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This article presents a comprehensive analysis of the mechanical properties of
boride diffusion coatings applied to AISI1095 steel. The study is conducted to
enhance the wear resistance and durability of tools and machine parts. Using
thermal-diffusion saturation, single-phase and two-phase boride layers are
formed, for which detailed measurements of microhardness and microbrittle-
ness are carried out. Tests are performed with the PMT-3 device under loads
ranging from 0.4 N to 20 N, allowing the determination of the relationships
between microhardness, brittleness, and load magnitude. Data analysis re-
vealed three distinct regions of microhardness variation corresponding to dif-
ferent load levels and highlighted the behaviour of boride phases FeB and Fe:B.
Special attention is given to studying interphase boundaries, where maximum
residual stresses, contributing to crack formation and coating degradation, are
observed. The obtained results enable more accurate predictions of the opera-
tional characteristics of boride coatings and optimization of application re-
gimes that is particularly important for components subjected to critical loads
in industries such as heavy industry and mechanical engineering. This re-
search contributes to the development of protective coating technologies aimed
at improving the wear resistance and durability of products.
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¥ miii crarTi npencraBieHo BceOiUHY aHAII3y MeXaHIYHUX BJIACTUBOCTEN 0O-
punHux audysiiHrx MOKpUTTiIB, HaHeceHmx Ha Kpumpo AISI1095. Hocui-
IKEeHHSA MPOBOAMJIOCS 3 METOIO MiIBUIMEeHH 3HOCOCTINKOCTH Ta TOBTOBiUHOC-
TH iHCTPYyMeHTIB i meraniB mamwuH. MeTomom TepmonmdysiiiHOro HaCUUEHHA
6yJs10 chopmoBaro ogHOMAa3Hi Ta ABOMasHi 6OpumHi MTapu, AJIsa AKUX 0yJI0 IpOo-
BeJIeHO AeTaJbHi MipAHHSA MiKPOTBEPAOCTH Ta MiKPOKPUXKOCTHU. 3 BUKODUC-
ranuAM npuiaany IIMT-3 Oyio mpoBemeso BUTpoOyBaHHSA HiJ HABAHTAKEHHAM
y mismasoni Bix 0,4 H mo 20 H, 1110 yMOKJINBUIO0 BUSHAUUTHY 3aJE€IKHOCTI MiK-
POTBEPAOCTHU Ta KPUXKOCTHU BiJl BeIMUYMHY HaBaHTaKeHHs. AHaJriza TaHUX BU-
ABUJIA TPU XapaKTepHi ob6JacTi 3MiHU MiKpOTBEpAOCTH, IO BiATIOBiAaIOTh Pi3-
HUM PiBHAM HaBaHTAaKEHH, i migKpecania 0coBJIUBOCTI MMOBETiHKY OOPUIHUX
da3 FeB i Fe:B. OcobnuBy yBary 0yJo mpumgiJieHO AOCTiMKeHHI0 MiKdasHux
MEJK, JIe CIIOCTEePirajamcs MaKCHMAaJbHI 3aJIMIIKOBI Hampyrw, M0 COPUSIOTH
YTBOPEHHIO TPIimuH i ferpagamnii nokpurrda. OfgepsrkaHi pesyabTaTy Sajiy 3MOTY
OiJIBIII TOYHO IPOTHO3YBATH €KCILIyaTalliliHi XapaKTePUCTUKY OOPUIHIX IIOK-
PHUTTIiB Ta ONTUMi3yBaTH PEKVMMU HAHECEHHA X, 110 0COOJIMBO BAKJIMBO AJIA
JeTasiB, AKiI MigmaloTbCsd KPUTUUYHUM HABAHTAMKEHHAM y TaKUX TaNy3daX, IK
Ba’KKa IPOMMCJIOBICTh i MarmuuoOyyBaHHA. Ile mocaimKeHHs BHOCUTH BHE-
COK Y PO3BBUTOK TEXHOJIOTi!l HaHECEHHA 3aXWCHUX IMOKPUTTIB, CHIPAMOBAHUX
Ha IMOJIiNIIIeHH I 3HOCOCTiNKOCTH Ta JOBrOBiYHOCTY BUPODiB.

KarouoBi ciroBa: 60pumHi MOKPUTTA, IUPYIiAHUNA METON, MiKPOTBEPIAiCTD, Mi-
KPOKPUXKicThb, Kpuisa AISI1095, 3HOCOCTIHIKiCTh, MPOMUCIOBI 3aCTOCYBAHHA.
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1. INTRODUCTION

One of the most effective methods for increasing the wear resistance
and durability of tools, machine parts, as well as technological and in-
strumental equipment, is the application of boride diffusion coatings
on the surface of products. These coatings provide high hardness and
resistance to mechanical and chemical effects, which significantly en-
hance the performance characteristics of products. For a qualitative
and quantitative assessment of boride coatings, it is crucial to study
their mechanical properties in detail, especially such parameters as
microhardness and microbrittleness[1, 2].

In the present study, an analysis of the microhardness and micro-
brittleness of boride layers formed by the thermal-diffusion saturation
method was conducted. The research established a clear relationship
between microhardness, microbrittleness, and the load applied during
testing. This allows conclusions to be drawn about the behaviour of
coatings under various operating conditions.

The results of this study have important practical significance.
They allow for more accurate predictions of the performance charac-
teristics of boride coatings and for the selection of optimal application
modes for various operating conditions. The obtained data can also be
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used to develop new surface treatment technologies aimed at improv-
ing the wear resistance and durability of products. In particular, the
established dependencies can help in creating coatings with specified
properties, which is especially important for critically loaded units and
parts used in heavy industry, mechanical engineering, and other
fields.

Thus, the studies of the microhardness of boride layers conducted in
this work make a significant contribution to the development of pro-
tective coating technologies, which contributes to the increased relia-
bility and durability of tools and equipment.

2. EXPERIMENTAL/THEORETICAL DETAILS

The research was conducted on AISI1095 steel coated with boride lay-
ers. The boriding process was carried out in powder media inside spe-
cial containers with a melting lock at a temperature of 950°C for
4 hours. As a result of this process, single-phase and two-phase boride
layers were formed on the samples. The thickness of the single-phase
layer consisting of Fe:B was about 100 um. The two-phase layer had a
total thickness of up to 200 um, with the thickness of the FeB surface
zone being 100 pm.

To measure the microhardness of the coatings, a PMT-3 device was
used, where tests were conducted with loads on the indenter ranging
from 0.4 N to 2.0 N. Indentation tests were performed according to
two schemes: the first scheme included measurements along the sur-
face of the sample along the axis of the boride needles, and the second
scheme provided for measurements along the layer on cross-sections at
a distance of 35 nm from the surface of the sample [3-5].

The cross-sections for determining microhardness were prepared
according to standard methodology. This process included rough
grinding, then fine grinding on abrasive paper, and polishing on cloth
using chromium oxide. During the microhardness and microbrittle-
ness measurements, 50 indentations were performed at each load.

These meticulous measurements and tests provided detailed data on
the mechanical properties of boride coatings, which is important for
assessing their performance characteristics and further use in various
industrial fields[6].

The study of microbrittleness was conducted according to the meth-
odology described in work [2]. To assess microbrittleness, the number
of indentations with defects and the nature of these defects appearing
around the indentation were analysed. The total brittleness score was
calculated using the following formula:

Z = O'no + 1-n1 + 2-n2 + 3n3 + 4-n4 + 5~n5,
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where Z is the total brittleness score; ni, ns, ns, n4, ns are the numbers
of indentations with the corresponding brittleness score.

During the study, careful statistical processing of the obtained re-
sults was carried out. Methods of statistical analysis were used to elim-
inate possible errors, including gross errors. All measurements were
analysed to identify and eliminate anomalous data, ensuring high ac-
curacy and reliability of the final results.

The methodology included the following stages:

—preparation of samples and application of indentations at various
loads on the indenter;

—assessment of the nature of defects around each indentation using
optical microscopy;

—counting the number of indentations with different levels of brittle-
ness;

—calculation of the total brittleness score according to the specified
formula;

— statistical processing of data, including the exclusion of anomalous
values and calculation of average indicators.

3. RESULTS AND DISCUSSION

These studies provided objective data on the microbrittleness of boride
coatings, which is important for further improving their characteris-
tics and developing new coating application technologies [7]. This ap-
proach also allows for accurate prediction of material behaviour under
operating conditions, which is a key factor for enhancing their durabil-
ity and reliability.

The results of the surface microhardness measurements according
to the first scheme for the single-phase and two-phase boride layers are
presented in Table 1.

Measurements of the surface microhardness of the single-phase and
two-phase boride layers showed that the surface microhardness chang-
es depending on the load applied to the indenter (Fig. 1).

Figure 1 shows that three characteristic sections were identified in
the microhardness measurements. The first section corresponds to a
load of less than 0.5 N. In this section, there is a sharp decrease in mi-
crohardness when the load reaches 0.5 N. The second section lies in the
range of 0.5-1 N, where a sharp increase in microhardness is observed
(from 13900 MPa to 16100 MPa for FeB and from 9400 MPa to
15700 MPa for Fe:B, respectively). The third section is characterized by
a gradual increase in microhardness values for FeB and Fe:B, respective-
ly.

Additionally, the study included measurements of the microbrittle-
ness of the FeB and Fe;B phases by indenting along the layer on cross-
sections.
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TABLE 1. Surface microhardness of FeB and Fe:B layers.

FeB Fe:B
Load, N
Surface microhardness, MPa

0.4 14800 9900
0.5 13900 9400
1.0 16100 15700
1.5 16300 16500
2.0 16500 17200
2.5 16600 17300
3.0 17100 17400

Changes in the microhardness of the boride layer on cross-sections
depending on the load can be divided into three sections (Fig. 2). In the
first section, with small loads (less than 0.5 N), there is an increase in
microhardness values as the load decreases. This is because, with
smaller loads, the indentation has fewer defects, and the microhard-
ness is measured more accurately. In this section, the total brittleness
score is the lowest: 36 for the FeB phase and 16 for the Fe;B phase. The
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Fig. 1. Change in microhardness of boride layers depending on load.
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Fig. 2. Change in total brittleness score of boride layers depending on load.

number of indentations with defects is 19 and 12 for FeB and Fe;B, re-
spectively. These defects correspond to a brittleness score of 1-3 and
are characterized by one or two cracks at the indentation corners.

At this stage of measurements, the root mean square error reaches its
maximum values: 3700 MPa for the FeB phase and 4300 MPa for the
FeyB phase. This is explained by the fact that, with small loads, the ac-
curacy of measurements decreases due to the influence of microstruc-
tural heterogeneities and material defects. As a result, the microhard-
ness measurement data can vary significantly, leading to increased er-
ror [6].

In the second section, with a load ranging from 0.5 N to 1.0 N, there
is a further increase in microhardness values. During this period, the
total brittleness score increases 2—-3 times compared to the first sec-
tion, indicating an increase in the materials’ brittleness. At the same
time, there is a decrease in the relative measurement error, indicating
an improvement in the accuracy of the results (Table 2). The number of
indentations with defects in this section is about 30, and they corre-
spond to a brittleness score of 1-4. This means that the defects include
both minimal cracks and more severe damage.

The third section is characterized by loads greater than 1 N. In this
section, there is a further increase in the materials’ microbrittleness.
The number of indentations with defects approaches 40, indicating a
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TABLE 2. Change in microhardness and brittleness of boride layers.

FeB Fe:B
Load, N Microhardness, Total brittleness | Microhardness, | Total brittleness
MPa score Z MPa score Z
0.4 1310 36 1230 16
0.5 1250 65 1160 53
0.6 1300 74 1300 41
0.7 1340 73 1330 35
0.8 1390 75 1600 45
1.0 1490 76 1620 83
1.1 1540 105 1530 95
1.2 1600 68 1500 105
1.3 1720 85 1430 100
1.4 1530 120 1450 138
1.5 1440 145 1500 145

significant deterioration of the materials’ condition under high loads.
At a load of 1.5 N, the total brittleness score doubles compared to the
second section. This significant increase indicates a sharp deterioration
in the materials’ brittleness. The number of indentations with defects
reaches 40, among which there are indentations corresponding to a brit-
tleness score of 5. This means that the indentation shape is destroyed,
which is a serious indicator of the materials’ property degradation.

More than half of the indentations in this section have a brittleness
score of 4, characterized by one or two chips at the edges of the inden-
tation. These chips indicate significant damage to the material struc-
ture under the load. As a result, the microhardness values in this sec-
tion decrease to 14.400 and 14.200 MPa for the FeB and Fe:B phases,
respectively. This decrease indicates material degradation under high
loads, which must be considered when using it in real operating condi-
tions [8].

The analysis of the research results indicates that the destruction of
the diffusion layer most often occurs along the interphase boundary
between the high-boron phase FeB (with rhombic symmetry) and the
low-boron phase Fe;:B (with tetragonal symmetry). In this zone, the
maximum residual stresses are observed, which contribute to crack
formation [9]. This occurs particularly due to the anisotropy of the
thermal expansion coefficients of the FeB and Fe;B borides. Within
the interneedle space in AISI1095 steel, regions with a pearlitic struc-
ture are preserved, and the amount of borocementite is insignificant.
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Fig. 3. Microstructure of boronised layer of AISI1095 steel, x200.

The microstructure of boronised AISI1095 steel is shown in Fig. 3.

This fact underscores the importance of understanding the mecha-
nisms of diffusion layer destruction and the need to consider anisotro-
py and other physical properties of materials when designing and oper-
ating products with such coatings [10].

4. CONCLUSIONS

As a result of the study, it was established that the microhardness of
the boride layer directly depends on the load applied by the indenter.
Changes in the surface microhardness of the FeB and Fe;B boride lay-
ers showed similar trends with changing loads. These dependences can
be divided into three main sections.

1. At low loads (less than 0.5 N), an initial increase in microhardness is
observed. This may be due to the materials’ response to small mechani-
cal loads and initial changes in its structure.

2. In the range of 0.5 N to 1.0 N, there is a significant increase in mi-
crohardness. This is associated with deeper penetration of the indenter
and possibly phase transformations in the boride phases.

3. In the load range of 1 N to 2N, microhardness remains almost un-
changed. This may indicate material saturation with deformation or



THE INFLUENCE OF THERMAL-DIFFUSION SATURATION ON THE PROPERTIES 501

reaching its strength limit.

In addition, the study revealed the anisotropy of the microbrittle-
ness of the FeB and Fe:B boride phases, which is confirmed by the total
brittleness score along the axis of their needles. These data not only
deepen our understanding of the mechanical properties of boride layers
but also highlight the importance of considering the directionality of
tests when assessing their industrial and technical applications.
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