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Note that if the content of a second component of 
any binary alloy is significant, ternary and two kinds of 
binary compounds are likely to form in the alloy-boron 
transition zone, either as a one-phase or multi-phase 
layers. Effect of the second component on the proper- 
ties of boride coatings will be illustrated using the Fe–
Cr–B system as an example.  

As evidenced from its isothermal section at 900ºC 
[37], iron, chromium and boron do not form any ternary 
compound, while seven compounds CrB4, CrB2, Cr2B3, 
Cr3B4, CrB, Cr5B3 and Cr2B are known to exist in the 
Cr–B binary system. Therefore, formation of a compli- 
cated structure of boride coatings on the surface of 
solid samples of Fe–Cr alloys and high chromium steels 
during their thermochemical boriding may be expected. 

Experimental data [38-49] on the interaction of five 
iron-chromium alloys (5–30% Cr) and two industrial 
steels containing 13 and 25% chromium with boron in a 
mixture of amorphous boron powder and KBF4 (acti- 
vator) in the temperature range of 850–950ºC at reac- 
tion times up to 43200 s are juxtaposed and discussed 
together with findings of other researchers in this work.  

First, attention is paid to the phase identification of 
boride layers formed at the interface of a solid Fe–Cr 
alloy or steel with boron and the determination of their 
chemical composition. Two types of layer microstruc- 
ture (one-phase and two-phase) are shown to occur, 
depending upon the chromium content of an alloy or 
steel.  

Then, mechanism of layer formation is considered 
in detail from a chemical viewpoint to provide evidence 
for the inadequacy of some too simplified diffusional 
imaginations existing in the available literature. 

Also, a system of differential equations describing 
layer-growth kinetics and taking account of both the 
rate of counter-diffusion of iron and boron atoms across 
layer bulks and the rate of subsequent chemical trans- 
formations at phase interfaces is analyzed to show why 
in many cases the solid-state growth of boride or any 
other compound layers is neither simultaneous, nor 
parabolic.  

Eventually, interconnection between the structure 
and mechanical properties, notably the dry abrasive 
wear resistance and the microhardness of boride layers 
formed on the surface of alloy and steel samples, is 
demonstrated. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials and Samples 

The materials used for the preparation of iron-chro- 
mium alloys included carbonyl iron powder (99.98% 
Fe) and electrolytic-grade chromium platelets (99.98% 
Cr). All contents are given in mass percent if otherwise 
not stated. Reagents were amorphous boron powder 
(98.3% B) and analytical-grade KBF4.  

Cylindrical rods of Fe–Cr alloys (5, 10, 15, 25 and 
30% chromium) were prepared by arc-melting of appro- 
priate amounts of metals under argon, with subsequent 
casting the melts into water-cooled copper crucibles. 
The rods were annealed at 1100ºC for 2 h to ensure 
their homogenization. 

Rods (16 mm diameter) of industrial steels were used 
in the as-received condition (without any additional 
heat treatment). The content of main components of a 
13% Cr steel was 85.2% Fe, 13.6% Cr, 0.38% C, 
0.30% Mn, 0.30% Si and 0.20% Ni. 25% Cr steel 
contained 72.8% Fe, 25.2% Cr, 0.13% C, 0.50% Mn, 
0.46% Si, 0.45% Ni and 0.28% Ti. The microstructure 
of Fe–Cr alloys consisted of the body centered cubic �-
phase (ferrite), while that of the steels also contained 
fine inclusions of iron and chromium carbides.  

Specimens in the form of tablets, 11.28 mm in dia- 
meter (1.0 cm2 area) and 5.5 mm high, were machined 
from the Fe–Cr alloy and steel rods. Flat sides of the 
tablets were ground and polished mechanically.  

2.2. Experimental Methods 

The vacuum device employed for boriding solid 
samples, details of the boriding procedure and investi- 
gational techniques used to characterize initial samples 
and boride layers formed on their surface have been 
described elsewhere [36,47-49]. 

The alloy or steel tablet was embedded into a mix- 
ture of boron powder and 5% KBF4 as an activator. 
KBF4 is considered to be one of most effective 
activators due to the formation of volatile compounds, 
mainly BF3, at elevated temperatures [1,2]. Compared 
to other boriding agents such as Na2B4O7, a mixture of 
70% Na2B4O7 with 30% SiC or a mixture of 65-70% 
Na2B4O7 with 35-30% B4C, its application allows much 
thicker and regular boride layers to be obtained under 
similar temperature-pressure conditions.  
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Experiments were carried out at a temperature of 
850, 900 and 950ºC under high-purity argon (99.999 
vol.% Ar) at a reduced pressure of 2.5�104 Pa. Their 
duration was 3600–43200 s (1–12 h). 

3. RESULTS AND DISCUSSION 

3.1. Types of Microstructure of Boride Layers 

3.1.1. Phase Identity and Chemical Composition of 
Boride Layers 

At a temperature of 850, 900 and 950ºC and suffi- 
ciently long reaction times, two compact boride layers 

were found to form on the surface of all alloy and steel 
samples investigated. The constituent phases of the 
layers were identified by plan-view layer-by-layer X-ray 
diffraction analysis. Two types of their microstructure 
(one-phase and two-phase) were revealed, as exempli- 
fied in Figures (1 and 2).  

Comparison of angles 2� and spacing d of experi- 
mental X-ray patterns obtained with the literature data 
for iron and chromium borides [50-55] indicated that in 
the case of 5–15% Cr alloys and a 13% Cr steel the 
outer boride layer bordering the boriding agent is a 
solid solution based on the FeB chemical compound, 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

Figure 1: (a) Microstructure of the transition zone of borided Fe–10% Cr alloy, Fe–15% Cr alloy and 13% Cr steel samples. (b) 
Scheme of X-ray diffraction investigations of borided Fe–5% Cr alloy samples and the microstructure of appropriate layer 
sections. Boriding conditions: temperature 950oC, reaction time 21600 s. 
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while the inner boride layer adjacent to the solid sub- 
strate is a solid solution based on the Fe2B chemical 
compound. Each of two layers is one-phase. Their 
chemical compositions are provided in Table 1 for a 
Fe–5% Cr alloy as an example [48,49]. It is the first 
type of their microstructure, which is usually observed 
with steels [1-7,13-31]. Chromium content of the layers 
is rather significant. Its values vary in the range 3-12 
at.%. 

Even though the microstructure of boride layers on 
Fe–25% Cr alloy, Fe–30% Cr alloy and 25% Cr steel 
samples is readily seen in Figure 2 to be two-phase, 
their X-ray patterns were identical to those of 5–15% Cr 
alloy and 13% Cr steel ones and corresponded to the 
FeB chemical compound for the outer layer and the 
Fe2B chemical compound for the inner layer (Figure 3). 
In view of the relatively high chromium content of Fe–
25% Cr and Fe–30% Cr alloys and a 25% Cr steel, of 

 

Figure 2: (a) Microstructure of the transition zone of borided Fe–25% Cr alloy, Fe–30% Cr alloy and 25% Cr steel samples. (b) 
Scheme of X-ray diffraction investigations of borided Fe–25% Cr samples and the microstructure of appropriate layer sections. 
Boriding conditions: temperature 950oC, reaction time 21600 s. 

 



34     Journal of Mineral Metal and Material Engineering, 2016, Vol. 2 V.I. Dybkov 

Table 1: Iron, Chromium and Boron Contents of Reacting Phases, Found by EPMA Measurements on Borided Fe–5% 
Cr Alloy Samples after their X-Ray Diffraction Investigations, See also Figure 1 

Section in 
Figure 1b Region 

Content (mass%/at.%) 
Phase 

Fe Cr B 

0 One-phase 79.5/47.3 4.2/2.7 16.3/50.0 (Fe,Cr)B 

I 
Darker in Section I of Figure 1b 80.0/48.1 4.1/2.6 15.9/49.3 (Fe,Cr)B 

Brighter in Section I of Figure 1b 86.1/62.3 4.8/3.8 9.1/33.9 (Fe,Cr)2B 

II 
Darker in Section II of Figure 1b 79.0/46.5 4.3/2.7 16.7/50.8 (Fe,Cr)B 

Brighter in Section II of Figure 1b 87.0/63.7 4.4/3.4 8.7/32.8 (Fe,Cr)2B 

III One-phase (Section III of Figure 1b) 86.6/63.1 4.5/3.5 8.9/33.4 (Fe,Cr)2B 

IV 
Darker  87.1/63.7 4.2/3.3 8.7/33.0 (Fe,Cr)2B 

Brighter  95.1/94.8 4.9/5.2 0.0/0.0 <Fe> 

V One-phase  95.0/94.6 5.0/5.4 0.0/0.0 <Fe> 

 

 

Figure 3: X-ray diffraction patterns of the outer and inner boride layers formed on (a) 13% Cr steel and (b) Fe–25% Cr alloy 
samples. Appropriate pairs of the patterns are seen to be similar, excepting the reflection intensities. Boriding conditions: 950oC, 
21600 s. 
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Table 2: Iron, Chromium and Boron Contents of Reacting Phases, Found by EPMA Measurements on Borided Fe–25% 
Cr Alloy Samples after their X-Ray Diffraction Investigations, See also Figure 2 

Section in 
Figure 2b Region 

Content (at.%) 
Phase 

Fe Cr B 

I 

Brighter in Figure 2b 

25.9 
29.0 
26.9 
29.2 
33.1 

23.9 
22.9 
21.1 
19.9 
16.2 

50.2 
48.1 
52.0 
50.9 
50.7 

(Fe,Cr)B 

Darker in Figure 2b 

23.7 
22.0 
17.7 
20.9 
15.0 

24.4 
29.5 
32.2 
29.8 
33.1 

51.9 
48.5 
50.1 
49.2 
51.9 

(Cr,Fe)B 

III 

A in Figure 2b 
56.6 
53.9 
50.0 

12.2 
11.5 
16.2 

31.2 
34.6 
33.8 

(Fe,Cr)2B 

B in Figure 2b 
18.4 
24.2 
19.6 

46.8 
44.1 
46.8 

34.8 
31.7 
33.6 

(Cr,Fe)2B 

C in Figure 2b 
79.4 
77.5 
81.9 

20.6 
22.5 
18.1 

0.0 
0.0 
0.0 

<Fe> 

IV 

Brighter in Figure 2b 
76.1 
80.1 
74.2 

23.9 
19.4 
25.8 

0.0 
0.5 
0.0 

<Fe> 

Darker in Figure 2b 
18.8 
19.0 
19.6 

49.2 
47.0 
50.7 

32.1 
34.0 
29.7 

(Cr,Fe)2B 

V 

Brighter 
72.8 
72.2 
72.5 

27.2 
27.8 
27.5 

0.0 
0.0 
0.0 

<Fe> 

Darker 
23.4 
18.6 
21.8 

43.1 
48.7 
45.1 

33.5 
32.7 
33.1 

(Cr,Fe)2B 

VI One-phase 
73.9 
73.0 
73.7 

26.1 
27.0 
26.3 

0.0 
0.0 
0.0 

<Fe> 

 

seven known compounds CrB4, CrB2, Cr2B3, Cr3B4, 
CrB, Cr5B3 and Cr2B [37], the formation of at least CrB 
and Cr2B phases could be expected. This is indeed the 
case, though X-ray diffraction analysis does not show 
the presence of any chromium boride in the transition 
zone between the reactants. Each of two boride layers 
is two-phase and consists of distinct darker and 
brighter regions differing by their chemical composition. 
It is the second type of microstructure of boride layers, 
which has been overlooked by previous researchers, 
most probably for the following two reasons. 

(1)  Presence of the CrB and Cr2B compounds is not 
revealed by X-ray diffraction or any other method 
of structural analysis.  

(2)  This type of microstructure is much less pro- 
found with alloys and steels of complicated chem- 

ical composition than with binary Fe–Cr alloys 
due to the strong influence of other constituting 
elements of solid substrates (C, P, S, Si, Mn, Ni, 
Ti, Mo, W and others). Therefore, previous re- 
searchers dealing with steels have not noticed 
this unexpected two-phase microstructure.  

EPMA measurements clearly indicate that iron pre- 
vails in brighter regions, while chromium is dominant in 
darker ones of any boride layer. An example is 
presented in Table 2 for a Fe–25% Cr alloy [49]. 

Thus, the outer boride layer consists of a mixture of 
crystals of the (Fe,Cr)B and (Cr,Fe)B phases. Nonethe- 
less, even most strong reflections of CrB (spacing, d = 
0.2350, 0.1965 and 0.1255 nm) and Cr2B (d = 0.2590, 
0.2158 and 0.2043 nm) [54,55] were missing from 
experimental X-ray patterns of boride layers formed in 



36     Journal of Mineral Metal and Material Engineering, 2016, Vol. 2 V.I. Dybkov 

Fe–25% Cr and Fe–30% Cr alloy and 25% Cr steel 
samples. With Fe–25% Cr and Fe–30% Cr alloys, 
microstructure of both layers has a distinguishable 
regular arrangement, which is hardly observable in 
25% Cr steel samples (compare the microstructure of 
Section I of Figure 2 with that of Section II of Figure 4).  

Shown in Figure 4 are micrographs of longitudinal 
and plan-view sections for a 25% Cr steel. Sections 0-II 

of borided steel samples corresponds to the outer bor- 
ide layer. These clearly show how the two-phase micro- 
structure is formed. First, the homogeneous (Fe,Cr)B 
phase appears to occur. Then, regions of different 
chromium content are developed within its bulk, as 
seen in Section I where major phase is (Fe,Cr)B of 
different chemical composition. The chromium content 
of its brighter regions is 7-12 at.%, while that of the 
darker ones is up to 20 at.% (Table 3).  

 

Figure 4: Scheme of X-ray diffraction investigations of borided Fe–25% Cr steel samples and the microstructure of appropriate 
layer sections. Boriding conditions: temperature 950oC, reaction time 21600 s. 

Table 3: Average Iron, Chromium and Boron Contents of Reacting Phases, Found by EPMA Measurements on 
Borided 25% Cr Steel Samples after their X-Ray Diffraction Investigations, See also Figure 4 

Section in  
Figure 4 Region 

Content (mass %/at.%) 
Phase 

Fe Cr B 

I 
Brighter in Section I of Figure 4 71.4/42.2 12.2/7.7 16.4/50.1 (Fe,Cr)B 

Darker in Section I of Figure 4 53.8/31.8 30.2/19.1 16.1/49.1 (Fe,Cr)B 

II 
Brighter in Section II of Figure 4 54.3/31.6 28.9/18.1 16.8/50.3 (Fe,Cr)B 

Darker in Section II of Figure 4 21.9/12.6 61.6/38.2 16.5/49.2 (Cr,Fe)B 

III 
Brighter in Section III of Figure 4 68.1/48.6 22.6/17.3 9.3/34.1 (Fe,Cr)2B 

Darker in Section III of Figure 4 24.6/17.4 66.8/51.0 8.6/31.6 (Cr,Fe)2B 

IV 
Brighter in Section IV of Figure 4 84.1/83.2 15.9/16.8 0.0/0.0 <Fe> 

Darker in Section IV of Figure 4 27.0/18.8 63.8/48.0 9.2/33.2 (Cr,Fe)2B 

V 
Brighter in Section V of Figure 4 81.3/80.2 18.7/19.8 0.0/0.0 <Fe> 

Darker in Section V of Figure 4 24.6/17.4 66.8/51.0 8.6/31.6 (Cr,Fe)2B 

VI Homogeneous 80.7/79.6 19.3/20.4 0.0/0.0 <Fe> 
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It is the beginning of formation of the two-phase 
microstructure of the outer boride layer. Fine black 
spots in this section are probably iron and chromium 
carbides and borocarbides, while large black spots are 
holes. A mixture of crystals of the (Fe,Cr)B and (Cr,Fe)B 
phases are present in Section II. It is the fully devel- 
oped microstructure of the second type.  

Section III crosses the inner boride layer. Its micro- 
structure is seen to be two-phase. The brighter phase 
is (Fe,Cr)2B, while the darker phase is (Cr,Fe)2B.  

Section IV corresponds to a solid solution of chro- 
mium in iron <Fe> and the (Cr,Fe)2B phase. The micro- 
structure of section V is similar to that of section IV, 
with the amount of the (Cr,Fe)2B phase being much 
less. Section VI is the steel base, somewhat depleted 
in chromium. Section VII is entirely the steel base of 
nominal composition. Thus, the reaction zone extends 
to around 200 �m from this section to the top of a 
boride coating.  

It can be concluded that the presence of the 
(Cr,Fe)B phase in boride layers is not revealed by XRD 
or other methods of structural analysis because under 
highly non-equilibrium conditions the lattice rearrange- 
ment FeB � CrB is not completed in view of time limi- 
tations. Therefore, part of iron sites of the FeB lattice, 
very similar to that of the CrB one, is merely replaced 
by chromium atoms, without any noticeable structural 
changes. 

In other words, the non-equilibrium CrB phase 
crystallizes in the FeB lattice. Hence, being far from 
equilibrium, the outher boride layer appears to be 
single-phase structurally (crystallographically) and two-
phase compositionally (chemically) [49]. 

Similar considerations are clearly applicable to an- 
other pair of phases Fe2B and Cr2B, which are the 
constituents of the inner boride layer. Therefore, 
formation of the (Cr,Fe)B and (Cr,Fe)2B phases, readily 
seen visually in the microstructure of boride layers 
occurred on the surface of borided Fe–25% Cr alloy, 
Fe–30% Cr alloy and 25% Cr steel samples and addi- 
tionally verified by EPMA measurements, can hardly be 
doubted. 

As long as both boride layers are two-phase, distri- 
bution of chromium within their bulks is found to be 
very irregular (Figure 5). Wherever the chromium con- 
tent increases, the iron content decreases, and vice 
versa. In any sufficiently large area, however, chemical 
composition of each of two layers coincides with the 
stoichiometry of an appropriate compound, as it should 
be from a chemical viewpoint. 

It is worth noting that some evidence for a change 
of the first-to-second type of microstructure of boride 
layers may already be noticed with Fe–15% Cr alloy 
samples. As seen in Figure 6, in this case the micro- 
structure of the transition zone between the reactants is 
somewhat different from that with Fe–5% Cr and Fe–
10% Cr alloys. Sections 0 and I of a borided Fe–15% 
Cr sample corresponds to the (Fe,Cr)B phase. Sec- 
tions II and III cross both the (Fe,Cr)B and (Fe,Cr)2B 
phases, with the (Fe,Cr)B phase dominating in Section 
II and (Fe,Cr)2B phase prevailing in Section III. Section 
IV corresponds to the single (Fe,Cr)2B phase. Micro- 
structure of Sections V and VI consists mostly of the 
alloy base of somewhat changed composition com- 
pared to the nominal one with inclusions of crystals of 
the (Fe,Cr)2B and occasionally (Cr, Fe)2B phase. 
Section VII is entirely the alloy base Fe–Cr of nominal 
composition 85% Fe–15% Cr. Chemical composition of 

 
� (

im
p 

s-1
) 

� (
�1

03  im
p 

s-1
) 

Distance (�m) 

B 

Fe 

Cr 

 

Figure 5: Concentration profiles of boron, iron and chromium in the 25% Cr steel-boron transition zone. Boriding conditions: 
temperature 950ºC, reaction time 21600 s. 
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the alloy-boron transition zone in its different sections is 
presented in Table 4. 

Comparison of micrographs shown in Figure 6 
indicates that, in addition to two (Fe,Cr)B and Fe2B 
boride layers typical of all three Fe–5% Cr, Fe–10% Cr 
and Fe–15% Cr alloys, thin long crystals are formed 
near the Fe2B layer in the case of a Fe–15% Cr alloy. 

These are highly enriched in chromium and penetrate 
deep into the alloy base. Their chemical composition 
largely corresponds to that of the (Fe,Cr)2B phase 
containing up to 45% or 32 at.% chromium. This com- 
position is already close to that of the (Cr,Fe)2B phase. 
The width of the area they occupy is comparable with 
the thickness of boride layers. Like the latter, it in- 
creases with passing time.  

 

Figure 6: Scheme of X-ray diffraction investigations of borided Fe–15% Cr alloy samples and the microstructure of appropriate 
layer sections. Boriding conditions: temperature 950ºC, reaction time 21600 s. 

Table 4: Iron, Chromium and Boron Contents of Reacting Phases, Found by EPMA Measurements on 
Borided Fe–15% Cr Alloy Samples after their X-Ray Diffraction Investigations, See also Figure 6 

Section in  
Figure 6 Region 

Content (mass%/at.%) 
Phase 

Fe Cr B 

I One-phase 71.7/42.6 12.1/7.7 16.2/49.7 (Fe,Cr)B 

II 
Darker in Section II of Figure 6 70.7/41.7 12.8/8.1 16.5/50.2 (Fe,Cr)B 

Brighter in Section II of Figure 6 77.8/56.4 13.3/10.3 8.9/33.3 (Fe,Cr)2B 

IV One-phase 76.9/55.9 14.3/11.1 8.8/33.0 (Fe,Cr)2B 

V 

A in Section V of Figure 6 78.8/57.9 12.8/10.1 8.4/32.0 (Fe,Cr)2B 

B in Section V of Figure 6 88.1/87.3 11.9/12.7 0.0/0.0 <Fe> 

C in Section V of Figure 6 46.9/35.9 44.3/31.6 8.8/32.5 (Fe,Cr)2B 

VI 
B in Section VI of Figure 6 87.4/85.9 12.4/13.1 0.0/0.0 <Fe> 

C in Section VI of Figure 6 54.5/38.6 36.3/27.7 9.2/33.7 (Fe,Cr)2B 

VII One-phase 85.2/84.3 14.8/15.7 0.0/0.0 <Fe> 
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Probably, with alloys containing more than 15% Cr 
this area gradually transforms into a two-phase boride 
layer. To follow this transformation, experiments with 
binary Fe–Cr alloys of chromium content between 15% 
and 25%, for example 17.5%, 20% and 22.5%, would 
be desirable.  

3.1.2. Formation of Texture of Boride Layers 

Even though the literature and experimental values 
of angles 2� and spacing d were found to agree fairly 
well, appropriate peak intensities disagreed very consi- 
derably with all alloys and steels studied.  

For example, in the case of a Fe–15% Cr alloy, 
strongest reflections were {002} (2� = 63.07o for Cu K� 
radiation and spacing, d = 0.1474 nm) and, to a lesser 
extent, {020} (2� = 32.63º and d = 0.2744 nm) for the 
orthorhombic FeB phase (outer boride layer), and {002} 
(2� = 42.55º and d = 0.2125 nm) for the tetragonal 
Fe2B phase (inner boride layer) [43]. Note that with iso- 
tropic microcrystalline samples the strongest reflections 

are {111} (d = 0.21863 nm) {021, 200} (0.20086 nm) 
and {210} (0.19002 nm) for FeB and {211} (d = 0.20126 
nm), {310} (0.16159 nm) and {213} (0.12039 nm) for 
Fe2B [50-53]. 

It means that both layers possess a pronounced 
{002} texture and therefore consist of columnar crystals 
oriented preferentially in the direction of diffusion. This 
is considered to be a consequence of the existence of 
paths of enhanced diffusion in the crystal lattices of 
FeB and Fe2B [2]. If such paths are not available (close 
rates of diffusion in all crystallographic directions), al- 
most flat boride layers are formed. The same happens 
if these paths are blocked by atoms of additives or 
impurities.  

The change in intensities of most characteristic 
reflections with increasing distance from the surface of 
a borided Fe–15% Cr alloy tablet is illustrated in Figure 
7 as an example [43,49]. The larger orientation order is 
always observed for the inner portions of both boride 
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Figure 7: Most intensive reflections of X-ray diffraction patterns taken from different plan-view sections of a Fe–15% Cr alloy 
sample borided at 950ºC for 21600 s, see also Figure 6. 
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layers compared to their near-interface portions. This is 
easily explainable because near-interface portions of 
any boride layer, where chemical reactions take place, 
are less equilibrated compared to its inner portions. 
Therefore, near-interface crystals have less time to 
align in the preferred direction. More details about the 
process of ordering of any boride layer eventually 
resulting in the formation of its texture, as illustrated in 
Figure 8, can be found, for example, in [2,20]. 

3.2. Mechanism of Formation of Boride Layers 

3.2.1. Sequence of Layer Occurrence 

Available experimental data show that the formation 
of boride layers is sequential rather than simultaneous 
[1,2,46-49]. The Fe2B layer is the first to form. In the 
case of a Fe–5% Cr alloy (Figure 9), this single boride 
layer was found to grow up to a reaction time of at least 
14400 s (4 h) [45-49].  

After a reaction time of 3600 s (1 h) at 950 °C, the 
FeB layer is still missing from the Fe–10% Cr alloy-
boron interface, while the Fe2B layer thickness is 
already around 70 �m. At this temperature, both layers 
are observed at a reaction time of 7200 s (2 h) or more. 
In the temperature range of 850–950 °C, a reaction 
time of 3600 s (1 h) was found to be sufficient for both 
boride layers to form on the surface of samples of other 
alloys and steels investigated.  

3.2.2. Chemical Reactions at Layer Interfaces 

Immediate chemical reaction is possible initially bet- 
ween the surface iron and boron atoms to form the 
Fe2B layer: 2Fesurf + Bsurf = Fe2B. The continuous Fe2B 
layer separates the reactants from one another. Sub- 
sequently, growth of the Fe2B layer takes place at the 
expense of counter-diffusion of iron and boron atoms 
across its bulk and further two partial chemical reac- 
tions 2Fedif + Bsurf = Fe2B and Bdif + 2Fesurf = Fe2B pro- 

 

Figure 8: Schematic illustration of aligning the Fe2B crystals, eventually resulting in the formation of texture of the inner boride 
layer [2,20]. 

�

 
 (a) (b) (c) 

Figure 9: Backscattered electron images (BEI) of the transition zone between a Fe–5% Cr alloy and boron. Boriding conditions: 
temperature 900ºC, reaction time (a) 3600 s, (b) 14400 s and (c) 21600 s. 
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ceeding at the B–Fe2B and Fe2B–Fe interfaces, res- 
pectively. 

With passing time, the FeB layer also occurs. It 
happens when the rate of its consumption in the forma- 
tion of the first-formed Fe2B layer proves to be equal to 
its growth rate. 

Under conditions of reaction (chemical) control, when 
the rate of diffusion of reacting atoms across their bulks 
exceeds the rate of interfacial (chemical) transfor- 
mations, growth of the FeB and Fe2B layers is due to 
four partial chemical reactions. The FeB layer grows by 
reactions Fedif + Bsurf = FeB at interface 1 and Bdif + 
Fe2B = 2FeB at interface 2 (Figure 10). Appropriate 
increases of its thickness during a time dt are dxFe1 and 
dxB2. The Fe2B layer grows by reactions Fedif + FeB = 
Fe2B at interface 2 and Bdif + 2Fesurf = 2FeB at interface 
3. Appropriate increases of its thickness during the 
same time dt are dyFe2 and dyB3. Both are consumed at 
interface 2 in the course of formation of one another. 
This causes a decrease of their thickness by dx– and 
dy–, respectively.  

 It should be emphasized that the arrows of different 
length and weaker color are intentionally employed in 
Figure 10 to indicate the decrease in amount of diffus- 
ing atoms, available at a particular interface, with in- 
creasing distance from a given initial substance (boron 
or iron). It is obvious that only those boron atoms which 
have not entered into partial chemical reaction with 
Fe2B at interface 2 can diffuse further to interface 3 and 
enter there into partial chemical reaction with the 
surface iron atoms. Similarly, only those iron atoms 
which have not entered into partial chemical reaction 
with FeB at interface 2 can diffuse further to interface 1 

and enter there into partial chemical reaction with the 
surface boron atoms. 

As long as interfacial partial chemical reactions take 
place at different rates, simultaneous formation of both 
boride layers can hardly be expected. From a physico- 
chemical viewpoint, their sequential occurrence is more 
likely, in agreement with experimental observations.  

Thickening of the FeB and Fe2B layers with passing 
time eventually results in a change of the regime of 
their growth from reaction controlled to diffusion cont- 
rolled, when the rate of interfacial transformations (reac- 
tions) becomes first equal to, at a certain critical layer 
thickness, and then greater than, at layer thicknesses 
exceeding this critical value, the rate of diffusion of ap- 
propriate reacting atoms to the reaction sites (inter- 
faces) [46-49]. After the FeB layer has reached its 
critical thickness xcritical B with regard to boron, the Fe2B 
layer loses the source of boron atoms and therefore 
stops growing at the expense of diffusion of this 
component.  

Similarly, after the Fe2B layer has reached its critical 
thickness ycritical Fe with regard to iron, the FeB layer 
loses the source of iron atoms and therefore stops 
growing at the expense of diffusion of this component. 
Hence, under conditions of diffusion control the FeB 
and Fe2B layers are able to grow only at their common 
interface 2, as shown in Figure 11. The FeB layer grows 
at the expense of diffusion of boron atoms across its 
bulk and their subsequent reaction with the Fe2B com- 
pound. The Fe2B layer grows at the expense of diffu- 
sion of iron atoms across its bulk and their subsequent 
reaction with the FeB compound. 

 

 

 

 
 

 

 

 
 

 

Figure 10: Schematic diagram illustrating the growth process of the FeB and Fe2B layers under conditions of reaction 
(chemical) control. Both layers grow at the expense of diffusion of both components. Arrows of different length and weaker color 
are employed to indicate the decrease in amount of diffusing atoms, available at a particular interface, with increasing distance 
from an appropriate initial substance (B or Fe). 
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Both layers are often considered to grow at the 
expense of diffusion of the single component boron 
across their bulks. From a physicochemical viewpoint, 
it is impossible with compact layers having no macro- 
scopic defects and therefore growing by the volume-
diffusion mechanism. This assumption is misleading. 
Moreover, it lacks any experimental support.  

Also, compound layers are assumed to grow at the 
expense of their homogeneity ranges (see, for ex- 
ample, [56,57]. It is another misleading assumption In 
fact, any compound layer grows at the expense of its 
stoichiometry. It does not matter, whether a given com- 
pound has any range of homogeneity or not. Moreover, 
the effect of a homogeneity range on compound layer-
growth rate is negative and not positive, namely, the 
greater the homogeneity range, the less is the layer-
growth rate [32-34,49]. 

Note that iron borides FeB and Fe2B have not got 
any noticeable homogeneity ranges. Hence, from a 
diffusional viewpoint their layers should not form at all 
between iron and boron, in obvious disagreement with 
available experimental data. It applies not only to metal 
borides but also to other compounds of whatever chem- 
ical nature (oxides, silicides, nitrides, carbides, etc.). 
Any calculations based on this misleading assumption 
give physically meaningless diffusion coefficients of the 
components of any chemical compound across its solid 
layer. This inconsistency is readily overcome in the 
framework of a physicochemical approach [32-34].  

3.3. Layer-Growth Kinetics 

Growth kinetics of chemical compound layers are 
largely treated by using a parabolic relation of the type 
x2 = 2k1t, where x is the layer thickness, k1 is the layer 

growth-rate constant, and t is the time. It follows from 
diffusional considerations based on Fick’s laws.  

With sufficiently thick layers in the micrometer range, 
parabolic equations are known to produce a satisfact- 
ory fit to the experimental data, with iron borides in 
particular. Note, however, that a more adequate des- 
cription of growth kinetics of the FeB and Fe2B layers is 
provided by a system of two differential equations [32-
34,49] 

0Fe1 0B2 0Fe2

0Fe1 0B2 0Fe2

1Fe1 1B2 1Fe2

d   
d 1 1 1

k k kx rg
k x k x k yt p
k k k

= + �
+ + +

 ,       (11) 

0Fe2 0B3 0 2

0Fe2 0B3 0B2

1Fe2 1B3 1B2

d   
d 1 1 1

Bk k ky q
k y k y k xt sg
k k k

= + �
+ + +

 ,       (12) 

where x is the outer FeB layer thickness; y is the inner 
Fe2B layer thickness; k0Fe1 and k0B2 are the chemical 
growth-rate constants of the FeB layer at the expense 
of diffusion of iron and boron atoms, respectively; k1Fe1 
and k1B2 are the diffusional (physical) growth-rate cons- 
tants of the FeB layer at the expense of diffusion of iron 
and boron atoms, respectively; k0Fe2 and k0B3 the chem- 
ical growth-rate constants of the Fe2B layer at the 
expense of diffusion of iron and boron atoms, respect- 
ively; k1Fe2 and k1B3 are the diffusional (physical) growth-
rate constants of the Fe2B layer at the expense of 
diffusion of iron and boron atoms, respectively; g is the 
ratio of the molar volumes of the FeB and Fe2B com- 
pounds; p = q = r = 1 and s = 2 (factors from the chem- 
ical formulae of FeB (written as BFe) and Fe2B (BFe2)). 

The value of g is determined from the density of the 
compounds FeB (BFe) �1 = 6.70�103 kg m–3 and Fe2B 

 

Figure 11: Schematic diagram illustrating the growth process of the FeB and Fe2B layers under conditions of diffusion control. 
Both layers thicken only at their common interface 2. No partial chemical reactions can take place at interfaces 1 and 3 due to 
the lack of appropriate diffusing atoms (Fe at interface 1 and B at interface 3). 
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(BFe2) �2 = 7.34�103 kg m–3 [2] and their molecular 
mass M1 = 66.65 g mol–1 and M2 = 122.49 g mol–1: g = 
M1�2/M2�1 = 0.60. 

From the system (1), it follows that initially growth 
kinetics of compound layers must be linear because at 
low t the terms of the type k0x/k1 and k0y/k1 can be 
neglected in comparison with unity. Therefore, this 
system takes the linear form 

0Fe1 0B2 0Fe2
d   
d
x rgk k k
t p

= + � ,         (21) 

0Fe2 0B3 0 2
d   
d B
y qk k k
t sg

= + � .         (21) 

System of equations (2) describes the reaction 
controlled stage of growth of boride layers when the 
rates of diffusion of iron and boron atoms across layer 
bulks are very high and therefore their effect on the 
overall rates of formation of the layers is negligible in 
comparison with that of the rates of subsequent chem- 
ical transformations taking place at phase interfaces. 
Hence, purely chemical processes are rate-determining 
(chemical control), for there is a great excess of 
diffusing atoms of both kinds for both layers to grow. It 
does not mean, however, that the FeB and Fe2B layers 
will necessarily occur and grow at the alloy (steel)-
boron interface simultaneously.  

Clearly, their simultaneous occurrence is only poss- 
ible, if both derivatives dx/dt and dy/dt in equations (1) 
and (2) are positive, dx/dt > 0 and dy/dt > 0, and con- 
sequently the inequalities k0Fe1 + k0B2 > (rg/p)k0Fe2 and 
k0Fe2 + k0B3 > (q/sg)k0B2 are satisfied. In such a case, 
both boride layers will grow simultaneously from the 
very start of interaction of initial substances according 
to a linear law. It should be noted that the linear stage 
of growth of boride layers typical of thin films is not yet 
explored. 

If the condition  

0Fe1 0B2 0Fe2 rgk k k
p

+ <            (3) 

is satisfied, the FeB layer cannot form at all (dx/dt < 0). 
Therefore, only the Fe2B layer is observed to grow at 
the alloy (steel)–boron interface. If the FeB layer were 
in an artificially prepared sample, its thickness would 
decrease, and it might eventually disappear completely, 
being kinetically (not thermodynamically) unstable.  

From the system (1), it is seen that the sequential 
formation of boride layers (dx/dt < 0, dy/dt > 0 or dx/dt 
> 0, dy/dt < 0) is more probable than simultaneous 
(dx/dt > 0 and dy/dt > 0), the ratio of probability being  
2 : 1. If their formation is not simultaneous, this system 
indicates a necessary condition for the occurrence of a 
next layer. As long as the Fe2B layer is the first to 
occur, the FeB layer can only start to form when dx/dt > 
0. Hence,  

0Fe2
0Fe1 0B2

0Fe2 min

1Fe2

 
1

krgk k
k yp

k

+ �
+

          (4) 

where ymin is a smallest (minimal) thickness of the Fe2B 
layer necessary for the FeB layer to occur and grow. 
Chemically, it merely means that at this thickness of 
the Fe2B layer, the rate of consumption of the FeB 
layer during growth of the Fe2B layer becomes first 
equal to and then less than the rate of its growth. 

Growth kinetics of boride layers at the diffusional 
stage of their formation are described by a system of 
two differential equations 

FeBd   
d

kkx rg
t x p y

= � ,          (51) 

Fe Bd   
d

k ky q
t y sg x

= � ,          (52) 

where x is the outer FeB layer thickness, y is the inner 
Fe2B layer thickness, kB is the FeB layer growth-rate 
constant, kFe is the Fe2B layer growth-rate constant. 

Calculations showed this system to provide a good 
fit to experimental data obtained with iron boride and 
other compound layers. Full set of appropriate values 
of diffusional constants k can be found in [40-49]. 

3.4. Microhardness and Abrasive Wear Resistance 
of Boride Layers 

3.4.1. Microhardness of Boride Phases 

With the alloys and steels investigated, numerical 
values of microhardness HV100 fall in the range 13-21 
GPa for the FeB layer and 12-21 GPa for the Fe2B one 
[49]. Microhardness varies considerably within both 
boride layers, especially those with the second type of 
microstructure in view of their non-homogeneity. The 
difference in microhardness of near-boride and far-
away regions of the alloys or steels was insignificant 
(around 0.2 GPa).  
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The values obtained are close to those reported in 
the literature [1-7]. Somewhat higher values for Fe–
25% Cr and Fe–30 % Cr alloys compared to Fe–5% 
Cr, Fe–10% Cr and Fe–15 % Cr ones are probably due 
to the difference in their microstructures, the two-phase 
microstructure being more rigid and therefore harder 
than the single-phase homogeneous one. 

3.4.2. Dry Abrasive Wear Resistance of Boride 
Layers 

Boriding the alloy and steel tablets for dry abrasive 
wear resistance tests were carried out at 950ºC for 
21600 s (6 h). Wear resistance values are greater for 
the middle part of boride layers than for their borders 
with adjacent phases due to its more developed texture 
and more ordered microstructure. 

Comparative data on the wear resistance of the 
outer boride layer for the alloys and steels investigated 
are provided in Table 5 [49]. Its values proved to in- 
crease disproportionately with increasing chromium 
content of the alloys and steels.  

Borided materials with the layers of type I micro- 
structure consisting of a homogeneous solid solution of 
chromium in the FeB compound or in the Fe2B one 
exhibit a rather moderate increase in wear resistance 
compared to their bases. It is 5-15 times for a Fe–10% 
Cr alloy and 6-27 times for at 13% Cr steel. 

A much greater increase is observed if the boride 
layers with a microstructure of type II are formed. For a 
Fe–25% Cr alloy it varies from 150 to 350 times. Boride 
layers with a microstructure of type II are so wear 
resistant that it is impossible to reach not only the alloy 

or steel base but even the inner layer by carrying out a 
reasonable number of tests. For this reason, compar- 
ison of the wear resistance values in Table 5 is res- 
tricted to the data for the outer boride layers.  

In boride layers with type II microstructure, the 
(Cr,Fe)B phase (thin platelets, less than 100 nm thick) 
forms a rigid framework filled with the (Fe,Cr)B phase. 
Such network-platelet morphology results in enhanced 
wear resistance of the outer boride layer. The same 
applies to the inner boride layer consisting of (Cr,Fe)2B 
platelets embedded into the (Fe,Cr)2B matrix.  

Thus, in order to increase the wear resistance of 
any product or part made of an ordinary iron-base alloy 
or steel, it is advisable first to cover its surface, for 
example galvanically, with a Fe–Cr alloy containing 
25±5% chromium. Then, it is borided under carefully 
controlled temperature-time conditions based on the 
available kinetic data to ensure the necessary thick- 
ness and quality of a boride coating. If too high, brittle- 
ness of the coating obtained may be lowered by its 
alloying with Al, Si and other elements. Other thermo- 
chemical treatments may also be applied for this pur- 
pose. 

4. CONCLUSIONS 

Two boride layers occur in a coating on Fe–Cr 
alloys and chromium steels in the temperature range of 
850–950ºC and reaction times up to 43200 s.  

In the case of Fe–5% Cr, Fe–10% Cr and Fe–15% 
Cr alloys and a 13% Cr steel, the outer boride layer 
bordering the boriding agent consists of the (Fe,Cr)B 

Table 5: Comparison of Wear Resistance Values of the Outer FeB Layer for the Fe–Cr Alloys and Chromium Steels 
[49] 

Alloy or Steel 
5% Cr Alloy 10% Cr Alloy 13% Cr Steel  15% Cr Alloy 25% Cr Steel  25% Cr Alloy 30% Cr Alloy 

Microstructure of Type I Microstructure of Type II 

�mbase (g) 0.42335 0.32130 0.24335 0.31060 0.25730 0.29910 0.27740 

�hbase (mm) 0.47 0.43 0.30 0.41 0.31 0.38 0.37 

r1 1 1.32 1.74 1.36 1.65 1.42 1.53 

�mboride layer (g) 0.03853 0.02875 0.02645 0.00695 0.00100 0.00095 0.00090 

�hboride layer (mm) 0.040 0.035 0.030 0.010 ~.0.003 ~0.003 ~0.003 

r2  11.0 11.2 9.2 44.7 257.3 314.8 308.5 

r3 1 1.34 1.46 5.54 38.5 40.6 42.8 

Note: �m and �h are changes in mass and height, respectively, of a sample; 
r1 = �m base of a 5% Cr alloy / �m base of a given material; 
r2 = �m base of a given material / �m boride layer on a given material; 
r3 = �m boride layer on a 5% Cr alloy / �m boride layer on a given material. 
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phase, whereas the inner boride layer adjacent to the 
solid substrate consists of the (Fe,Cr)2B phase. Each 
layer is a homogeneous phase (microstructure of type I). 

Each of the layers formed on the surface of Fe–25% 
Cr and Fe–30% Cr alloys and a 25% Cr steel consists 
of two phases and has a regular network-platelet mor- 
phology (microstructure of type II).  

Layer formation is sequential. The first layer to 
occur is (Fe,Cr)2B. 

Both boride layers possess a pronounced {002} 
texture. It causes their columnar microstructure.  

Mechanism of formation of the layers generally 
includes the counter-diffusion of boron and iron (chro- 
mium) atoms across their bulks followed by subsequent 
chemical transformations at layer interfaces.  

Boride layers with the microstructure of the second 
type exhibit a much higher wear resistance than those 
with the microstructure of the first type, the difference 
exceeding an order of magnitude. 
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