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Based on the similarity of the physicochemical processes during 
nitriding and boronizing, engineers generally believe that all 
materials suitable for nitriding are also suitable for boronizing.
By FRANTIŠEK NOV Ý, JAKUB HARVANEC, and MILOŠ MIČIAN

eat-treatment technology changes all the mechanical 
properties of metallic materials. The influence of induc-
tion hardening, nitriding, and boronizing on the change 
in the microhardness, impact toughness, microstruc-

ture, and coefficient of friction of conventional steels 42CrMo4 and 
32CrMo12 has been examined and compared with results obtained 
in the sintered steels with an increased content of Cu, which were 
prepared using powder metallurgy technology. Widely used treat-
ments for the examined materials include induction hardening and 
gas nitriding. This study focuses on comparing those technologies 
with alternative technologies of boronizing. It was found that for 
powder metallurgy materials, boronizing is a much more suitable 
process than nitriding because after the application of nitriding, 
the impact toughness dropped to one third of the impact toughness 
of the base material, while after boronizing, the impact toughness 
remained unchanged. Through boronizing, it was possible to achieve 
the unique possibility of improving the mechanical properties of sin-
tered PM Fe-Cu-C steels and fully replacing the currently used nitrid-
ing process. Furthermore, compared to nitriding, it also increases 
the hardness of the surface layer many times to improve the friction 
properties and significantly increases the impact toughness.

1 INTRODUCTION
Induction-hardening technologies are widely used to improve the 
mechanical properties of metallic materials. Induction hardening is 
included among many commonly used heat-treatment technologies. 
It involves heating the material, usually using a heating inductor, a 
very short dwell at the austenitizing temperature and fast cooling. 
Due to the skin effect, only the relatively thin surface layer of the 
metal is heated and hardened. This is a fast process, which is suit-
able for mass production. The parameters of the microstructure and 
mechanical properties of the induction-hardened layer are fully 
comparable to the material parameters obtained using traditional 
quenching and tempering processes. An advantage of this process is 
that only the thin surface layer (from 1 to 6 mm) of the treated metal 
is hardened, while the core of the material stays unchanged [1].

Nitriding combines heat-treatment technology with nitrogen dif-
fusion to the material surface. Nitriding can be carried out in four 
different ways depending on the medium used: powder, liquid, gas, 
or plasma. Gas and plasma nitriding processes are most used. When 
gas nitriding is used, the material is heated in a special chamber filled 
with an atmosphere of nitrogen or ammonia. The heating tempera-
ture can be chosen in the range from 470°C to 580°C, usually above 
550°C [1,2,3]. The temperature dwell varies by the type of used atmo-
sphere and the required thickness of the diffused layer. The diffusion 
rate is very low, and the nitriding times are very long. The typical 
thickness of the nitride layer obtained on conventional steels by gas 
nitriding after 20 hours is usually about 300 µm. The production of 
thicker layers is uneconomical and technically demanding. Nitriding 
in an atmosphere with higher pressure can increase the diffusion rate 

[4]. The hardness of the diffused nitride layer can reach 1200 HV [1,4].
The boronizing process is a surface diffusion treatment analogous 

to nitriding or carburizing. The only difference is that instead of nitro-
gen or carbon, the boron is diffused into the material surface [5,6]. 
Also, the boronizing can be carried out in either a gas, molten salt, 
or pack media. Currently, it is a very rarely used technology that is 
not usually used in mass production, and therefore, the most used 
is pack boronizing, because it is fast, simple, and low cost [7]. The 
boronizing temperature can be chosen from 850 to 1,050°C, depend-
ing on the type of material being processed [5,6,8,9,10,11]. The diffu-
sion rate is even slower than in the case of nitriding, and it is only 
0.02 mm per hour. The diffusion time varies by the temperature and 
required thickness of the boronized layer in the range from 2 to 10 
hours [5,7,8,10]. The thickness of the boronized layer is usually in the 
range of 20 to 100 µm. This is caused by the slow diffusion rate, as 
mentioned before. For example, Mei et al. obtained a boronized layer 
with a thickness of 70 µm [12]. However, a higher thickness of the 
layer can be obtained, but it is time consuming and expensive [11]. 
The hardness of the diffused layer after boronizing is usually in the 
range of 1,200-2,000 HV [9,11,12,13].

Many current studies have tried to improve the diffusion rate of 
the boronizing process. As Mei et al. [12] reported, the diffusion rate 
can be improved by adding rare earth CeO2 or Cr2O3. It also improves 
the microhardness, microstructure, and wear resistance of the boride 
layer. As the results showed, the optimal amount of rare earth content 
for the boronizing of H13 steel is about 4% [12].

Due to the boron diffusion into the Fe lattice, the formation of 
two kinds of borides, FeB and Fe2B, is permitted [5,9,14,15]. A layer 
of borides can be two-phased (FeB + Fe2B) or mono-phased (Fe2B). In 
high-alloy steels, the content of the FeB phase in two-phase layers can 
reach 50% [14,16]. These two phases have different thermal expansion 
coefficients so that cracking can occur at their interfaces [14,17]. These 
two phases also have different hardnesses. The hardness of the FeB 
phase is usually about 2,000 HV, while the hardness of the Fe2B phase 
is usually in the range of 1,200 to 1,600 HV [9,10,13]. Osman Yilmaz et 
al. [13] obtained the microhardness of the boride layer on AISI 4140 
steel in the range from 1,600 to 1,850 HV 0.1.

From the results by Kusmanov et al. [18], there is also a presump-
tion for the decrease in the coefficient of friction after applying the 
boronizing process. In their case, boronizing was combined with 
nitrogen and carbon diffusion. The coefficient of friction (COF) went 
from COF = 0.16 in non-treated conditions to COF = 0.11 for samples 
boronitrocarburized at 850°C for 5 minutes.

It is also known that the resistance to dry sliding of boronized 
specimens is better than the resistance of specimens treated by 
alternative surface treatment, for example, gas nitriding [19]. As 
proven in Lou et al.’s research [20], the boronized layer is not only 
wear-resistant but also corrosion-resistant at high temperatures 
[11,20,21,22,23].

The nitriding and boronizing of conventional steels have been 

H
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studied in considerable detail and used in technical practice for many 
years [24]. Recently, more metal parts with complex shapes are being 
produced using powder metallurgy (PM), because PM components 
usually achieve their final geometry without the need for machin-
ing, and their mechanical performance reaches a similar level as 
fully dense wrought steel. Many PM steels are used in conditions 
of intense friction and high-contact pressures. Therefore, there is a 
need to increase their surface hardness and abrasion resistance using 
various technologies. Copper PM steels are especially considered the 
backbone material of the PM industry. Their overall usage surpasses 
other PM material systems. The versatility and cost-effectiveness of 
PM iron-copper-carbon steels make them the preferred alloy sys-
tem for numerous applications [25]. In addition to surface treatments 
such as PVD or thermal spraying, chemical-thermal treatments, such 
as nitriding, can also be applied to PM steel parts. Furthermore, 
nitrided PM Fe-Cu-C steel components have demonstrated reliable 
performance in certain machines. While the hardness of nitride lay-
ers on PM Fe-Cu-C steels is relatively high, some specialized applica-
tions still require further improvement. Therefore, this study inves-
tigates the feasibility of boronizing PM Fe-Cu-C steels and conducts 
a comprehensive comparison of the results obtained from induction 
hardening, nitriding, and boronizing on both conventional and PM 
Fe-Cu-C steels.

2 MATERIALS AND METHODS
Four different materials (2 conventional steels 42CrMo4 and 32CrMo12 
and 2 experimental PM Fe-Cu-C steels) were used as experimental 
materials.

Chemical compositions of 42CrMo4 steel and 32CrMo12 steel 
are shown in Table 1 and Table 2. These conventional steels were 
chosen as a reference material with a long-standing history of suc-
cessful application in nitrided components. 42CrMo4 steel provides 
a unique combination of strength and toughness, making it an 
optimal material for heavily loaded automotive components such 
as gears, axles, and shafts. A common heat-treatment process for 
this steel involves quenching and tempering (Q&T) followed by 
nitriding. The steel was supplied in the Q&T condition (hardened 
at 850°C with oil quenching and tempered at 560°C), achieving a 
tensile strength of 980 MPa (300 HV10). 32CrMo12 steel is used in 
automotive components, which requires high hardness and wear 
resistance. Categorized as a nitriding steel, it was also delivered 
in the Q&T condition (hardened at 910°C with oil quenching and 
tempered at 630°C), resulting in a tensile strength of 1070 MPa 
(330 HV10). According to the material certificate, nitriding in the 
temperature range of 480-570°C should reach a nitride layer hard-
ness between 480 and 570 HV1 on 32CrMo12 steel.

Experimental PM Fe-Cu-C steels, labelled as PM1 and PM2, were 
not normalized. Both belong to the excellent universal grade group 
offering high wear resistance, high strength, and good shock load 
capacity. These steels can be used with or without heat treatment 
and were produced according to ASTM B783-04 and ASTM B783-93 
standards.

According to MFIP Standard 35 [28], PM1 material is equivalent to 
sintered FC-0208-95HT copper steel, and PM2 material is equivalent 
to sintered FC-0205-90HT copper steel. A premix Fe-Cu-C, conforming 
to SINT C/D11, was used. Compaction was performed using a mechani-
cal press and by sintering in an Abbott belt furnace at 1,125°C for 
30 minutes in a 90% H2/10% N2 atmosphere. Subsequent tempering 
was conducted at 180°C for 30 minutes. The sintered density of the 
compacts is given in Table 3.

It is well known that sintered dimensional change and shrinkage 
during the sintering of PM Fe-Cu-C steels are influenced by several fac-
tors, including the amount and type of premixed copper, the amount 
of graphite in the premix, particle size, particle distribution, green 
part density, and sintering conditions. These influences have been 
extensively studied [29,30]. This study focuses solely on the influence 
of the substrate type on the quality of the boronized layer. The influ-
ence of the chemical composition of PM on dimensional stability is 
beyond the scope of this study.

PM Fe-Cu-C steels typically contain higher levels of carbon (>0.5%) 
to achieve similar strengths as wrought products. The copper forms 
a liquid during sintering and infiltrates into the fine pores, where it 
later diffusionally solidifies, thereby increasing the volume of sin-
tered necks in the compact. The chemical composition of the sintered 
steels PM1 and PM2 are given in Table 3. In addition to the chemical 
elements listed in Table 3, the metallic powder also contains 0.9% 
of lubricants and binders. These additives improve pressability and 
prevent the powder from sticking to the surface of the press mold 
during the manufacturing process.

First, semi-finished products were obtained from each experi-
mental material to produce final specimens. For conventional 
steels, a 20 mm diameter round bar served as the starting mate-
rial. Rectangular blocks measuring 10 ́  10 ́  115 mm, suitable for 
tribological and impact toughness tests, were milled from these 
bars. Similarly, rectangular blocks of the same dimensions were 
produced from the sintered steels using powder metallurgy tech-
niques, ensuring a dimensional accuracy of ±0.1 mm.

The rectangular blocks were then used to produce specimens for 
tribological and impact toughness tests. For tribological tests, the 
rectangular blocks were ground under identical conditions to achieve 
comparable surface roughness. Specimens made from conventional 
steels achieved a surface roughness of Ra = 0.8 μm after grinding, 

while PM steels, due to their inherent poros-
ity, exhibited a higher surface roughness of 
Ra = 1.6 μm. For the impact toughness tests, 
the standard specimens of dimensions 10 
´ 10 ´ 55 mm were cut from semi-finished 
rectangular blocks with a dimensional accu-
racy of ±0.1 mm and surface roughness of up 
to Ra = 3.2 μm. Conventional steel specimens 
required a U-notch with a 1 mm root radius 
and a 2 mm depth to enhance fracture using 
a Charpy pendulum with a nominal impact 
energy of 300 J, as these steels exhibit rela-
tively high impact strength after induction 
hardening. In contrast, PM specimens were 
tested as smooth blocks without a notch 
due to their naturally higher brittleness. 

Table 1: Chemical composition of 42CrMo4 steel (in wt. %) [26].

Table 2: Chemical composition of 32CrMo12 steel (in wt. %) [27].

Table 3: Chemical composition of the experimental PM Fe-Cu-C steels (in wt. %).
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The Charpy test specimens were manufactured in accordance with 
the recommendations of the EN ISO 148-1: 2011 standard with the 
exception of the smaller U-notch depth. This deviation, justified by 
historical practice and previous standard versions, is still employed 
in specific cases.

After machining, all specimens were divided into three groups 
and subsequently surface hardened using three different technolo-
gies: namely, induction hardening, gas nitriding and pack boronizing.

The first group of specimens underwent induction hardening at a 
temperature range of 1,000-1,050°C. The induction hardening process 
parameters were set as follows: electric power of 42 kW, frequency of 
167 kHz, voltage of 133 V, current of 31 A, a dwell time of 0.6 seconds, 
and an inductor feed rate of 1,100 mm/min. After induction hardening, 
the specimens were two-stage tempered. First, they were tempered for 
1 hour at 80°C; then, they were heated to 150°C for 1 hour, which was 
followed by air cooling. This two-stage tempering process is commonly 
used in the mass production of induction-hardened parts made from 
conventional steels such as 42CrMo4 or 32CrMo12.

The second group of specimens was subjected to gas nitriding. The 
nitriding atmosphere consisted of NH3 + N2, the temperature was set 
to 575°C, the nitriding duration was 4 hours, and the specimens were 
cooled slowly within the nitriding furnace.

Finally, the third group of specimens underwent pack boronizing. 
At first, the technological parameters were set to a temperature of 
850°C, a boronizing duration of 6 hours, and slow cooling in the fur-
nace. However, microstructure examination revealed that the result-
ing boronized layer was unsatisfactory, being too thin and poorly 
bonded to the substrate. After consulting with a heat-treatment spe-
cialist, the technological parameters were adjusted to a temperature 
of 1,000°C, a boronizing duration of 6 hours, and slow cooling in the 
furnace, which was followed by re-hardening (austenizing at 850°C 
for 2.5 hours in a vacuum furnace with subsequent oil quenching in 
an Ar atmosphere) and tempering at 150°C for 2 hours.

By increasing the boronizing temperature, it was possible to 
achieve a high-quality boronizing layer that perfectly bonded to the 
substrate.

The rectangular shape of specimens imitates the complex shapes 
of PM components in practical applications, where corners are prone 
to overheating during induction hardening and oversaturation during 
nitriding and boronizing. However, metallographic analysis revealed 
the chosen technological parameters for induction hardening, nitrid-
ing, and boronizing were optimal, preventing oversaturation.

After heat-treatment procedures, tribological tests, impact tough-
ness tests, microhardness tests, microstructure analysis, and micro-
chemical analysis using energy-dispersive spectroscopy (EDX) were 
conducted.

3 RESULTS

3.1 Tribological Test
For tribology tests, a ball-on-plate reciprocating friction system was 
used. A standard test method for linearly reciprocating ball-on-plate 
sliding wear (ASTM G133-22) was used. During this test, a 100Cr6 bear-
ing steel ball undergoes linear reciprocal motion on the tested mate-
rial under a load of 10 N. The direction of relative motion between 
sliding surfaces reverses periodically, resulting in back-and-forth 
straight-line sliding. The moving speed of the ball was set to 20 mm/
min, leading to a total travel distance of 100 m over a 6,000-s testing 
period. Experiments were performed at the temperature of 22 ± 2°C 
under dry friction conditions in open air.

Three tribological tests were conducted for each specimen group, 
and the resulting average coefficients of friction and standard devia-

tions were incorporated into Table 1.
Surface hardening brought rather surprising results in terms of 

changes in the coefficient of friction. As can be seen in Figure 1, induc-
tion hardening and nitriding did not significantly change the coef-
ficient of friction in conventional steels. Their impact was more pro-
nounced on PM Fe-Cu-C steels, which was primarily due to changes 
in porosity influenced by process parameters, especially temperature. 
Compared to nitriding, boronizing significantly reduced the coeffi-
cient of friction in both conventional and sintered steels. Boronizing 
emerges as a particularly suitable surface-hardening technology for 
PM steels, which is capable of producing very hard layers with low 
friction coefficients. However, a major disadvantage of the boronizing 
process is the need for the re-hardening of the substrate, the hard-
ness of which drops sharply due to undesirable phase transformations 
occurring at high boronizing temperatures.

3.2 Impact Toughness Test
Impact toughness tests were performed using a Charpy pendulum 
with a nominal impact energy of 300 J and a striker with a 2 mm 
tip radius. The testing temperature was maintained at 22 ± 2°C. The 
absorbed energy was measured for both U-notched conventional 
steel specimens and smooth PM Fe-Cu-C specimens. The data were 
then converted into deformation work consumed per unit area of 
fracture (impact toughness in J/cm2) by dividing the absorbed energy 
by the actual cross-sectional area of the specimen. U-notches with 
a depth of 2 mm were introduced into the conventional steel speci-
mens before heat treatment. The cross-section for these specimens 
was calculated according to a more precise, older version of the STN 
EN ISO 148-1 to account for the notch. Specimens of PM Fe-Cu-C steels 
were tested without notches.

Three Charpy pendulum tests were conducted on each specimen 
group, and the average impact toughness values with standard devia-
tions are shown in Figure 2 and Figure 3.

Nitriding is frequently used as an optional heat-treatment process 
for conventional 42CrMo12 steel. As can be seen in Figure 2, nitriding 
can significantly increase the impact toughness of 42CrMo12 steel. An 
increase in the impact toughness after nitriding is generally attrib-
uted to the positive influence of molybdenum.

On the other hand, it is evident that using nitriding can also cause 
a significant decrease in the impact toughness of other conventional 
and PM steels. In this study, the impact toughness of 32CrMo12 steel 

Figure 1: Comparison of coefficient of friction of experimental steels (42CrMo4, 
32CrMo12, PM1 and PM2) before and after surface hardening; reciprocating 
ball-on-plate sliding.
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decreased by half after nitriding. Furthermore, the impact toughness 
of PM Fe-Cu-C steels was reduced by as much as one third following 
nitriding.

During nitriding and boronizing, the surface layers of steel are 
saturated with interstitial atoms of nitrogen and boron. The diffusion 
processes occurring during nitriding and boronizing are analogous, 
but they are also very different due to the distinct structural changes 
induced in the processed steel, which makes comparing nitriding and 
boronizing very difficult. Conventional steels are typically nitrided 
in the quenched and tempered (Q&T) condition. The industrial nitrid-
ing of Q&T steels is typically performed within a process-dependent 
temperature range of 350-600°C, which is preferably between 550 
and 580°C. Higher process temperatures facilitate deeper nitrogen 
penetration within the material for a given treatment time. However, 
higher temperatures and prolonged holding times also promote 
microstructural changes within the Q&T steel substrate, leading to 
a reduction in its hardness.

The nitriding of steels generally occurs below the high-temper-
ature tempering range (350-700°C), preventing solid-state phase 
transformations such as the transformation of ferrite, pearlite, or 
martensite to austenite. Only the transformation of martensite to 
sorbite may occur. In contrast, boronizing typically occurs above the 
transformation temperature, leading to the saturation of the steel 
surface with boron within the austenitic phase. These solid-state 
phase transformations result in significant microstructural changes 
within the steels during boronizing. These microstructural changes 
significantly affect the mechanical properties of the boronized steels. 

Therefore, to restore the original sorbitic microstructure of the Q&T 
steel, re-hardening (quenching and tempering) after boronizing is 
necessary. However, some negative effects, such as grain coarsening 
during prolong austenitizing at high temperatures and detrimental 
changes in segregation, are irreversible. These effects, along with 
other diffusion-related changes within the solid solution of the 
metal matrix, contribute to significant embrittlement. In the case of 
42CrMo steel, extensive negative microstructural changes occurred 
during boriding, leading to complete embrittlement. The irrevers-
ible nature of these changes in 2CrMo steel is so pronounced that 
even re-austenitization followed by rapid cooling failed to restore its 
impact toughness to more than one fifth of its original level before 
boronizing.

Contrary, in 32CrMo12 steel, nitriding resulted in a decrease in 
the impact toughness. This is likely attributed to the use of a slightly 
elevated nitriding temperature (approximately 5°C above the recom-
mended range) for all experimental steels. However, unexpectedly, 
boronizing led to a significant increase in the impact toughness of 
32CrMo12 steel.

PM Fe-Cu-C steels can be used with or without heat treatment. 
Therefore, some specimens were solely boronized to achieve a rela-
tively soft, pearlitic microstructure, while others were boronized, 
hardened, and tempered to attain a hard, sorbitic microstructure. 
Recognized for their inherent brittleness, the practical applications 
of PM Fe-Cu-C steels are somewhat limited. As illustrated in Figure 
3, induction hardening or hardening and nitriding further exacer-
bated the brittleness of these steels. Conversely, these experiments 
demonstrated that both PM Fe-Cu-C steels can be boronized without 
significantly compromising their impact toughness. Re-hardening 
the boronized PM Fe-Cu-C steels, however, resulted in a marked 
increase in brittleness.

3.3 Microhardness Tests
Microhardness measurements were performed on the cross-sections 
of the surface-hardened specimens using the Vickers method (HV 
0.01). Prior to testing, specimens were prepared following standard 
metallographic procedures. This involved sectioning, mounting in a 
hard compression powder using a press, and subsequent mechanical 
grinding and polishing. An electrically conductive polishing pow-
der was used to enable subsequent analysis using techniques such as 
energy-dispersive X-ray spectroscopy (EDX) in an electron microscope. 
After preparation, microhardness measurements were gained using 
an automated microhardness tester under an applied test force of 
0.01 kgf (0.098 N).

Regarding the influence of surface-hardening technology on the 
achieved hardness and layer thickness, the measured hardness after 
the induction hardening and nitriding of 42CrMo4 and 32CrMo12 
steels correspond to the typical values observed in industrial practice.

After the boronizing of 42CrMo4 and 32CrMo12 steels, the mea-
sured hardness increased more than four times compared to the val-
ues achieved after nitridation; see Figure 4 and Figure 5. This study 
successfully produced a compact, extremely hard boride surface layer 
on these steels. This layer exhibited excellent adhesion to the substrate 
and significantly exceeded the hardness and thickness of boronized 
layers reported by other authors [13]. The boride layer demonstrated 
a sharp boundary, and the diffusion zone was extremely narrow. As 
a result, the hardness decreased sharply from the maximum value at 
the surface to the substrate hardness within approximately 200 µm. 
Unlike the nitride layer, which exhibits a wide transition diffusion 
zone characterized by a gradual hardness decrease, the extremely 
narrow transition diffusion zone of the boronized layer cannot be 
accurately identified using conventional microhardness testing. For 

Figure 2: Comparison of impact toughness of conventional steels 42CrMo4 and 
32CrMo12 before and after surface hardening.

Figure 3: Comparison of impact toughness of experimental PM Fe-Cu-C steels — 
PM1 and PM2 before and after surface hardening.

Thermal-2025-08.indb   20Thermal-2025-08.indb   20 7/24/25   11:27 PM7/24/25   11:27 PM



thermalprocessing.com   21

detailed mapping of this transition zone, techniques such as nanoin-
dentation should be used.

Re-hardening after boronizing increased the hardness of the 
bulk material and within the transition diffusion zone while slightly 
decreasing the hardness of the boride layer itself. It can be seen that 
re-hardening slightly increased the thickness of the boronized layer 
at the expense of a minor reduction in microhardness.

Surface hardening brought similar results for PM Fe-Cu-C steels. 
As can be seen in Figure 6 and Figure 7, induction hardening proved 
to be a highly suitable technology for these materials. Nitriding, how-
ever, demonstrated the least effectiveness among the applied meth-
ods. The most favorable results were obtained with boronizing either 
alone or followed by re-hardening.

3.4 Microstructure Analysis
Metallographic analysis was performed on the same specimens used 
for the microhardness tests. The microstructure was revealed by 

immersion etching in 2% Nital. The analysis focused on key micro-
structural criteria, including the microstructure and depth of the 
hardened layer bond integrity between the layer and the substrate 
within the transition diffusion zone and microstructural changes 
occurring in the bulk of the experimental steels after surface harden-
ing (induction hardening, nitriding, boronizing and re-hardening).

The microstructure of 42CrMo4 steel in the as-received (Q&T) con-
dition, as depicted in Figure 8a, consisted of sorbite with localized 
regions of partially transformed coarse martensitic plates and a small 
amount of residual austenite. This microstructure remained identical 
after induction hardening.

Figure 8b illustrates the nitride layer and the sorbitic microstruc-
ture of nitrided 42CrMo4 steel. The visible thickness of the nitride 
layer is approximately 100 µm, while microhardness testing indi-

cates a diffusion layer depth of approximately 350 µm. Beyond this 
depth, the hardness decreases due to the declining nitrogen content, 
as confirmed by EDX analysis (Figure 9). The substrate microstruc-
ture exhibited a finer grain size due to the transformation of coarse 
martensitic plates into fine sorbite during the prolonged exposure 
to the nitriding temperature, which is close to the high-temperature 
tempering temperature range for this steel.

Figure 10a depicts a detail of the sharply defined, white boride 
layer (approximately 150 µm thick) on the surface and reveals 
unfavorable microstructural changes within the diffusion zone of 

the boronized 42CrMo4 steel. The prolonged exposure to the high 
boronizing temperature resulted in the transformation of the sor-
bitic microstructure to austenite, which subsequently transformed 
into a relatively coarse pearlitic microstructure during slow cooling. 
This pearlitic microstructure is primarily confined to the transition 
diffusion zone immediately beneath the white boride layer, where 
boron has been substituted for carbon. Within this narrow transition 
zone, a tendency toward the formation of a boride network along 

Figure 4: Microhardness of conventional steel 42CrMo4 after surface hardening.

Figure 6: Microhardness of PM1 steel after surface hardening.

Figure 7: Microhardness of PM2 steel after surface hardening.

Figure 8: Microstructure of 42CrMo4 steel after nitriding: (a) sorbitic 
microstructure of base material in Q&T condition, (b) nitride layer, transit zone 
and sorbitic microstructure in the bulk; etched by 2% Nital.

Figure 5: Microhardness of conventional steel 32CrMo12 after surface hardening.
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grain boundaries is also evident. As shown in Figure 10b, the bulk 
of the substrate exhibits a pearlitic–ferritic microstructure, which 
is characteristic of this hypoeutectic steel in the annealed condition.

EDX analysis (Figure 11) confirmed the sharp interface observed 
between the boride layer and the substrate during metallographic 
examination. Figure 12 illustrates the boronized layer of 42CrMo4 
steel after re-hardening. Re-hardening, conducted uniformly at iden-
tical process parameters for all re-treated specimens in a vacuum 
furnace followed by oil quenching in an argon atmosphere, resulted 
in significant microstructural changes. The microstructure within 
the transition diffusion zone and the bulk material transformed 
completely to a sorbitic structure. Notably, the sharply defined white 
boride layer on the surface remained unaffected by the re-hardening 
process. However, within the narrow transition diffusion zone, a 
boride network formed along the grain boundaries.

The sorbitic microstructure of 32CrMo12 steel in the as-received 
(Q&T) condition is shown in Figure 13a. Similar to 42CrMo4 steel, the 
microstructure remained largely unchanged after induction harden-
ing, consisting of sorbite and residual austenite.

Figure 13b illustrates the nitride layer, transition diffusion zone, 
and sorbitic microstructure within the bulk of the nitride 32CrMo12 
steel. The visible thickness of the nitride layer is approximately 100 
µm, while microhardness testing indicates a diffusion layer depth of 
approximately 370 µm. Beyond this depth, the hardness decreases due 
to a declining nitrogen content, as evidenced in Figure 14.

Figure 15a illustrates the microstructure of boronized 32CrMo12 
steel. Similar to boronized 42CrMo4 steel, a sharply defined white 
boride layer of approximately the same thickness is observed on the 
surface. The prolonged exposure to the high boronizing temperature 
resulted in the formation of a pearlitic microstructure, which is con-
sistent with the phase transformations observed in 42CrMo4 steel. 
The primary distinction lies in the fully pearlitic microstructure 
within the bulk of the substrate, which is attributable to the higher 
chromium and nickel content of 32CrMo12 steel. The thickness of the 
white boride layer varies between 150 and 200 µm, and the transition 
diffusion zone remains narrow.

Figure 15b depicts the sorbitic microstructure of boronized 
32CrMo12 steel after subsequent quenching and tempering. Similar 
to the as-boronized specimen, the borides exhibit a tendency to form 
a network along grain boundaries within the narrow transition diffu-
sion zone. A small crack was observed within the boride layer, suggest-
ing a need for optimization of the re-hardening parameters for this 
steel. Consistent with the observations in 42CrMo steel, EDX analysis 
(Figure 16) confirmed the sharp interface between the boride layer 
and the substrate.

The phase description of surface-hardened PM Fe-Cu-C steels is 
extremely complicated, and it will be a subject of further research. The 
microstructure of the PM1 steel is shown in Figure 17a, while Figure 

17b shows the microstructure of the induction hardened PM1 steel.
The comparison of microstructures in Figure 17a and Figure 17b 

reveals a significant transformation in the surface layer of PM1 steel 
following induction hardening. A distinct hardened layer, approxi-
mately 1.5 mm thick, is observed, which is accompanied by a transi-
tion zone extending up to 2.4 mm from the surface. The presence of 
larger pores within the microstructure after induction hardening 
is visible. The formation of these larger pores is undesirable, as they 
can act as stress concentrators, potentially reducing the material’s 
ductility and increasing its susceptibility to brittle fracture.

Figure 18a reveals the microstructure of nitriding PM1 steel. A 
prominent feature is the surface layer, which is enriched with 
nitrogen to a depth of 1.5 mm. This is followed by a transition zone 
extending up to 2.5 mm. Within this zone, nitrogen diffused into 

Figure 9: EDX analysis of nitriding layer in 42CrMo4 steel.

Figure 11: EDX analysis of boronizing layer in 42CrMo4 steel.

Figure 10: Microstructure of 42CrMo4 steel after boronizing: (a) sharply 
bounded white layer of borides and pearlitic microstructure in transit diffusion 
zone, (b) pearlitic–ferritic microstructure under the diffusion zone; etched by 
2% Nital.

Figure 13: Microstructure of 32CrMo12 steel after nitriding: (a) sorbitic microstructure of base material in 
Q&T condition, (b) nitrided layer, transit zone and sorbitic microstructure in the bulk; etched by 2% Nital.

Figure 12: Sorbitic microstructure of boronized 
42CrMo4 steel after quenching and tempering; 
etched 2% Nital.
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the sintered steel, notably using the existing pores to penetrate and 
envelop individual grains. A noteworthy observation is the presence 
of nitrogen supersaturation throughout the entire cross-section of the 
material. Beyond this, no other significant microstructural changes 
were observed in the nitriding PM1 steel.

High nitrogen supersaturation was also confirmed by EDX analysis 
(Figure 19).

Figure 18b presents the microstructure of PM1 steel following 
boronizing without subsequent re-hardening. The boride layer exhib-
its a thickness ranging from approximately 250 µm at the center of the 
edge to 300-450 µm at the corners of the specimen. Microstructural 
analysis revealed the presence of a single predominant boride phase 

within this layer. Based on the measured layer hardness, this phase 
was tentatively identified as FeB. A high density of pores was observed 
within the boride layer. Furthermore, a distinct transition zone was 
evident within the layer, which was characterized by a gradual change 
from the upper, white, and harder FeB phase to a lower, softer, gray 
phase.Boride-like formations were observed extending beyond the 
defined diffused layer. EDX analysis (Figure 20) confirmed that diffu-
sion occurred deeper into the material primarily through the existing 
pores.

Figure 21 illustrates the microstructure of boronized PM1 steel 
following re-hardening. It is hypothesized that entrapped gas within 
the bulk material migrated toward the boride layer during the re-
hardening process, contributing to an increase in porosity within the 
boride layer (Figure 18b). The higher porosity observed in PM1 steel 
compared to PM2 steel was reflected in the mechanical test results. 
Specifically, an increase in the coefficient of friction, a slight decrease 
in impact toughness, and an increased scatter in the measured hard-
ness values of the boronized layer were observed in PM1 steel.

Figure 22 illustrates the base microstructure of PM2 steel. 
Compared to PM1 steel, distinct differences are observed in the micro-
structure, including variations in the character and distribution of 
pores. The twice higher copper content in PM2 steel, acting as a binder 
for the steel powder, resulted in a significant reduction in the porosity.

Figure 23a depicts the microstructure of induction-hardened PM2 
steel. The observed width of the hardened layer and the transition 
zone closely resemble those observed in PM1 steel, indicating mini-
mal discernible differences between the two materials in response 
to this surface-hardening treatment.

Figure 23b presents the microstructure of nitrided PM2 steel. 
Notably, EDX analysis (Figure 24) revealed that nitrogen diffusion 
penetrated the entire cross-section of PM2 steel.

Figure 25a presents the microstructure of boronized PM2 steel. 
The boride layer exhibits a thickness ranging from 160 µm to 200 µm. 
Notably, this layer displays a higher degree of porosity compared to 
that observed in PM1 steel. Furthermore, the transition diffusion zone 
remains narrow, which is similar to that observed in PM1 steel.

Figure 25b presents the microstructure of boronized PM2 steel 
following re-hardening. The porosity within the boride layer and 
its overall thickness (ranging from 180 µm to 200 µm) remained 
largely unchanged after the re-hardening process. A notable observa-
tion is the appearance of small cracks within the boride layer after 
re-hardening, which are similar to those observed in boronized 
32CrMo12 steel. This suggests a potential need for optimization of 
the re-hardening parameters for PM2 steel to lower the formation 
of these cracks. The boride layer in PM2 steel exhibits a sharp bound-
ary, which is similar to that observed in conventional steel. Minimal 
boride-like formations were observed beyond the defined diffusion 
zone. EDX analysis (Figure 26) revealed that boron diffusion extended 
to a depth of approximately 150 µm within the material.

4 CONCLUSIONS
Based on the similarity of the physicochemical processes during 
nitriding and boronizing, engineers generally believe that all mate-
rials suitable for nitriding are also suitable for boronizing. Therefore, 
this study aimed to investigate the suitability of conventional steels 
42CrMo4 and 32CrMo12 and powder metallurgy (PM) Fe-Cu-C steels, 
increasingly used in automotive applications, for both nitriding and 
boronizing.

The following conclusions were drawn from the research on the 
influence of induction hardening, nitriding, boriding, and re-hard-
ening on the mechanical properties of conventional and PM Fe-Cu-C 
steels.

Figure 14: EDX analysis of nitriding layer in 32CrMo12 steel.

Figure 16: EDX analysis of boronizing layer in 32CrMo12 steel.

Figure 15: Microstructure of 32CrMo12 steel after boronizing: (a) sharply 
bounded white layer of borides and pearlitic microstructure, (b) sorbitic 
microstructure of boronized 32CrMo12 steel after following quenching and 
tempering; etched 2% Nital.

Figure 17: Microstructure of the PM1 steel, (a) base material, (b) induction 
hardened; etched 2% Nital.
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» Induction hardening, nitriding, and boronizing can effectively 
enhance the mechanical properties of conventional steels. However, 
high-temperature boronizing of certain steels, such as 42CrMo4, can 
lead to irreversible embrittlement of the substrate. For 32CrMo12 steel, 
boronizing followed by hardening and tempering effectively improves 
impact toughness and hardness. Furthermore, nitriding represents the 
most suitable surface-hardening technology for 42CrMo4 steel.

» Induction hardening emerged as a suitable surface hardening 
technology for PM Fe-Cu-C steels, effectively increasing the surface 
hardness and reducing the coefficient of friction while minimally 
affecting the impact toughness.

» The nitriding of PM Fe-Cu-C steels proved ineffective, leading to 
a slight increase in hardness while deteriorating frictional properties 
and significantly reducing impact strength.

» Boronizing demonstrated significant potential for enhancing the 
mechanical properties of PM Fe-Cu-C steels, offering a viable alterna-
tive to nitriding. Boronizing effectively increased the surface hardness, 
improved the frictional properties, and notably enhanced the impact 
toughness.

» The hardness of experimentally obtained boronized layers 
significantly surpassed those reported by other authors, which was 
likely attributed to a higher content of the harder FeB phase within 
the boronized layer.

» Based on the obtained results, it can be stated that the re-heating 
after boronizing should be used to increase the hardness of the substrate. 
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Figure 23: Microstructure of the PM2 steel, (a) induction hardened, (b) nitrided; 
etched 2% Nital.

Figure 25: Microstructure of PM2 steel, (a) boronized, (b) boronized and 
re-hardened; etched 2% Nital.

Figure 24: EDX analysis of nitriding layer in PM2 steel.

Figure 22: Basic microstructure of the PM2 steel, etched 2% Nital.

Figure 26: EDX analysis of boronising layer in PM2 steel.
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