected with the formation of a porous
two-phase diffusion layer FeB - Fe,B, which increased
the brittleness of the sample surface. As mentioned
above, during boriding, the carbides gradually dis-
solved at the process temperature and were subse-
quently re-precipitated to form a lamellar pearlite
structure consisting of alpha ferrite and cementite.
However, in addition to peatlite, a substantial part of
the structure of this steel after boriding was formed by
chromium carbides. These carbides were formed dur-
ing the boriding process because chromium has a
higher affinity for carbon than iron. This means that
chromium carbides are formed preferentially and their
proportion increases in the matrix of 100Crt6 steel
samples [13]. Chromium carbides have greater thermal
stability than iron carbides. This meant that the chro-
mium and car-bon, which would normally dissolve in
a solid solution of gamma iron and subsequently con-
tribute to the formation of a martensitic structure, re-
mained bound in the form of carbides. Since these car-
bides are torn out of the matrix of the material during
the movement of an invasive body, their presence is
one of the reasons why the wear coefficient of the
structure of the material increases. The highest re-
sistance to tribological abrasion was shown by the
samples after hardening without prior treatment. After
subsequent tempering, the abrasion resistance in-
creased again, both for the borided samples and for
the samples which were only hard-ened before tem-
pering. One reason for this in the borided samples was
probably the equalization of the micro-stresses acting
in the surface layer of the samples. This may be related
to the reduction of the difference in boron concentra-
tion at the interface between the structural phases of
the FeB - Fe;B diffusion layer. For the formation of
the Fe;B phase, a lower concentration of boron is
needed, about 33 at. % [6]. For the formation of the
structural phase of FeB, it is then necessary to increase
the concentration of boron to a value of about 50 at.
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% [6]. During tempering, due to diffusion phenom-
ena, the concentration differences in the boron con-
tent in the diffusion layer are compensated, and thus
the structurally more brittle FeB phase can gradually
disappear. The higher resistance of hardened and sub-
sequently tempered samples is then associated with a
higher degree of supersaturation of the solid solution
o, i.e. martensite with carbon, which was less bound
in the form of more stable chromium carbides than
the samples tempered after boriding. Because the tem-
pering process took place at a temperature of 200 °C,
the structure of martensite disintegrated into cubic
tempered marten-site, which consists of low-carbon
martensite and carbide e [14]. In the long-term an-
nealed samples, the tempering effect did not manifest
itself so much because the surface layer was signifi-
cantly depleted of carbon during the previous pro-
cessing and thus there was no significant supersatura-
tion of the solid solution, which was reflected in the
deterioration of the tribological abrasion re-sistance of
the material surface.

For an evaluation of the changes in the tensile
strength of 100Ct6 samples of steel, see Fig. 5. The
samples after the boriding process and the samples af-
ter the annealing process have a higher tensile strength
than the samples without heat treatment. This fact is
again associated with the previously described micro-
structural changes, which include a change in the mor-
phology of the cementite and an increase in the pro-
portion of chromium carbides in the matrix of this
steel. Surface decarburization then manifested itself in
a slight increase in the value of the yield strength Rpo2
by about 2.3 %, compared to the samples that were
borided. The de-carburization depth and the thickness
of the boride layer did not significantly affect the ten-
sile strength of Ryr. This was because similar diffusion
processes took place in the remaining volume of the
sample material, which was significantly larger, and led
to the formation of a similar microstructure. The pres-
ence of diffusion layers on the surface of the samples
after annealing and boriding became apparent during
the hardening of the structure of the material. The
presence of cracks was recorded in the structure of the
annealed samples. These cracks progressed along the
boundaries of the original austenitic grains into the
volume of the material. Their presence is associated
with the weakening of the material's grain boundaries,
which occurred due to the progressive oxidative attack
of the structure of 100Cr6 samples of steel during
long-term annealing. This then brought about a signif-
icant reduction in the tensile strength of its structure.
The borided samples then showed the effect of their
different initial microstructure compared to the only
hardened samples. For the only hardened samples, it

was possible to saturate a higher proportion of carbon
in the tetragonal structure of the martensite. As a re-
sult, greater structural stresses acted in these samples,
which led to earlier failure than the borided samples.
There was a further increase in tensile strength during
subsequent tempering when the highest values were
reached by the borided samples (Ry = 1779 MPa).
Compared to hardened and subsequently tempered
samples, this is an increase in tensile strength of about
59 %. The increase in tensile strength after tempering
is associated with a change in the morphology of the
precipitated martensite and a decrease in the stresses
acting in the structure of the samples.
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Fig. 5 Comparison of tensile strength values R for heat-tre-
ated samples

The highest degree of plastic deformation was
measured for samples in the ground state and samples
after boriding and annealing. No significant plastic de-
formation was obsetrved in the fracture area of the
samples after hardening and tempering. In addition to
deformations near the fracture, there was a change in
the morphology of the fracture surfaces due to the
change in the microstructure, see Fig. 6.
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From the tough failure of the material with a hole-
like morphology, Fig. 6a, depending on the micro-
structure of the samples, there was a gradual increase

in the proportion of fission failure, which showed
mainly intercrystalline spreading and partly transcrys-
talline spreading.

Fig. 6 Structure of fracture surfaces. (a) - initial structure, (b) - initial structure after bardening, (c) - initial structure after harde-
ning and tempering, (d) - structure after long-term annealing, (¢) - hardened structure after long-term annealing, (f) - tempered
structure after hardening and long-term annealing, (g) - structure after boriding, (h) - hardening structure after hardening, (i) - tempe-
red structure after hardening and long-term annealing

4 Conclusion

The results presented in this study show and prove
the fact which is already known for a long time that
due to boriding it is possible to increase the tribologi-
cal abrasion resistance of the 100Ct6 steel structure
and improve its mechanical properties such as tensile
strength and hardness. . However, during powder
boriding, a multiphase porous layer of Fe;B-FeB is
formed. This layer does not have the same toughness
and resistance to tribological abrasion as a single-
phase diffusion layer of FesB. Therefore we need to
look at other ways to further increase the wear re-
sistance of the borided substrate. To form a single-
phase diffusion layer of Fe,B using boriding, we could
shorten the time of the boriding process or reduce its
temperature, or use a completely different boriding

technology. Changing the powder boriding parame-
ters could extend the time taken for the concentration
of boron at the surface interface of the treated material
to approach the value necessary for the formation of
the structural phase of FeB. The second way to reduce
this structural phase after boriding is by annealing. The
concentration differences of boron in both structural
phases would be gradually reduced, which would lead
to the formation of a single-phase Fe;B layer. Further
experiments in this direction will build on this. They
will deal with the reduction of the formation of a mul-
tiphase layer of borides on the surface of 100Ct6 steel
by changing the parameters of the powder borid-ing
process and using alternative boriding technologies
and subsequent treatment of boriding diffusion layers
using laser and plasma technologies.
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