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This investigation studied the changes in the microstructure of steels S265 and X6CrNiTi18-10 as a result 
of their chemical-thermal treatment by boriding. The steels were borided in Durborid boriding powder 
at 900 0C. During this process, surface layers of Fe-B borides formed in both steels. The layers differed in 
their morphologies and compositions due to the different degrees of alloying of the matrix of the steels 
by the additive elements. The Fe-B layers showed high adhesive and cohesive resistance in both steels. 
Due to changes in the microstructure of the S265 steel, and especially due to significant coarsening of 
the original grain of its matrix, its resistance to tribological abrasion after boriding decreased. The oppo-
site effect was observed for X6CrNiTi18-10 steel. As a result of boriding, both steels changed their corro-
sion resistance. 
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Introduction 

Boriding is a chemical-thermal treatment of mate-
rials in which the surface of the material interacts with 
boron to form hard abrasion-resistant layers. Iron al-
loys, especially steel, were the first materials to be 
treated in this way [1]. The oldest technology used for 
this purpose was boriding using a powder backfill. 
Since then, a large number of alternative boriding 
techniques have been developed using gases, liquids, 
or techniques based on physical principles of mass 
transfer [1, 2]. However, boriding using powder is still 
one of the most common techniques, mainly due to 
the economic aspect and technological simplicity of 
the process. [1, 2]. The boride layers formed in this 
process show high resistance to abrasion, high thermal 
stability, and resistance to corrosion and oxidation. 
One of the main advantages of boride layers is the fact 
that they retain their hardness even at high tempera-
tures, up to 1000 °C. [2, 3].  

The boriding process using the powder backfill 
method usually takes place at temperatures of 850-
1000 0C for one or more hours, depending on the re-
quired thickness of the layer formed. [1, 2, 4]. 

The layer can be formed by either a single-phase 

Fe2B layer or a two-phase Fe2B layer together with a 
layer of FeB, which is formed above it [2, 4]. From the 
point of view of the application, the formation of a 
Fe2B layer is preferred to the more brittle FeB layer. 
In addition, FeB and Fe2B phases have different coef-
ficients of thermal expansion, which can lead to the 
formation of cracks in the layer during thermal stress-
ing of the component which subsequently leads to 
damaging it. [4, 5]. 

The aim of this case study was to verify whether it 
is possible to increase the useful properties of two 
types of structural steels, S265 and X6CrNiTi18-10, by 
boriding. These steels are used, for example, for the 
production of parts that transport loose, gaseous or 
liquid media. The aim of the study was to verify how 
the boriding process affects the microstructure, sur-
face properties, and corrosion resistance of the steels.  

Experimental material and procedures 

2.1 Experimental material 

· Two types of structural steels were selected as

experimental materials, S265 and

X6CrNiTi18-10. These steels differ in chemi-

cal composition, see Table 1.

Tab. 1 Comparison of the chemical composition of steels used in the experiment 

C Si S P Mn Cr Ni Ti 

S265 ≤0.2 ≤0.4 ≤0.025 ≤0.03 ≤1.4 - - - 

X6CrNiTi18-10 ≤0.08 ≤1.0 ≤0.015 ≤0.045 ≤2.0 17-19 9-12 ≤0.7 
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S265 steel is carbon steel with a structure of ferrite 
and pearlite. In contrast, X6CrNiTi18-10 steel is al-
loyed with a high proportion of Cr and Ni, and its 
structure is formed by austenite.  

2.2 Parameters of the boriding process 

Chemical heat treatment of samples made from the 
steels was performed in Durborid boron powder. This 
powder, together with the samples, was hermetically 
sealed in a steel box, which was then placed in a cham-
ber furnace preheated to 900 ° C. The samples were 
processed at this temperature for four hours. After 
this time, in one case the box with the samples was 
removed from the oven to allow it to cool in air, and 
in the other case, the box was left to cool in the oven.   

2.3 Evaluation methods 

Samples of S265 and X6CrNiTi18-10 were divided 
into two groups. The surfaces of both groups of sam-
ples were ground and polished first by using a semi-
automatic Tegramin-20 grinder. Then, half the sam-
ples were subjected to chemical-thermal treatment by 
boriding. Subsequently, the borided samples were an-
alysed for the cohesive-adhesive behaviour of the 
formed layer towards the substrate. This analysis was 
performed using the Mercedes test. In this test, a 
Rockwell indenter with a force of 1500 N was pressed 
into the surface of the samples. Results were then eval-
uated using the table below, see Fig. 1, where the best 

adhesive resistance corresponds to A1 and the best co-
hesive wear to K1 [6].

Fig. 1 Overview of infractions that may occur after the Mer-
cedes test. The table is divided into adhesive (A1-A6) and co-

hesive (K1-K6) thin-film failure [6]. 

After the analysis of the cohesive-adhesive behav-
iour of the layer towards the substrate, the samples 
were analysed for changes in tribological abrasion re-
sistance using the Ball on Disk method. In this analy-
sis, the resistance of the surface of the sample to abra-
sive and adhesive wear is determined. In this analysis, 
an indenter was pressed into the rotating surface of 
the sample with a force of 20 N. The sample speed 
was set at 154 rpm. A 6 mm diameter corundum ball 
was used as the indenter. The number of cycle repeti-
tions was set to 5,000 cycles. The tribological trace was 
then measured using an optical stereomicroscope at 
four different locations, at 32x magnification. The aim 
was to determine the material removal V, see equation 
1, and the wear coefficient, see equation 2. These cal-
culations are based on ASTM G99 [7].
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Where: 
V… Worn volume (removal of material) [mm3] 
L… Normal load (Fn)[N] 
s… The total length of the path of movement of 

the indenter [m] 

After the analysis of the surface condition, the 
samples were subjected to metallographic analysis 
which consisted of the analysis of the structure of the 
boride layer, analysis of the change in the microstruc-
ture of the samples, and analysis of the micro-hardness 
of the samples before and after the boriding process. 
A 3% solution of Nital etchant was used to reveal the 
structure of the S265 steel samples. An etchant com-
posed of 45 ml of glycerol, 15 ml of nitric acid, and 30 
ml of hydrochloric acid was used to reveal the struc-
ture of the X6CrNiTi18-10 steel samples. Subsequent 
analysis was performed using a Philips XL30ESEM 
scanning electron microscope, a Nikon SM2800 light 
stereo microscope, and a Carl Zeiss Observer Z1m 
light microscope. The hardness of the sample matrix 
and the boride layers was measured using a semi-auto-
matic DuraScan hardness tester. The grain size of the 

sample matrix was determined by the intersection 
method [8]. 

The above experiments were supplemented by an 
analysis of the corrosion resistance of the samples be-
fore and after boriding. This analysis consisted of a fog 
test in which the samples were left in a VLM CCT cli-
mate chamber in a 100% humidity environment, at a 
temperature of 40 °C for 72 hours. 

Experimental results and discussion 

3.1 Changes to the surface structure and the matrix 

Fig. 2 shows the surface structures of the S265 and 
X6CrNiTi18-10 steel samples. The figures show the 
effect of the degree of alloying on the layer structure. 
The S265 steel layer has a typical tooth-like texture. 
According to the Fe-B binary diagram, this layer can 
be formed by either one Fe2B structural phase or Fe2B 
together with FeB. In this case, it was possible to form 
a single-phase layer on the surface of the samples com-
posed only of the Fe2B boride phase, which is tougher 
and more malleable than a layer formed by the FeB 
phase. The FeB boride layer is harder and would be 
above the Fe2B layer. Because this layer is slightly 
harder and has a different chemical composition, it 
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would be visible due to the different etching of it, 
which did not happen in this case.  The texture of the 
boride layer formed on X6CrNiTi18-10 steel did not 
have a typical toothed structure, but was separated 
from the sample substrate by a sharp border, see Fig. 
2. Below the boride layer, a diffusion zone was visible,
extending to a depth of about 50 µm. The figure also 

shows the method of layer growth, in which new par-
ticles are first formed along the boundaries of austen-
itic grains and later in their volume. In addition to the 
texture, the layers created differed in their uniformity 
and thickness. The fact that the layers consisted of 
only one phase was indirectly confirmed by the meas-
urement of the hardness HV0.025, see Table 2. 

Fig. 2- The boride layer structure of steels S265 and X6CrNiTi18-10, magnified 500x 

Tab. 2 Comparison of changes in grain size, HV hardness and thickness of the formed layer in steel samples S265 and 
X6CrNiTi18-10 before and after boriding. 

S265 S265 (borided) X6CrNiTi18-10 
X6CrNiTi18-10 
(borided) 

Grain size (µm) 20±2.9 39±8 46±8.5 50±8.9 

Matrix hardness (HV0.1) 186±11.6 141±10.4 198±17.7 203±12.2 

Layer thickness (µm) - 29±12.3 - 9.7±1.0

Layer hardness (HV0.025) - 1572±329 - 1507±164 

When evaluating the structure of the analysed sam-
ples, the effect of alloying on the growth stability of 
the original grains of the steel matrices became appar-
ent. In the case of S265 steel, the grains in the matrix 
of the material significantly coarsened at the surface of 
the sample to about twice the size and larger, see Table 
2 and figures 3 and 4. The effect of the cooling rate 
from the boriding process temperature is also evident 
in the steel structure. During rapid cooling, see Fig. 3, 
there was a significant coarsening of the structure in 
the sample surface to a depth of about 1.2 mm and the 
formation of a Widmannstätten structure. This pro-
eutectoid structure is formed at cooling rates which 
are too high. In these cases, the diffusion of the ele-
ments is not complete, especially in the coarse-grained 
structure of the materials, and thus supersaturated ar-
eas are formed which facilitate the formation of this 
phase of α-ferrite and its growth (needle formation) 
into the volume of the material, which is less energy-

efficient than the formation of the α-phase along the 
boundaries of the original austenite grains [9-11]. 
When the cooling rate is reduced, the diffusion of the 
elements is complete, i.e. the concentration differ-
ences are gradually compensated and thus the for-
mation of equilibrium structures of ferrite and pearlite 
is promoted, see Fig. 4. Although the final structure is 
very coarse, it no longer contains the Widmannstätten 
structures (see Fig. 3), which impairs some of the me-
chanical properties of steels, especially their fracture 
toughness [12]. Because of the coarsening of the ma-
trix of the material, there was a significant reduction 
in its hardness by about 24%, see Table 2. 

In the case of X6CrNiTi18-10 steel, the coarsening 
of the structure was not so significant and was around 
8%, regardless of the cooling rate from the chemical-
thermal processing temperature of the steel, see Table 
2 and Fig. 5. 
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Fig. 3 Change in the microstructure of S265 steel samples. The left part of the figure shows the original structure of the sample. The 
right part of the figure shows the structure of the sample after the boriding process with cooling in air, magnified 100x 

Fig. 4 Change in the microstructure of S265 steel samples. The left part of the image shows the original structure of the sample, 
magnified 100x. The right part of the figure shows the structure of the sample after the boriding process with gradual cooling in the 

furnace, magnified 50x 

Fig. 5 Change in the microstructure of X6CrNiTi18-10 steel samples. The left part of the figure shows the original structure of the 
sample. The right part of the picture shows the structure of the sample after the boriding process with cooling in air, magnified 100x 



February 2021, Vol. 21, No. 1 MANUFACTURING TECHNOLOGY ISSN 1213–2489

indexed on: http://www.scopus.com 41 

The strength of the structure of this steel is associ-
ated with its alloying with elements of nickel, chro-
mium, and titanium. Nickel as an austenite-forming el-
ement increases the strength of the solid solution and 
its temperature stability. Titanium and chromium, on 
the other hand, form different types of carbides, see 
Fig. 6. These carbides dissolve into a solid solution at 
high temperatures and sufficient time, thereby increas-
ing its temperature stability and then, as primary car-
bides, form natural barriers to grain movement, reduc-
ing their growth rate. 

Fig. 6 Carbide structure. To determine the type of carbides, 
an EDX analysis of their chemical composition was per-

formed, magnified 800x. 

3.2 Tribological properties and Mercedes test 

The microstructure of both steels greatly affected 
the ability of the material to resist abrasive wear. The 
difference in the calculated wear coefficient is illus-
trated in Figure 7. The graph in this figure shows that 
due to the coarsening of the S265 steel grain structure 
and the presence of the Widmannstätten structures, its 
abrasion resistance deteriorated significantly by more 
than 600 %. The higher wear rate was then probably 
further associated with the unevenness of this layer. 
Although the layer was formed on the entire surface 
of the sample, because it was formed by a tooth-like 
texture, the matrix substrate was firstly exposed in 
places where this layer is thinner. This, together with 
the fact that the matrix near the layer was partly 
formed by the Widmannstätten structures, which is 
brittle, led to shocks when moving the indenter, which 
caused the adhesive layer failure, thus increasing the 
surface wear value of this steel. 

In the case of X6CrNiTi18-10 steel, the chemical-
thermal treatment had the opposite effect, and its 
abrasion resistance increased by about 900%. This fact 
was associated with the formation of a significant dif-
fusion zone under the boride layer, see Fig. 2. This in-
termediate layer was harder than the matrix due to the 
formation of borides, namely 899 ± 237HV0.025. Be-
low this diffusion zone, a similar hardness was meas-
ured for the matrix as for the samples that were not 

borided. 

Fig. 7 Comparison of the resistance of the substrates of the 
samples to tribological abrasion before and after boriding 

The Mercedes test showed a high adhesive and co-
hesive resistance of the layer to the substrate, see Fig. 
8. This indicates a high resistance of these layers to
failure, regardless of whether these layers have a 
toothed texture or are separated from their surround-
ings by a sharp interface as in the case of X6CrNiTi18-
10 steel. 

Fig. 8 Comparison of the resistance of layers to cohesive adhe-
sive failure. Left - impact crater of steel S265. Right - impact 

crater of steel X6CrNiTi18-10, magnified 100x 

3.3 Corrosion resistance 

The boriding process changed the corrosion re-
sistance of both materials. There was significant cor-
rosion on the surface of the samples after the boriding 
process during the fog test, see Fig. 9. In contrast, the 
corrosion was significantly less after 72 hours in the 
fog chamber. The reason for the more pronounced 
oxidation of the surface is the fact that the boride layer 
has a lower corrosion resistance, which is caused by its 
phase composition. Metallographic analysis was per-
formed on the steels to assess the effect of boriding 
on their corrosion resistance, see Figures 10 and 11. 

In the case of S265 steel without boriding, there 
was local corrosion on its surface, see Fig. 10. It is ev-
ident from the images that the corrosion of the surface 
first proceeded in the area of the ferrite grain bound-
aries and then spread to their volume. The maximum 
depth of this attack was around 25 µm. In the borided 
samples, corrosion occurred over the entire area. 
Cracking and local disruption of the Fe2B layer due to 
corrosion were recorded. The maximum depth of cor-
rosion in localised areas reached values of about 40 
µm.  
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Fig. 9 Comparison of corrosion on the surface of samples, be-
fore and after their treatment by boriding, in an environment of 

100% humidity. The samples at the top are samples before 
chemical heat treatment. The samples below are samples after 
chemical heat treatment by boriding. The samples on the left 
are samples made of X6CrNiTi18-10 steel, the samples on 

the right are samples made of S265 steel 

No corrosion of the substrate material was ob-
served in the steel. However, its grain structure signif-
icantly coarsened during the boriding process. The 
coarsening of the grain structure further affects the 
rate at which the steel matrix corrodes [13-15]. Due to 
the coarsening of the structure of the material, the 
density of the grain boundaries in its surface layer is 
reduced. This then results in a reduction in the chem-
ical activity at the surface and this in turn leads to a 
reduction in the number of activation sites where cor-
rosion of the surface can occur. As a result, further 
corrosion can be slower than in materials without 
boriding. However, due to the greater roughness of 
the structure, selective corrosion of the individual 
structural phases may occur more easily, or it may be 
easier to form an uneven passivation layer which could 
slow down the rate of corrosion attack on the surface 
of the material. 

In the case of X6CrNiTi18-10 steel, no corrosion 
products formed on the surface of the samples with-
out chemical-thermal treatment by boriding. In con-
trast, local violation of the borided layer to the bound-
ary of the diffusion zone were observed in the samples 
that were processed, see Fig. 11. The greatest depth of 
corrosion attack locally corresponded to a value of 
about 10 µm. 

 
Fig. 10 Comparison of corrosion damage on samples of S265 steel. The left side of the figure shows the corrosion products on the 

surface of the steel before boriding. The right side of the picture shows corrosion products on the surface of steel after processing, magni-
fied 500x 

 
Fig. 11 Comparison of corrosion damage on X6CrNiTi18-10 steel samples. The left side of the picture shows the corrosion products 

on the surface of the steel before boriding, magnified 1000x. The right side of the picture shows corrosion products on the surface of 
steel after processing, magnified 500x. 
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Conclusion 

In the experiment, the changes caused by the 
boriding process in steel S265 and steel X6CrNiTi18-
10 were analysed. The results can be summarized as 
follows: 

· A single-phase layer of Fe2B borides was

formed on the steels during the process.

· The layers had excellent adhesion and cohe-

sion to the substrates, and no peeling of the

layers or the presence of a higher number of

cracks was recorded in the vicinity of the im-

pact craters.

· The thickness and texture of the layers varied

in the samples depending on the degree of al-

loying. In the case of carbon steel S265, the

texture of the layer was toothed, in contrast,

in the case of alloy steel X6CrNiTi18-10, the

layer was separated from the matrix by a sharp

interface. The layer thickness was about 3.2

times higher in S265 steel (29 ± 12.3 µm.
However, unlike X6CrNiTi18-10 steel, its

texture was not uniform..

· In the structure of S265 steel, during its pro-

cess of chemical heat treatment, its original

grain size grew significantly by about 95% and

more. During the rapid cooling from the

boriding temperature, in addition to the

coarsening of the grain structure of S265

steel, the so-called Widmannstätten structure
was formed.

· The grain structure of X6CrNiTi18-10 steel

did not significantly coarsen because the al-

loying elements stabilized the solid solution

and the chromium and titanium carbides lim-

ited the growth of the original austenite

grains.

· For S265 steels, when evaluating the re-

sistance of the substrate to abrasive wear us-

ing the Ball on disk method, its resistance de-

teriorated significantly. The opposite effect

was observed for X6CrNiTi18-10 steels.

· In terms of corrosion resistance, the samples

after the boriding process were damaged by

corrosion to a greater depth and over a larger

surface area than the samples which were not

treated by this process. Despite the good cor-

rosion resistance of these layers, the corrosion

resistance of the surface of the treated sam-

ples deteriorated. 
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