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Abstract

Contactless gas-phase boriding is suitable for strengthening the surface of precision steel
components because it avoids direct contact between the workpiece and the boriding
medium, thereby helping to maintain dimensional accuracy and surface roughness. To
address the toxicity, corrosiveness, flammability, and strict gas-handling requirements
associated with externally supplied boron-containing gaseous precursors in conventional
gas-phase boriding, this study proposes a novel sealed-container structure for contactless
gas-phase boriding, in which powder-filled pockets are distributed along the inner wall
of the sealed container, and conducts experimental investigations on gas-phase boriding.
Compared with the conventional structure, the modified container places the powder
charge in wall-mounted pockets close to the heated container wall, thereby accelerating
powder heating. This arrangement also reduced the powder-heating time from approxi-
mately 1.1 h to 0.85 h and promoted the earlier generation of an active boron-containing
atmosphere, shortening the boriding holding time from 3 h to 1.5 h. Meanwhile, the
average boride-layer thickness increased from approximately 54 µm to 117 µm, and the
maximum surface microhardness reached 3500 HV. These results indicate that improving
the sealed-container structure and optimizing the arrangement of the powder boron source
can effectively intensify the contactless gas-phase boriding process. A thick boride diffusion
layer can be rapidly formed while maintaining limited dimensional change and acceptable
surface roughness.

Keywords: hardening; boriding; gas-phase diffusion; chemical–thermal treatment

1. Introduction
Due to the ever-increasing demands placed on materials, there is no permanent

solution for improving the surface durability of parts and assemblies, as well as the working
components of machinery and tools [1]. Given that the most common cause of failure is the
degradation of product geometry caused by corrosion and wear, developing methods to
improve corrosion and wear resistance represents an ongoing challenge.

In terms of the balance between effectiveness and cost, the most promising results have
been achieved by extending service life using coatings [2,3]. Coatings significantly improve
surface properties (particularly surface hardness, which provides resistance against abrasive
wear and corrosion) [1–3], while minimizing the cost of the improved product compared to
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other improvement methods (e.g., increasing the material’s alloying content, mechanical
treatment (roller or ball rolling), diamond polishing).

There are many coating application methods, including spraying and cladding using
heat sources such as gas flames, plasma, high-frequency heating, high-temperature super-
sonic gas jets, electric arcs, and laser and electron beams [3,4]. These methods represent
additive manufacturing techniques, as they involve adding a surface layer to a prepared
part that has a different chemical composition from that of the part material. In most cases,
this results in the formation of a deposited layer that typically exhibits a significant gradient
in the chemical composition and properties at the interface between the coating and the
workpiece being hardened. This interface appears smooth in these cases. Consequently,
smooth, yet high-gradient coatings will generate significant stresses on the protected sur-
face and within the coating itself, caused by differences in both the chemical composition
and physical–mechanical properties between the coating and the protected product [5,6].

Diffusion coatings, which are formed through chemical–thermal treatment, occupy a
distinct place in the classification of protective and hardening coatings. The very concept
of chemical–thermal treatment (CTT) involves heating and holding the protected item in
a chemically active medium, followed by heat treatment. In the case of CTT, a coating is
formed on the surface of the workpiece, which typically has a significantly lower gradient
in terms of its chemical composition and physical–mechanical properties. This is because
many CTT processes require relatively high temperatures combined with prolonged hold-
ing times in a chemically active environment. As a result, active atoms from the medium can
be captured by the surface of the workpiece being hardened and, dissolving into it, diffuse
deep into the workpiece, ultimately forming a coating with properties that are unique com-
pared to those of the workpiece itself. The most widely used CTT methods are carburizing
(surface saturation with carbon) [7–11], nitriding (surface saturation with nitrogen) [11–15],
and nitrocarburizing (simultaneous saturation with nitrogen and carbon) [16–20]. However,
there are many more, some of which have been increasingly adopted in recent years, such
as chromium plating, boron plating, and aluminizing, as well as multicomponent processes
such as borochromizing, boroaluminizing, and chromium-titanizing.

It is generally considered that, among all methods for increasing service life, boronizing
and processes combined with boronizing—such as borochromizing, boroaluminizing,
borotitanizing, and borosiliconizing—are the most preferable. This preference stems from
the fact that boride coatings differ significantly from other CTT coatings. Boriding steels
increases surface hardness to 1600–2100 HV, which is 2–2.6 times higher than the hardness of
case-hardened steel (on average, about 800 HV) and 1.4–1.8 times higher than the hardness
of nitrided steel (on average, about 1150 HV). In addition to high hardness, boride coatings
are notable because on many industrially significant metals (e.g., titanium and iron), the
boride layer forms into a needle-like, sawtooth-shaped serrated diffusion coating. It is
logical to assume that the adhesion of a serrated coating will significantly exceed that of
smooth layers; moreover, even if a continuous coating is damaged or chipped, the serrated
bases of the layer generally remain, significantly increasing corrosion resistance and wear
resistance [21–26]. Boriding is also a diffusion process in which different types of coatings
consisting of boron compounds are formed: single-phase (the most preferred, represented
by the Fe2B phase—iron hemiboride) and two-phase (less preferred, represented by the
FeB–monoboride phase on the surface and iron hemi-boride beneath it). The preference
for two-phase coatings is limited by the fact that the FeB phase on the surface of steels
and other iron alloys creates tensile stresses; on the one hand, these stresses have virtually
no effect on the fatigue strength limit, but on the other hand, they can cause cracks and
chips to form at the interface between iron monoboride and iron hemiboride. In the case
of single-phase boride layers formed of iron hemiboride, this layer is typically the target
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layer because, in addition to high hardness, strength, and chemical resistance, it also
increases fatigue strength (by 25 to 400%) due to the formation of compressive stresses in
the hardened surface.

Several boronizing methods are commonly used in industrial practice [27–33], with
the most widespread being saturation using powder beds and saturating pastes. Methods
involving liquid saturation using melts of salts and boron compounds are also fairly
widespread, though less so. This is due to the high reactivity of molten salts and boron
compounds, as well as the need to thoroughly clean parts after removing them from
the molten salt bath. Boronizing using powder beds requires a significant volume of
powder, which has relatively low thermal conductivity; consequently, during solid-phase
boronizing using powder beds, a considerable amount of time is required to heat the
powder boronizing medium. In the case of boriding using impregnating coatings, there
is a risk of obtaining diffusion layers of variable thickness (a “spotty layer”), as well
as burning through the coating and damaging the part’s surface (if the thickness of the
impregnating coating is insufficient). It should also be noted that it is not feasible to boride
parts with complex shapes and many small holes using liquid- or solid-phase methods,
as it is difficult to deliver activated boron atoms into these holes from the powder or
melt [33]. The gas-phase boriding method does not have this drawback, but has not
found practical applications due to several significant limitations, including the need for
substantial dilution with explosive hydrogen and the fact that all gaseous boron sources
(boron compounds with hydrogen (boranes) or boron halides) are extremely toxic and may
be explosive.

As demonstrated above, most boronizing methods currently in use have drawbacks
that limit their applicability. However, a review of the literature has identified several
chemical–thermal treatment methods that are potentially free of these drawbacks. One
such study is the publication by Yan Pengxun [34], which proposes a gas-phase boronizing
process in which a boron-containing gas phase is generated from a solid boron-containing
reagent in a hermetically sealed container. The study proposed placing solid boron-
containing reagents at the bottom of a sealed container and on special supports arranged
along the central axis of the sealed container. The recommended boriding temperature was
900–950 ◦C, and the process was carried out without direct contact between the samples
and the boriding medium, producing a clean surface that required no subsequent cleaning,
while the coating was mainly composed of a single Fe2B phase. Because the active gas
phase was generated in situ inside the sealed container and decomposed during cooling,
this method exhibited good environmental compatibility and operational safety. The results
showed that a 70–80 µm-thick boride layer could be formed on 45# steel after boriding
at 900 ◦C for 4 h. When the treatment was conducted at 700 ◦C and 750 ◦C for 4 h, the
boride-layer thicknesses were approximately 10–13 µm and 20 µm, respectively, indicating
that low-temperature boriding is feasible under certain conditions. At 900 ◦C, when the
boriding time was less than 3 h, the diffusion-layer thickness was approximately linearly
related to time, with an induction period of about 1 h. When the boriding time exceeded
3 h, the growth rate of the diffusion layer decreased, possibly because of a reduction in the
generation rate of activated atoms. Overall, the primary advantage of this gas-phase borid-
ing method is that it can generate an active atmosphere in situ inside a sealed container
and produce a single-phase strengthening layer primarily composed of Fe2B.

Nam et al. [35] carried out plasma-assisted vacuum boriding of 45# steel in a BCl3–
H2–Ar atmosphere and obtained a diffusion layer primarily composed of Fe2B with a
small amount of FeB. Dearnley et al. [36] investigated the application of BCl3 in plasma
boriding and indicated that single-phase or dual-phase boride layers can be formed under
appropriate gas compositions and process parameters. Küper et al. [37] discussed the
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feasibility of gas-phase boriding using organic boron compounds under low-pressure
conditions. Kulka et al. [38] proposed a tandem gas boriding process for pre-carburized
steel and obtained a relatively thick diffusion layer at a lower temperature and within a
shorter treatment time. Mingkun et al. [39] used gas-phase boriding as a pretreatment
process prior to the deposition of nanocrystalline diamond films on cemented carbide,
thereby improving the hardness and adhesion strength of the subsequently deposited film.

As demonstrated by this literature review, gas-phase boriding is regarded as a promis-
ing method because it involves no direct contact between the treated component and the
boriding medium. As a result, clean surfaces can be obtained after treatment without
washing or other cleaning procedures. This, in turn, enables the lowest possible surface
roughness to be achieved and, in many cases, eliminates the need for subsequent grinding
and polishing operations. If the surface roughness still does not meet the requirements,
diamond-like carbon coatings can be directly deposited onto the boride layer after gas-
phase boriding without additional surface pretreatment [35,39]. A wide range of materials
can be subjected to gas-phase boriding, including iron–carbon alloys such as steels and
cast irons; titanium alloys; and sintered cemented carbide materials. However, several
unresolved difficulties remain in the implementation of gas-phase boriding, which seriously
limit this method’s scope of application:

- The method requires specialized furnaces (usually vacuum furnaces) capable of re-
maining below atmospheric pressure while ensuring the supply of the boriding
agent, which typically comprises gaseous boron compounds (boron trichloride, boron–
hydrogen compounds, organic compounds with a high boron content).

- Boron-containing gases are used for gas boronizing. These gases are generally unstable
and may spontaneously ignite or even explode in air (boron–hydrogen compounds
and many organic compounds with high boron content); can be highly corrosive
(boron compounds with the halogens fluorine, chlorine, bromine); and require dilution
with hydrogen. Therefore, many saturating media pose both a technological hazard,
requiring strict adherence to safety protocols, and an environmental hazard, with all
boron compounds used for gas boriding being chemically active and extremely toxic
to humans and the environment.

- Due to the high saturation capacity of gaseous media, diffusion boride coatings
typically exhibit increased porosity and a significant amount of the FeB phase, which
is undesirable in most cases.

However, boronizing in a sealed container with the generation of boron-containing
gases from solid materials, a method described by Yan Pengxun [34], is interesting as it
addresses many of the challenges associated with gas boronizing: it does not require the
use of specialized furnaces, since saturation occurs in a sealed container, which prevents
the leakage of boron-containing gas and, in turn, prevents atmospheric penetration into
the reaction space. Thus, in our opinion, the use of a sealed container would allow gas
boronizing to be carried out in conventional chamber furnaces or even via microwave
heating. Furthermore, generating the gas-saturating medium directly during the saturation
process, due to reactions in the solid-phase saturating medium accompanied by the release
of active boron-containing gas, eliminates the need for specialized gaseous and liquid boron
compounds, which pose significant technological and environmental hazards. Further-
more, since the gaseous doping medium is generated during powder heating, cooling the
reaction space will prevent the generation of boron-containing gases. This ensures that gas
boron doping using the method proposed in [34] meets high standards of environmental
friendliness and safety.

Our previous experimental studies on the feasibility of gas-phase boriding [40–42]
demonstrated the practical applicability of the method described in Ref. [34]. In these stud-
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ies, proprietary saturating media developed by our group were used as powder feedstocks
for generating active boron-containing gases [43–46]. Gas-phase boriding experiments
conducted under atmospheric (101 kPa) and reduced pressure (10 Pa) showed that this
process has good feasibility and strengthening effectiveness. Under identical processing
conditions, the boride layer formed under reduced pressure reached a thickness of ap-
proximately 50 µm, whereas that formed under atmospheric pressure was approximately
40 µm. The corresponding surface microhardness values were 2730 HV0.1 and 3280 HV0.1,
respectively. Although the coating produced under reduced pressure exhibited slightly
lower hardness, it showed a greater diffusion-layer thickness and smaller dimensional
growth even at a higher coating thickness, indicating higher dimensional stability of the
strengthened samples. Therefore, for precision components, especially fuel-system compo-
nents, gas-phase boriding with a reduced pressure in the reaction chamber is recommended.
Although the microhardness of coatings produced in this way is slightly lower, the larger
diffusion-layer thickness and smaller dimensional increase make them more suitable for
surface-strengthening treatments requiring high dimensional accuracy.

To improve the efficiency of gas-phase boriding and enhance the thickness, dimen-
sional accuracy, and reliability of the diffusion coating, a new sealed-container structure
for gas-phase boriding was proposed in this study. Compared with the previously used
container, the arrangement of the powder layer used to generate the boron-containing gas
was modified in the new container. Specifically, the powder holders were designed as
pocket structures distributed along the container wall, rather than being arranged along
the central axis as recommended in Ref. [34] (see Figure 1). The air inside the sealed con-
tainer can be replaced with ultra-high-purity argon, or the container can first be filled with
argon and then evacuated to 10 Pa. This structure was designed based on the following
considerations:

- Given that the container is airtight, heating its interior is only possible through radia-
tion from the heated container walls toward the interior volume, as well as through
convective transport by the gas phase; therefore, placing the powder charge as close
as possible to the container walls will accelerate the heating of the powder charge and
the onset of active boron-containing gas generation, which will further intensify the
heating of the container’s interior.

- Placing the powder filling in narrow pockets located along the inner perimeter of the
container will heat the powder mixture more evenly, thus intensifying the generation
of active gases; furthermore, this ensures more complete utilization of the powder
and increases the intensity of the saturation process and the overall efficiency of the
process.

- Since the pockets located on the inner walls of the container do not require special
openings for the generated gas to escape, they can be arranged more densely but
made narrower, which allows for a greater number of samples to be placed in the
container’s reaction chamber (see Figure 1).

- This structure can be applied to both single- and multicomponent boron saturation.
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(a) (b) 

Figure 1. Schematic representation of containers: (a) a container manufactured in accordance with
the recommendations in [34]; (b) a container subsequently manufactured based on the results of
preliminary experiments.

2. Materials and Methods
Boriding treatments were carried out using both the sealed-container structure pro-

posed in this study and the conventional container structure, as shown in Figure 1. The
experimental results obtained by the two structures were then compared.

The boriding medium used in this study was a powder filling containing boron,
chromium, and titanium, with the following composition: 50% B4C + 20% CrB2 + 15%
TiB2 + 5% NaF + 7% NH4Cl + 3% Al2O3. All components are given in mass fractions.
The containers were filled with ultra-high-purity argon at atmospheric pressure. In each
experiment, five samples made of 45# steel (chemical composition listed in Table 1) were
used for the boriding experiments. After boriding, all samples were examined to verify the
presence of the diffusion coating and were subjected to metallographic investigation.

Table 1. Chemical composition of 45# steel used in this study (wt.%).

C Si Mn P S Cr Ni Cu Fe

0.42–0.50 0.17–0.37 0.50–0.80 ≤0.035 ≤0.035 ≤0.25 ≤0.30 ≤0.25 Bal.

The hermetically sealed containers were placed in a chamber furnace preheated to
950 ◦C. The heating time was 0.4–0.5 h, and the temperature was monitored using a
thermocouple placed inside the containers. After heating the containers to 950 ◦C, they
were held at this temperature for 3 h, after which they were removed from the furnace
and cooled in air. After cooling was complete, the containers were opened, the samples
were removed, and metallographic templates were cut from them using a “MICRACUT-
201(Metkon instruments Inc., Bursa, Turkey)” precision cutting machine. Cutting was
performed under intensive water cooling, and the cutting parameters were selected so as
not to introduce distortions into the sample being cut. The cut templates were embedded
in an epoxy compound using a “METAPRESS (Metkon Instruments Inc., Bursa, Turkey)”
metallographic press, then ground and polished on a “DIGIPREP (Metkon instruments
inc., Bursa, Turkey)” automatic grinding and polishing machine according to previously
described methods [47–49]. To study the macro- and microstructures of the samples,
the “Thixomet PRO (V 4.0.0012, Thixomet LLC, Saint-Petersburg, Russia)” hardware and
software system was used, which includes a Carl Zeiss Axio Observer Z1m metallographic
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microscope (Carl Zeiss AG, Oberkochen, Germany); the study was conducted according to
existing methods [49–54]. A 4% solution of nitric acid in ethyl alcohol was used as an etchant
for microstructure identification, and microhardness measurements were performed on an
MN-6 universal hardness tester (Metkon Instruments Inc., Bursa, Turkey) at a load of 100 g
(0.98 N). Surface roughness was measured using a Model 130 mechanical profilometer
(JSC Proton Plant, Zelenograd, Moscow, Russia) on flat surfaces measuring 10 × 30 mm.
Five linear measurements were taken along a 25 mm line on each specimen. The data
obtained were averaged, and the resulting value was taken as the final result. Rectangular
samples measuring 10 × 30 × 50 mm were used as test specimens, and their surfaces were
polished prior to saturation to a roughness of no more than Rz = 0.12 µm. The samples
were measured using a Carl Zeiss Contura G2 coordinate-measuring machine (Carl Zeiss
AG, Oberkochen, Germany) with an accuracy of ±2.2 µm. Each sample was measured at
least three times, and the average value was calculated and accepted as the final result.

3. Results
Figures 2 and 3 present the results of the morphological and microstructural analysis

of the coating obtained during saturation in a sealed container with the proposed design, a
schematic of which is shown in Figure 1a.

 

Figure 2. General view of the microstructure of the 45# steel sample after saturation: (a) Cross-section.
(b) Diagram illustrating the measurement of key parameters of the diffusion coating—the thickness of
the diffusion layer and the transition zone—using the standard tools in Thixomet Pro software. In this
case, saturation was performed at normal (atmospheric) pressure in a sealed container manufactured
according to Figure 1a and filled with argon prior to saturation.

As can be seen in Figure 2, the boride layer and the transition zone are distributed
uniformly around the entire perimeter of the sample (Figure 1a). The boride layer has
an average thickness of 52.9 µm, with minimum and maximum thicknesses of 45.8 and
59.5 µm, respectively. The transition zone consists primarily of pearlite, which formed
as a result of downward carbon diffusion from the sample surface as it was displaced by
diffusing boron. The average thickness of the transition zone was 548 µm, with minimum
and maximum values of 536 and 561 µm, respectively. In addition to the automated
determination of the boride-layer thickness, manual measurements were performed using
a standard method: the length of the boride needles was measured using a microstructure
photograph, after which the arithmetic mean was calculated. The results of the manual
boride-layer thickness measurements are presented in Figure 3. It should be noted that the
automated measurement method is only possible on microstructure photographs taken at
low magnifications, where the boride diffusion layer is generally distinguishable, without
structural or morphological features: the microstructure images shown in Figure 2a were
obtained in panoramic mode at a 50× optical magnification.
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Figure 3. Microstructure of the boride layer and results of manual boride needle length measurements.

In cases where the morphological features of the diffusion layer become discernible in
the coating image, the error begins to increase in “Thixomet Pro” when determining the
thickness of the boride coating; this is due to uncertain recognition and errors in distin-
guishing the boride phase from other structural components (e.g., ferrite) that have a very
similar color to the borided ferrite deposits at the edges of the boride needles. According to
the manual measurements of boride-layer thickness, an average value of 54.0 ± 13.5 µm
was obtained, with a total of 30 measurements taken. Comparing the average thickness of
the diffusion layer obtained via automatic measurement using “Thixomet Pro” software
and the measurement obtained manually, it can be noted that the values practically coincide
with each other, with a correlation coefficient of 0.96. Analyzing the results of the first
experiment demonstrated the fundamental feasibility of performing diffusion boriding of
steels and alloys in closed, hermetically sealed chambers, provided that an active boron-
containing gas phase is generated from a powder charge placed in the reaction vessel. In
this case, the resulting diffusion layers exhibit all the characteristics typical of borides, and
on 45# steel, the average boride thickness is 54 µm. This thickness already corresponds to
the working thickness, and given that this method is recommended primarily for boride
coatings on precision parts, as well as on parts with particularly high requirements for the
accuracy and roughness of working surfaces, a boride-layer thickness of 54 µm will not
only be sufficient for a boride coating but, in some cases, will also allow for a significant
reduction in surface roughness if necessary, for example, through polishing with diamond
pastes and suspensions.

This series of experiments demonstrated the complete reproducibility of the saturation
process itself, as well as the reliability of the developed gas boriding technology. At the same
time, they identified potential avenues for further improving the saturation process, both in
terms of feasibility and reliability, and in terms of enhancing the properties of the resulting
diffusion boride layer. The experiments on gas saturation with varying durations showed
that the saturation process begins no sooner than 1–2 h after placing the sealed container
in a furnace preheated to 950 ◦C, and the container-heating process takes approximately
0.4–0.5 h (data obtained from a thermocouple mounted inside the container). Thus, the
diffusion saturation process can be defined as a sequentially developing multi-stage process
comprising the following main stages: heating the container to the saturation temperature
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→ heating the interior volume of the container to the saturation temperature → heating
the powder charge, leading to the generation of an active gas atmosphere → accumulation
of active boronizing gas, its heating and mixing, and the onset of the diffusion saturation
process. Thus, based on an analysis of the process’s phased nature, it is reasonable and
logical to assume that although heating the container to the saturation temperature takes
an average of 0.45 h, additional time is required to heat the powder charge to the required
temperature, since the stack of pockets containing the powder charge, located in the
center of the sealed container, heats up primarily due to radiative heat transfer; other
heat transfer mechanisms during the heating stage appear to make a minor contribution.
The experimental studies conducted by placing a thermocouple measuring junction in
the pockets containing the mixture being heated confirmed the following assumptions:
after the reactor was placed in a furnace preheated to the required temperature, heating
of the powder charge was achieved in the lower pocket after approximately 0.7 h, and
in the upper pocket after 0.8–1.1 h, whereas the pockets located in the middle section
heated up after approximately 1.2–1.5 h. Thus, analyzing and experimentally verifying
the saturation conditions suggested that the powder-filled pockets should be arranged in
the form of disk rings in contact with the inner wall of the reactor. First, this arrangement
will reduce the usable reactor volume occupied by the pockets, allowing for an increase
in the reactor’s usable loading capacity with parts to be saturated, or an increase in the
size of the parts to be saturated, without changing the container’s dimensions. Second, the
placement of the powder-filled pockets directly adjacent to the heated walls will accelerate
the heating of the powder and, consequently, the onset of active gas generation. In turn,
the generation of an active gas environment will intensify and accelerate the heating of
the reaction space—due to increased thermal conductivity of the gas atmosphere in the
reaction space as the gas pressure inside it rises—and simultaneously intensify convective
heat transfer. Thus, placing pockets filled with powder along the inner wall of the container
will enable the following:

1. Optimizing the reaction space by increasing its usable volume;
2. Accelerating the heating time of the entire container and, consequently, reducing the

time to the start of the saturation process;
3. Reducing the volume of powder feed used per batch while increasing its utilization

efficiency.

Repeating the gas-phase boronizing experiments in the upgraded sealed container
(see Figure 1b) confirmed the conclusions drawn from the results of the earlier analyses.
According to measurements of the powder charge heating time, in the upgraded container,
the powder mixture heated up uniformly throughout the entire volume and in each pocket
simultaneously; the time required for the powder charge to reach a temperature of 950 ◦C
decreased from 1.1 h (average time) to approximately 0.85 h, counting from the moment the
reactor was placed in the preheated furnace. In addition, according to thermometric data, a
temperature of 950 ◦C at the geometric center of the reactor was reached in approximately
0.85–0.9 h. These experiments indicate that the onset of saturation in the container with the
optimized design is guaranteed to occur after 1 h of holding, counting from the moment
the reactor is placed in the preheated furnace: a layer with a thickness of 1 to 3 µm is clearly
observed on the extracted samples. Based on the results of preliminary experiments to
determine the reactor heating time, it was decided to reduce the saturation time in the
reactor with the optimized design from 3 h to 1.5 h, i.e., by half. At the same time, the total
high-temperature holding time, including the heating and saturation stages, was reduced
from 3.5 h to 2 h, or by a factor of 1.75. The specific consumption of powder feedstock
decreased from 0.6 kg of powder per liter of reactor volume to 0.5 kg of powder per liter of
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reactor volume. The results of the gas saturation experiment in the optimized (according to
Figure 1b) reactor are presented in Figure 4.

 

Figure 4. General view of the boride coating on 45# steel after saturation: (a) Cross-section. (b) Dia-
gram illustrating the measurement of key parameters of the diffusion coating—the thickness of the
diffusion layer and the transition zone—measured using the standard tools in “Thixomet Pro” soft-
ware. In this case, saturation was performed at normal (atmospheric) pressure in a sealed container
fabricated according to Figure 1b and filled with argon prior to saturation.

Figure 4, which shows the microstructure of the boride layer and transition zone,
demonstrates that the boride-layer thickness obtained using the optimized wall-pocket
container increased to 117 µm. Compared with the average boride-layer thickness of
54 µm obtained using the conventional centrally powder-filled container, this represents a
2.16-fold increase. Meanwhile, the thickness of the transition zone decreased significantly
from 548 µm to 217 µm, corresponding to a 2.5-fold reduction. This inverse change directly
reflects the acceleration of the diffusion process.

Figure 5 shows the cross-sectional metallographic morphologies of the borided coat-
ings obtained using the two container structures. As shown in Figure 5a, when the conven-
tional centrally powder-filled container was used, the borided layer etched with a nitric
acid alcohol solution exhibited a single-phase Fe2B structure. Its needle-like or columnar
grains were relatively coarse and loosely arranged, with clear grain boundaries but a less
developed interface. In contrast, when the new wall-pocket container was used, as shown
in Figure 5b, the coating formed a distinct duplex saw-tooth structure, with an FeB phase in
the surface layer (indicated by a slightly darker region) and an Fe2B phase in the subsurface
layer. The interface between the two phases was interlaced, and the needle-like structure
was thinner, denser, and more compact, forming a highly developed interfacial network.
The acceleration of diffusion can be understood from two aspects. First, the powder-bed
reaction in the new wall-pocket container was more intense, generating a larger amount of
active boron-containing gas and increasing its partial pressure, thereby enhancing surface
adsorption and accelerating the bulk diffusion of boron. Second, as mentioned above, the
boride layer formed in the new wall-pocket container exhibited a finer needle-like structure
and a more developed interfacial network, as shown in Figure 5b. It is well known that
diffusion along phase boundaries and structural units primarily proceeds through a surface-
diffusion mechanism, and its rate can be two to four orders of magnitude higher than that
of bulk diffusion [55–66]. Therefore, a more developed interface facilitates more efficient
boron migration and ultimately promotes the formation of a thicker boride layer. The
thinning of the transition zone should be considered in terms of carbon behavior. Enhanced
boron diffusion promotes the accelerated inward “displacement” of carbon atoms at the
growth front of the boride layer. However, the diffusion rate of carbon itself does not
increase to the same extent as a result of the mechanical compression caused by the boride
layer. Under the combined effect of these two factors, the cementite plates precipitated
in the transition zone become more dispersed. This not only increases the hardness of
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this region, but also makes the dispersed cementite, containing 6.67 wt.% carbon, a more
effective carbon reservoir. However, because the carbon diffusion rate remains essentially
constant, the transition zone cannot thicken accordingly; instead, it tends to become thinner
as the boride layer becomes denser.

(a) (b) 

Figure 5. Comparison of the thickness of the boride layer obtained by gas-phase saturation: (a) In
the reactor shown in Figure 1a, the average thickness of the boride layer is 54 µm. (b) In the reactor
shown in Figure 1b, the average thickness of the boride layer is 117 µm.

Finally, the total thickness of the diffusion coating, including both the boride layer and
the transition zone, was approximately 600 µm in the conventional centrally powder-filled
container shown in Figure 1a, and approximately 335 µm in the new wall-pocket container
shown in Figure 1b. This significant difference is consistent with the above changes in
diffusion kinetics.

Figure 6 shows the microhardness distribution profile of the diffusion layer, including
the boride layer and the transition zone.

 

Figure 6. Microhardness distribution across the cross-section of a diffusion coating obtained by
gas-phase saturation in the containers shown in Figure 1.
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The microhardness distribution curves in Figure 6 demonstrate that the hardness
variation trend of the boride layer is generally consistent with the boride-layer thickness
shown in the corresponding microstructural observations. It is evident that the hardness
of the boride layer obtained in the new wall-pocket container is approximately 1.5 times
higher than that obtained in the conventional centrally powder-filled container. This is
mainly attributed to the different surface microstructures of the two boride layers: the
coating formed in the new wall-pocket container consists of a dual-phase layer, with FeB in
the outer layer and Fe2B in the sublayer, whereas the coating obtained in the conventional
centrally powder-filled container is composed of a single Fe2B phase. Meanwhile, the
measured microhardness values of the boride layers under both conditions exceed the
typical values of pure Fe2B, approximately 1600 HV, and pure FeB, approximately 2100 HV.
This can be attributed to the use of a three-component boron–chromium–titanium co-
doping powder feedstock in this study, which promotes the alloying of iron borides with
chromium and titanium, thereby resulting in higher hardness and toughness [67–70].

Upon measuring the dimensions of the samples before and after gas saturation using
the proposed method, it was found that after saturation, the average increase in sample
dimensions was 14 µm, with an average diffusion coating thickness of 117 µm, which is
approximately 5% of the layer thickness. Roughness measurements showed that samples
with an initial average roughness of Rz = 0.10 µm had an average roughness of Rz = 0.36 µm
after saturation, with a matte light-gray tint characteristic of boride coatings. This roughness
is sufficient for most applications of parts with increased surface quality requirements.

4. Conclusions
This study demonstrates the feasibility of obtaining boride coatings through simulta-

neous gas-phase saturation with boron, chromium, and titanium. The saturating medium
used in this study was composed of 50% B4C + 20% CrB2 + 15% TiB2 + 5% NaF + 7%
NH4Cl + 3% Al2O3, and the coating was formed from the powder filling inside the sealed
container. This saturation method eliminates direct contact between the powder material
and the surface of the hardened part. The coating obtained by this method does not require
additional cleaning or surface washing after saturation. This is particularly important
for the hardening of high-precision parts, such as precision fuel-system components and
spools, as well as parts with stringent requirements for low surface roughness. The main
conclusions are as follows:

1. Using the novel sealed-container structure for contactless gas-phase boriding pro-
posed in this study, in which powder-filled pockets are arranged along the container
wall, effective multicomponent gas-phase co-saturation with boron, chromium, and
titanium was achieved. Under multicomponent saturation conditions, the obtained
coating exhibited higher hardness than single-component boride coatings because
of the alloying effect of chromium and titanium on iron borides. This container
structure can be used not only for single-component boron saturation, but also for
multicomponent boron saturation combined with chromium and titanium.

2. Gas-phase boriding using the new container accelerated the formation of the diffusion
coating from the gas phase. Compared with the conventional centrally powder-filled
container, the coating formation process was accelerated by a factor of 2.16. The active
gas phase was generated directly by decomposition of the powder medium inside the
container, thereby avoiding the use of hazardous and highly toxic boron-containing
gases during the gas-phase boriding process.

3. Compared with the conventional centrally powder-filled container, the new container
produced a diffusion coating with 50% greater thickness and 30–40% higher micro-
hardness. These improvements can be attributed to the arrangement of the powder

https://doi.org/10.3390/met16080865

https://doi.org/10.3390/met16080865


Metals 2026, 16, 865 13 of 16

filling along the inner wall of the sealed container, which enabled the generation of
a larger volume of gas phase and thereby promoted the formation of the diffusion
coating.
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