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Thermochemical boriding of iron—chromium alloys

1. Introduction

In many practical applications, specific physical, chemical or mechanical properties are
only needed for a thin surface layer, a few tens of nanometers to a few tens of micrometers
thick, while the main body of a part may be made from a low-cost ordinary alloy or steel.
Thermochemical boriding (or boronizing) is one of surface treatments aimed at improving
service characteristics of products and parts from metals, alloys and steels [1-6]. It provides a
high increase in their hardness and resistance to abrasion, wear, corrosion and oxidation.

A variety of borided parts are now routinely manufactured. Examples include agricultural
machinery and aerospace components, automobile and tractor gears, pipe fittings, high wear
pumps, tools and dies, steam turbine blades and many others. Such parts usually serve two to
five times longer than those treated with conventional techniques such as hardening,
carburizing, nitriding or nitrocarburizing. If necessary, all these may readily be combined to
obtain a surface coating of desirable properties.

Generally, preliminary information needed in order to choose an optimum boriding
procedure is provided by the equilibrium phase diagram of an appropriate system, if known.
Phase diagram immediately indicates how many and what compounds may form as separate
layers at the interface between the reactants. It should be noted, however, that it by no means
dictates that these must necessarily occur simultaneously.

As seen in Fig. 1.1, two iron borides FeB and Fe;B exist in the Fe-B binary system [7-
10]. With iron, its alloys and low-alloy steels, one (either FeB or Fe,;B) or two (both FeB and
Fe,B) boride phases may therefore be expected to form in a coating on the surface of a solid
substrate in the course of its thermochemical boriding, depending on temperature-time
conditions and a source of boron employed.

Chemical, physical and mechanical properties of boride layers are known to be rather
sensitive to the amount of alloying elements and impurities present in a base material. In the
case of materials of complicated chemical composition such as multi-component alloys and
steels, with which the vast majority of experiments have hitherto been carried out (see, for
example, [11-42]), it is not always easy to separate the effect of a particular element on those
properties from that of others. To facilitate this task, experiments with binary iron-base
alloys are therefore needed.

Note that even if three or more compounds exist in a metal-boron system, in the vast
majority of cases only two of them form as separate layers at the interface between reacting
phases (see, for example, [43]. This firmly established experimental observation contradicts
diffusional considerations [44, 45] predicting the simultaneous formation and subsequent
parabolic growth of the layers of all compounds of any binary system, whatever their
number, but agrees with a physico-chemical viewpoint [46-49], according to which under
conditions of diffusion control one or two layers can occur and grow simultaneously
between the reactants, with other compound layers being skipped for kinetic and not
thermodynamic reasons.
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Fig. 1.1. Phase diagram of the Fe-B binary system [7-10].
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1. Introduction

If the content of a second component of any binary alloy is not too small, ternary and two
kinds of binary compounds are likely to form in the alloy-boron transition zone, either as a
one-phase or as multi-phase layers. As evidenced from the isothermal section of the phase
diagram of the Fe-Cr-B system shown in Fig. 1.2 [50], iron, chromium and boron do not
form any ternary compound, while seven compounds CrBy, CrB,, Cr,Bs, Cr3B4, CrB, CrsB;
and Cr,B are known to exist in the Cr-B binary system. Therefore, formation of a
complicated structure of boride coatings on the surface of solid samples of Fe—Cr alloys and
high chromium steels during their thermochemical boriding might be expected.

Experimental data [51-72] on the interaction of five iron-chromium alloys (5-30% Cr)
and two industrial steels containing 13 and 25% Cr with boron in a mixture of amorphous
boron powder and KBF4 (activator) in the temperature range of 850-950 °C at reaction times
up to 43200 s (12 h) are presented and discussed in this work.

First of all, 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 microstructure (one-phase and two-phase) are shown to
exist, 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 physical and metallurgical
imaginations existing in the available literature.

Besides, mathematical equations describing layer-growth kinetics and taking account of
both the rate of chemical transformations at the layer interfaces and the rate of counter-
diffusion of iron and boron atoms across their bulks are briefly analyzed to show why in
many cases the solid-state growth of boride (and generally any compound) layers is neither
simultaneous, nor parabolic, as follows from purely diffusional considerations.

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.

Surely, any individual viewpoint is one-sided. Therefore, even though many illustrations
and tables may at first sight seem to be excessive, they were nonetheless included in the
book. Especially numerous are micrographs showing in detail the microstructure of boride
layers in their different sections by a plane parallel and perpendicular to the interface
between the reactants. Again, tables not only contain the final results of calculations carried
out but also provide the experimental thickness-time relationships in numerical form. Hence,
the readers, if any, will have the sufficient amount of initial data in order to draw their own
substantiated conclusion about one or the other aspect of thermochemical formation of
boride coatings, not necessarily coinciding with that of this or any other researcher. To
facilitate, at least partly, solving this task, a detailed explanation of the procedure of
calculating the diffusional growth-rate constants of boride layers with the use of parabolic
relations and a system of two differential equations, including an Excel computer program, is
provided at www.dybkov.kiev.ua (just click here). Clearly, this procedure can readily be
applied to treat the growth kinetics not only boride but also any other compound layers.



Thermochemical boriding of iron—chromium alloys

2. Experimental procedure of thermochemical boriding of alloys and steels

2.1. Materials and samples

The materials used for the preparation of iron-chromium 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 and
analytical-grade KBF,.

Initially, the boron powder contained 98.3% B, 0.04% C, 1.6% O and insignificant
amounts of Si, Cu, Mg (< 0.01% each) and Fe (< 0.001%). Before the boriding experiments,
the powder was first heated slowly in vacuum up to 1450 °C and then calcined at this
temperature for 2 h in an atmosphere of argon at a pressure of 2.5 x 10" Pa to remove
volatile oxides. Subsequently, it was cooled by filling the chamber with argon at atmospheric
pressure. The average cooling rate (to 200-250 °C) was around 2 °C s '. After this treatment,
no significant changes of the powder morphology and structure were revealed, except for the
beginning of resolution of some broad X-ray diffraction peaks.

KBF, was preliminary dried stepwise in an electrical furnace at 95, 110, 130 and 170 °C
in air. The holding time was 24 h at each temperature.

Cylindrical rods (Fig. 2.1) of Fe—Cr alloys (5, 10, 15, 25 and 30% chromium) were
prepared by arc-melting of appropriate amounts of metals under argon, with subsequent
casting of the melts into water-cooled copper crucibles. The rods were annealed at a
temperature of 1100 °C for 2 h in an argon atmosphere at a pressure of 2.5 x 10" Pa to ensure
their homogenization.

~100 mm

Fig. 2.1. Typical arc-melted rod of an iron-chromium alloy.

Rods (16 mm diameter) of industrial 13 and 25% Cr steels were used in the as-received
condition (without any additional heat treatment). The content of main components of 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.
Results of determination of element contents obtained by different methods are compared for
two Fe—Cr alloys and 25% Cr steel in Tables 2.1 and 2.2, respectively.
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Table 2.1. Chemical composition of Fe—Cr alloy samples.

Nominal Rod Element contents (%)

((:;)r;lposition No. CA EPMA

Fe Cr Fe Cr Fe Cr

85 15 1 85.1 14.5 84.8 15.2
2 84.6 15.0 85.4 14.6

70 30 1 70.8 29.9 70.3 29.7
2 69.6 30.2 70.1 29.9

Note: CA — chemical analysis, EPMA — electron probe microanalysis.

Table 2.2. Chemical composition of industrial 25% chromium steel (15X25T)

Method C Fe Cr Si Mn Ni Ti

Certificate 0.13 72.8 25.2 0.46 0.50 0.45 0.28
CA 0.15 71.7 253 0.42 0.44 0.50 0.26
EPMA - 72.4 25.1 0.49 0.48 0.43 0.29

Note: CA — chemical analysis, EPMA — electron probe microanalysis.

The microstructure of Fe—Cr alloys and steels is provided in Fig. 2.2. X-ray diffraction
analysis (Table 2.3) showed it to consist of the body centered cubic a-phase (ferrite). The
steels also contained fine inclusions of carbides Me»;Cs (Me = Fe, Cr).

Specimens in the form of tablets, 11.28 mm diameter (1.0 cm” 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.
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Fig. 2.2. Microstructure of Fe—Cr alloys and steels. Polished mechanically and etched for
120 s in a solution of 4 ml HF and 8ml HNO; in 100 ml ethanol at room temperature.
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Table 2.3. Comparison of the literature values of d — spacing for the a-phase (ferrite) with
those found experimentally for samples of two Fe—Cr alloys and industrial 25% chromium
steel (HKL — indexes of reflections)

Diiterawre fOr Dexperimentat for samples of two Fe—Cr alloys and
HKL o-phase (nm) industrial 25% chromium steel (nm)

Fe-15% Cr Fe-30% Cr 25% Cr
[73] | [74] 1# 2 1 2 steel
110 |0.2027 | 0.2010 | 0.2023 | 0.2027 | 0.2027 | 0.2028 | 0.2030
200 |0.1433 | 0.1428 | 0.1431 | 0.1433 | 0.1435 | 0.1437 | 0.1437
211 |0.1170 | 0.1166 | 0.1170 | 0.1168 | 0.1173 | 0.1174 | 0.1173
220 |0.1013 | 0.1010 | 0.1010 | 0.1014 | 0.1015 | 0.1016 | 0.1016
310 | 0.0906 | 0.0904 | 0.0908 | 0.0907 | 0.0908 | 0.0907 | 0.0909
222 | 0.0828 | 0.0825 | 0.0829 | 0.0824 | 0.0829 | 0.0826 | 0.0830

* Sample number.

2.2. Investigational methods

The vacuum device VPBD-2S employed for boriding Fe—Cr alloy and steel samples and
its experimental cell are shown in Fig. 2.3. Experiments were carried out in an alumina
crucible, 13 mm inner diameter and 40 mm high.

An alloy or steel tablet was embedded into a mixture of boron powder with 5% KBF, as
an activator. This amount of KBF, is considered to be optimum [1,43].

The mixture was then slightly pressed, and a load of 8.5 g (a low-carbon steel cylinder)
was placed on top. The crucible was closed with a low-carbon steel lid and placed into a
steel-sheet holder, mounted to a guide rod capable of moving in the vertical direction.

The chamber was pumped to a pressure of about 10 Pa and filled with high-purity argon
(99.999 vol.% Ar). This procedure was repeated twice. Then, the chamber was again pumped
and filled with argon at a pressure of 2.5 x 10" Pa, and heating was started. During heating,
the crucible with its contents was in the cold zone above the furnace. After the required
temperature in the range of 850-950°C had been reached in the furnace, the crucible, pre-
heated to about 400°C, was moved into its middle part.

After an initial drop, the temperature attained its pre-determined value in 4-5 min and
was then maintained constant within + 1°C with the help of an automatic thermoregulator
VRT-3. The temperature measurements were carried out using a Pt-PtRh thermocouple. The

experiments were carried out at a temperature of 850, 900 and 950°C. Their duration was
3600-43200 s (1-12 h).

11
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Fig. 2.3. Vacuum device VPBD-2S employed for boriding Fe—Cr alloy and steel samples: (a)
general view and (b) experimental cell.
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2. Experimental procedure of thermochemical boriding of alloys and steels

After the experiment, the tablet with boride layers was cut along the cylindrical axis into
two unequal parts (4 mm and 7 mm) using an electric-spark machine, as shown in Fig. 2.4.
Its greater part was embedded into a cold-setting epoxy resin and used to prepare a
metallographic cross-section. The lesser part was used for X-ray diffraction investigations
(plan-view samples).

Fig. 2.4. Typical borided tablet of an iron-chromium alloy or steel.

Characterization of initial alloys and steels investigated and boride layers formed was
carried out with the help of metallography, X-ray diffraction (XRD) and chemical (CA)
analyses, and electron probe microanalysis (EPMA). The thickness of boride layers was
evaluated using the pictures obtained on an optical microscope MIM-7 equipped with a HP
Photosmart 720 camera. Typically, six pictures were taken at different places of the interface
(~ 1 cm long on any cross-section) between the reacting phases. The thickness of each boride
layer was calculated by dividing the area occupied by that layer by the length of a region
under examination, and the average value of six measurements was found.

Micrographs (backscattered electron images — BEI), contents of boron, iron and
chromium in boride layers, and concentration profiles of these elements in the transition
zone between reacting phases were obtained using an electron probe microanalyzer JEOL
Superprobe 733. Accelerating voltage was 15 kV, while the current was 2 x 10”7 A. The
beam spot diameter and the phase volume analyzed at each point were estimated to be about
1 um and 2 pm’, respectively.

13
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Boron, iron and chromium standards (=99.99% each) were employed. Measurements of
element contents were treated using a versatile ZAF (atomic number, absorption and
fluorescence corrections) program PACM. All three elements (B, Fe and Cr) were
determined simultaneously, and the composition was then normalized to 100%. Non-
normalized values usually fall in the range 98-102%, providing evidence for a rather good
accuracy of measurements, especially in view of the huge difference (more than two orders
of magnitude) in intensity of radiation from boron and that from iron or chromium.

X-ray diffraction (XRD) patterns were taken immediately from the surface of tablet plan-
view samples on a DRON-3 apparatus equipped with both a computer and a self-recording
potentiometer KSP-4. These were obtained at a step of 0.02°, detector rotational speed
0.0167°s' (1°min") and sample rotational speed 62.83 rad s ' (600 rpm). The counting time
was 10 s at 400 imp s’ and the velocity of the tape movement was 0.167 mm s ' (600 mm h™
1). Use was made of Cu K, radiation.

Before taking the first X-ray diffraction pattern, both flat surfaces of a borided tablet
sample were slightly polished just to smoothen available elevations around 1 um high. This
practically as-received surface of the tablet was considered to be Section 0 of the sample.
Then, 10 to 30 um of a boride layer (depending upon its total thickness) was removed from
the flat surface of the tablet by grinding and subsequent polishing, and another X-ray
diffraction pattern was taken (Section I). This procedure was repeated at a step of 30-50 um
until the base material was reached. Five to eight X-ray diffraction patterns were thus taken
on each borided alloy or steel sample.

Microhardness measurements on metallographic cross-sections were carried out using a
standard PMT-3 tester with the diamond pyramid (Vickers indenter). The load was 0.98 N

(100 g).

Dry abrasive wear resistance tests of borided alloy and steel samples were carried out in
the sliding mode on P180 SiC emery paper (EP) tape (main fraction grain size 63 um,
maximum 90 pm) using an AWRD-5 device shown in Fig. 2.5. The velocity of continuous
movement of the tape (25.0 m long, 0.12 m wide) was 0.35 m s ', while the gauge length
during each test was 22.0 m. The load was 50 N (5.1 kg). Each test was carried out along a
fresh track on the tape to ensure identical conditions for all samples. The wear resistance was
determined by means of weighing a sample and measuring its height before and after the test.

14
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Fig. 2.5. AWRD-5 device for dry abrasive wear resistance tests of borided samples.

15
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3. Phase identity and chemical composition of boride layers

3.1. Constituent phases of boride layers

With all alloys and steels investigated, two continuous boride layers were found to form
at the interface between the reactants at a temperature of 850, 900 and 950°C, even though
not always their formation was simultaneous. The constituent phases of the layers were
identified by plan-view layer-by-layer X-ray diffraction analysis as shown schematically in
Fig. 3.1 for Fe—5% Cr and Fe-25% Cr alloys. This figure exhibits two different types (one-
phase and two-phase) of layer microstructure that will be analyzed in detail later.

Comparison of experimental X-ray patterns obtained with the available literature data for
iron and chromium borides [73-78] indicates that the outer layer bordering boron consists of
a solid solution (Fe,Cr)B based on the FeB chemical compound, whereas the inner layer
adjacent to the solid substrate consists of a solid solution (Fe,Cr),B based on the Fe,B
chemical compound as exemplified in Fig. 3.2 for a Fe-15% Cr alloy. Numerical values of
angle 20, spacing d and peak intensity / for boride layers formed on the surface of samples of
Fe—5% Cr and Fe-30% Cr alloys and a 25% Cr steel and those for the FeB and Fe,B phases
are additionally provided in Tables 3.1 to 3.6. Literature and experimental values of spacing
d are seen to agree fairly well, while appropriate peak intensities disagree very considerably.
This tendency was observed with all alloys and steels studied.

The strongest reflections were found to be {002} and, to a lesser extent, {020} for the
orthorhombic FeB phase, and {002} for the tetragonal Fe,B phase. It should be noted that
with isotropic 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 Fe,B [73-76].

3.2. Formation of layer texture

Both boride 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
Fe,B phases [1, 22]. If such paths are not available (close rates of diffusion along all
crystallographic directions), almost flat boride layers are formed (see, for example, [43]).

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 Fig. 3.3 as an example.
Numerical values of intensities presented in Tables 3.7 provide evidence that the larger
orientation order is observed for the inner portions of both boride layers compared to their
near-interface portions.

This is easily explainable because near-interface portions of any growing boride layer are
less equilibrated compared to its bulk portions. Therefore, near-interface crystals have less
time to align in the preferred direction. The process of gradual ordering of Fe,B crystals of
the inner boride layer eventually resulting in the formation of its texture is illustrated in Fig.
3.4 [1, 22]. Similarly, texture of the outer FeB layer is formed with passing time.

16
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Fig. 3.1. Microstructure and scheme of X-ray diffraction investigations of borided (a) Fe—
5% Cr and (b) Fe-25% Cr alloy samples. Boriding conditions: 950°C, 21600 s (6 h). Both
boride layers in Fig. 3.1a are one-phase, while those in Fig. 3.1b are two-phase.
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Thermochemical boriding of iron—chromium alloys
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Fig. 3.2. Comparison of literature X-ray diffraction patterns for FeB and Fe,B phases [74—
76] with those obtained experimentally for boride layers formed at the Fe-15% Cr alloy-
boron interface after thermochemical boriding at 950 °C for 21600 s (6 h). The experimental
pattern of the outer boride layer was taken from Section 0, while that of the inner boride
layer approximately from Section III, see Fig. 3.1a.
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3. Phase identity and chemical composition of boride layers

Table 3.1. Comparison of literature X-ray data for the FeB phase with our experimental
patterns (angle 20, spacing d and peak intensity /) for the outer boride layer (Section 0, see
Fig. 3.1a) formed at the 5% Cr alloy-boron interface at 950 °C and a reaction time of 21600 s

(6 h)
Literature X-ray data Experimental X-ray patterns
for the FeB phase of the outer boride layer
[74, 75] (Section 0, Fig. 3.1a)
HKL d (nm) I (a.u.) 20 (deg) d (nm) I(au.)
110 0.3259 143 274 0.3255 133
020 0.2744 335 32.6 0.2746 190
101 0.2383 239 37.8 0.2380 275
120 0.2272 382 39.7 0.2271 460
111 0.2186 1000 41.3 0.2186 1000
021, 200 0.2008 682 45.2 0.2007 685
210 0.1900 721 47.9 0.1899 910
121 0.1800 375 50.7 0.1800 400
130 0.1667 301 55.0 0.1670 393
211 0.1597 264 57.7 0.1597 330
002 0.1474 209 63.3 0.1469 76
140 0.1303 118 72.8 0.1299 141
041 0.1244 137 76.6 0.1244 125
122 01237 89 77.3 0.1234 40
311 0.1198 120 79.9 0.1200 130
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Thermochemical boriding of iron—chromium alloys

Table 3.2. Comparison of literature X-ray data for the Fe,B phase with our experimental
patterns (angle 20, spacing d and peak intensity /) for the inner boride layer (Section III, see
Fig. 3.1a) formed at the Fe-5% Cr alloy-boron interface at 950 °C and a reaction time of
21600 s (6 h)

Literature X-ray data Experimental X-ray patterns
for the Fe,B phase of the inner boride layer
[74, 76] (Section I1I, Fig. 3.1a)
HKL d (nm) I(a.u.) |26 (deg) d(nm) | [ (a.u.)
200 0.2555 100 35.0 0.2564 50
002 0.2125 222 42.6 0.2122 | 2650
211 0.2013 1000 |45.1 0.2010 1000
112 0.1831 80 49.9 0.1828 30
202 0.1634 89 56.3 0.1634 59
310 0.1616 143 57.0 0.1616 60
222 0.1376 20 68.2 0.1375 20
400 0.1278 30 74.4 0.1276 48
123 0.1204 208 79.5 0.1205 210
411 0.1189 97 80.8 0.1190 45
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3. Phase identity and chemical composition of boride layers

Table 3.3. Comparison of literature X-ray data for the FeB phase with our experimental
patterns (angle 20, spacing d and peak intensity /) for the outer boride layer (Section 0, see
Fig. 3.1b) formed at the 30% Cr alloy-boron interface at 950 °C and a reaction time of 28800

s(8h)
Literature X-ray data Experimental X-ray patterns
for the FeB phase of the outer boride layer
[74, 75] (Section 0, Fig. 3.1b)
HKL d (nm) I(a.u) | 20 (deg) d(nm) | /(au.)
110 0.3259 143 274 0.3255 24
020 0.2744 335 325 0.2749 698
101 0.2383 239 37.3 0.2410 145
120 0.2272 382 39.6 0.2276 28
111 0.2186 1000 | 41.3 0.2186 32
021, 200 0.2008 682 45.2 0.2006 121
210 0.1900 721 47.8 0.1903 28
121 0.1800 375 50.2 0.1801 32
130 0.1667 301 55.0 0.1670 32
211 0.1597 264 58.0 0.1591 40
002 0.1474 209 63.4 0.1467 1000
140 0.1303 118 72.0 0.1311 60
041 0.1244 137 76.3 0.1248 85
122 01237 89 77.2 0.1238 73
311 0.1198 120 80.2 0.1197 28
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Thermochemical boriding of iron—chromium alloys

Table 3.4. Comparison of literature X-ray data for the Fe,B phase with our experimental
patterns (angle 20, spacing d and peak intensity /) for the inner boride layer (Section III, see
Fig. 3.1b) formed at the Fe-30% Cr alloy-boron interface at 950 °C and a reaction time of
28800 s (8 h)

Literature X-ray data Experimental X-ray patterns

for the Fe,B phase of the inner boride layer

[74, 76] (Section III, Fig. 3.1b)

HKL d (nm) I(a.u.) |26 (deg) d(nm) | [ (a.u.)

200 0.2555 100 35.1 0.2557 140
002 0.2125 222 42.8 0.2113 1200
211 0.2013 1000 | 45.0 0.2014 1000
112 0.1831 80 50.0 0.1824 220
202 0.1634 89 56.5 0.1628 320
310 0.1616 143 57.0 0.1615 200
222 0.1376 20 68.3 0.1373 160
400 0.1278 30 74.2 0.1278 120
123 0.1204 208 79.3 0.1208 280
411 0.1189 97 80.8 0.1189 180
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3. Phase identity and chemical composition of boride layers

Table 3.5. Comparison of literature X-ray data for the FeB phase with our experimental
patterns (angle 20, spacing d and peak intensity /) for the outer boride layer (Section 0, see
Fig. 3.1b) formed at the 25% Cr steel-boron interface at 950 °C and a reaction time of 21600

s (6 h)
Literature X-ray data Experimental X-ray patterns
for the FeB phase of the outer boride layer
[74,75] (Section 0, Fig. 3.1a)
HKL d (nm) I(a.u.) |26 (deg) d (nm) I(au.)
110 0.3259 143 | 273 0.3258 44
020 0.2744 335 | 32.6 0.2746 1000
101 0.2383 239 | 377 0.2386 87
120 0.2272 382 | 39.6 0.2276 52
111 0.2186 1000 |41.4 0.2181 157
021, 200 0.2008 682 | 45.1 0.2010 226
210 0.1900 721 47.7 0.1907 61
121 0.1800 375 | 50.2 0.1817 70
130 0.1667 301 54.8 0.1675 96
211 0.1597 264 | 57.5 0.1603 78
002 0.1474 209 | 633 0.1469 895
140 0.1303 118 72.4 0.1305 70
041 0.1244 137 763 0.1248 230
122 01237 89 77.3 0.1238 45
311 0.1198 120 | 80.4 0.1194 65
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Thermochemical boriding of iron—chromium alloys

Table 3.6. Comparison of literature X-ray data for the Fe,B phase with our experimental
patterns (angle 20, spacing d and peak intensity /) for the inner boride layer (Section III, see
Fig. 3.1b) formed at the 25% Cr steel-boron interface at 950 °C and a reaction time of 21600
s (6 h)

Literature X-ray data Experimental X-ray patterns
for the Fe,B phase of the inner boride layer
[74, 76] (Section III, Fig. 3.1b)
HKL d (nm) I(a.u.) | 20 (deg) d (nm) I (a.u.)
200 0.2555 100 35.2 0.2549 320
002 0.2125 222 42.8 0.2113 240
211 0.2013 1000 | 44.9 0.2018 1000
112 0.1831 80 49.6 0.1838 315
202 0.1634 89 56.5 0.1631 320
310 0.1616 143 57.1 0.1613 480
222 0.1376 20 68.3 0.1373 80
400 0.1278 30 74.4 0.1275 480
123 0.1204 208 79.5 0.1205 410
411 0.1189 97 80.4 0.1194 200
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3. Phase identity and chemical composition of boride layers
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Fig. 3.3. Most intensive reflections of X-ray diffraction patterns taken from different plan-
view sections of a Fe—15% Cr alloy sample borided at 950 °C for 21600 s (6 h), see also Figs
3.1 and 3.2, and Table 3.7.
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Thermochemical boriding of iron—chromium alloys

Table 3.7. X-ray diffraction data showing preferential directions of growth for the FeB and
Fe,B phases formed at the interface of a Fe—15% Cr alloy and boron after boriding at a
temperature of 950 °C for 21600 s (6 h), see also Fig. 3.3.

Phase | HKL | d(nm) Peak intensity (arbitrary units)

0" |1 II III v A% VI | VI

FeB | 020 | 0.275 |[150| 17 9

002 0.148 | 128 | 2500 | 1750 | 332

Fe,B | 002 0.212 215 | 1080 | 2800 | 1300 | 350

a-Fe | 110 0.201 538 | 625 | 1050
200 0.143 103 | 120 | 250
211 0.117 42 55 219

# Serial numbers of appropriate sections of a borided tablet sample by a plane parallel to its
flat surface (Section 0, I and so on, deeper into the sample bulk, see Fig. 3.1).

FesB Sample surface

crystal

Initial Fe,B crystal

Borided

:\ i & /I'((l x“ |
alloy > r/" N f/ :-'7\ . Aligning Fe,B crystals
sample FezB crystals \} _/\x/ 71 (C'IC'ZJ

l\-_' - /] Py
(002) texture /_—l/ L Ir i g
(-i_ -’"II_-/ .'-i_ I

growth along [001]

{002} texture

X

'F'__'_\__.—"_"“H..q_____f_—“-,\_,/—'

Fig. 3.4. Schematic illustration of aligning the Fe,B crystals with the formation of texture of
the inner boride layer [1, 22].
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3. Phase identity and chemical composition of boride layers

3.3. Chemical composition of boride layers

3.3.1. One-phase layers

X-ray investigations were followed by EPMA measurements to find out the chemical
composition of an appropriate boride layer in its different sections from one interface to
another. As seen in Fig. 3.1a, Section 0 of a borided Fe—5% Cr sample corresponds to the
FeB phase. Iron, chromium and boron contents of this and other phases, found by EPMA
measurements on X-ray diffraction samples, are provided in Table 3.8.

Sections I and II cross both the FeB and Fe;B phases, with the amount of the FeB phase
in Section I (Fig. 3.5a) being larger than that in Section II (Fig. 3.5b). Only the Fe,B phase is
present in Section III (Fig. 3.5¢). The microstructure of Sections IV consists of Fe;B and the
alloy base <Fe> insignificantly depleted in chromium compared to its content in the alloy,
while that of section V is the alloy base <Fe> of nominal composition 95% Fe—5% Cer.

The solubility of chromium in the FeB and Fe;B phases formed during thermochemical
boriding of Fe-5% Cr alloy samples is rather high (Table 3.8). Actually, it does not differ
considerably from its content in the alloy base. The average content of the components in the
outer boride layer is 16.3% (50.0 at.%) boron, 79.5% (47.3 at.%) iron and 4.2% (2.7 at.%)
chromium that corresponds to the stoichiometry of a solid solution based on the FeB phase.

Chemical composition of the inner boride layer is 8.9% (33.4 at.%) boron, 86.6% (63.1
at.%) iron and 4.5% (3.5 at.%) chromium. These values are in fair agreement with the
stoichiometry of a solid solution based on the Fe,B phase. The Fe,B layer bordering the
alloy base immediately contains a somewhat greater amount of chromium than the more
distant FeB layer.

Since both phases FeB and Fe;B dissolve considerable amounts of chromium, their
chemical formulae should be more exactly expressed as (Fe,Cr)B and (Fe,Cr),B, respectively.
Simplified designations FeB and Fe,B will nonetheless be used for brevity, in particular in
writing of chemical and mathematical equations.

In the case of a Fe-10% Cr alloy, the average chromium content was found to be 6 + 1
at.% in the (Fe,Cr)B layer and 7 = 2 at.% in the (Fe,Cr),B layer. No other essential
differences between appropriate boride layers formed on the surface of Fe—5% Cr and Fe—
10% Cr alloy samples were revealed either metallographically or by X-ray diffraction or by
EPMA.

As seen in Fig. 3.6, with a Fe-15% Cr alloy the microstructure 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 FeB phase (Fig. 3.6).
Sections II (Figs 3.6 and 3.7) and III cross both the FeB and Fe;B phases, with the FeB
phase dominating in Section II and Fe;B phase prevailing in Section III. Section IV only
corresponds to the Fe;B phase (Fig. 3.6). The microstructure of Sections V (Figs 3.6 and 3.8)
and VI (Figs 3.6 and 3.9) consists mostly of the alloy base of somewhat changed
composition compared to the nominal one with inclusions of crystals of the Fe,B and
occasionally Cr,B phase. Section VII is entirely the alloy base Fe—Cr of nominal
composition 85% Fe—15% Cer.
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Thermochemical boriding of iron—chromium alloys

Table 3.8. 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 Figs 3.1a and 3.5.

Section | Region Content (mass%/at.%) Phase
in Fig.

3.1a Fe Cr B

0 One-phase 79.5/47.3 | 4.2/2.7 | 16.3/50.0 | (Fe,Cr)B
I Darker in Figs 3.1a and 3.5a 80.0/48.1 | 4.1/2.6 | 15.9/49.3 | (Fe,Cr)B

Brighter in Figs 3.1a and 3.5a 86.1/62.3 | 4.8/3.8 | 9.1/33.9 | (Fe,Cr),B

1 Darker in Figs 3.1a and 3.5b 79.0/46.5 | 4.3/2.7 | 16.7/50.8 | (Fe,Cr)B

Brighter in Figs 3.1a and 3.5b 87.0/63.7 | 4.4/3.4 | 8.7/32.8 | (Fe,Cr),B

11 One-phase 86.6/63.1 | 4.5/3.5| 8.9/33.4 | (Fe,Cr),B

v Darker in Fig. 3.1a 87.1/63.7 | 4.2/3.3 | 8.7/33.0 | (Fe,Cr),B
Brighter in Fig. 3.1a 95.1/94.8 | 4.9/5.2 | 0.0/0.0 Fe—Cr

\Y One-phase 95.0/94.6 | 5.0/5.4 | 0.0/0.0 Fe-Cr

Iron, chromium and boron contents of the phases available in the transition zone between
a Fe—15% Cr alloy and boron are provided in Table 3.9. The average chromium content is 8
+ 1 at.% in the (Fe,Cr)B layer and 12 + 2 at.% in the (Fe,Cr),B layer.

Comparison of micrographs of metallographic cross-sections shown in Figs 3.1a and
3.6-3.9 indicates that, in addition to two FeB and Fe,B boride layers typical of all three Fe—
5% Cr, Fe—10% Cr and Fe—15% Cr alloys, thin long crystals are formed near the Fe,B layer
in the case of a Fe—15% Cr alloy. These are enriched in chromium (Fig. 3.10) and penetrate
deep into the alloy base. The width of the area occupied by them is comparable with the
thickness of boride layers. Like the latter, it increases with passing time.

As seen in Figs 3.11 and 3.12, distribution of the components Fe, Cr and B in the
transition zone between the reactants is rather irregular, especially for boron. Most probably,
this is due to non-equilibrium conditions of layer formation. Therefore, a scan line crosses
crystals of different compositions. The irregularity of distribution of the components within
reacting phases is much more profound with a Fe—15% Cr alloy than with Fe—-5% Cr and
Fe—-10% Cr alloys.

Note that no homogeneity ranges of the FeB and Fe;B phases have been revealed by
EPMA measurements across boride layers with all three alloys investigated. As exemplified
with a Fe—15% Cr alloy in Table 3.10, the content of Fe, Cr or B is practically the same at
any place within any boride layer, whereas in the case of existence of a noticeable
homogeneity range it would gradually change from one interface to another.
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3. Phase identity and chemical composition of boride layers

(b)

(©)

Fig. 3.5. Microstructure of a Fe—5% Cr alloy sample borided at 950 °C for 21600 s (6 h) in
Section (a) I, (b) II and (c) III, see Fig. 3.1a.
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Thermochemical boriding of iron—chromium alloys

X-rays

(Fe,Cr)B ——

I1I

Fe,Cr),B —
( )2 v

VI

VI

Fig. 3.6. Microstructure and scheme of X-ray diffraction investigations of a borided Fe—15%
Cr alloy sample. Boriding conditions: 950 °C, 21600 s (6 h). Distance between successive
sections of the sample (from top deeper inside its bulk): 10 um (0-I), 30 um (I-1I), 30 pm (II-
I1I), 30 pm (II1-IV), 30 pm (IV-V), 30 um (V-VI) and 50 um (VI-VII).
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3. Phase identity and chemical composition of boride layers

kY

)B |
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Fig. 3.7. A plan-view micrograph corresponding to Section II in Fig. 3.6 of a borided Fe—
15% Cr alloy sample at magnifications X300 and x1000. The darker phase is FeB, while the
brighter phase is Fe,B. Black spots are holes.
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Thermochemical boriding of iron—chromium alloys
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Fig. 3.8. A plan-view micrograph corresponding to Section V in Fig. 3.6 of a borided Fe—
15% Cr alloy sample at magnifications x72, x300 and x1000.

32



3. Phase identity and chemical composition of boride layers

x72 %1000

Two-phase area

B: Alloy base
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Fig. 3.9. A plan-view micrograph corresponding to Section VI in Fig. 3.6 of a borided Fe—
15% Cr alloy sample at magnifications x72, X300, 1000 and x3000.
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Thermochemical boriding of iron—chromium alloys

Table 3.9. 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 Figs 3.6-3.9.

Section Region Content (mass%/at.%) Phase
in Fig. 3.6 Fe Cr B
I One-phase 71.7/42.6 | 12.1/7.7 | 16.2/49.7 | (Fe,Cr)B
II Darker in Fig. 3.7 70.7/41.7 | 12.8/8.1 | 16.5/50.2 | (Fe,Cr)B

Brighter in Fig. 3.7 | 77.8/56.4 | 13.3/10.3 | 8.9/33.3 | (Fe,Cr),B

v One-phase 76.9/55.9 | 14.3/11.1 | 8.8/33.0 | (Fe,Cr),B
\% A in Fig. 3.8 78.8/57.9 | 12.8/10.1 | 8.4/32.0 | (Fe,Cr),B
B in Fig. 3.8 88.1/87.3 | 11.9/12.7 | 0.0/0.0 Fe—Cr
CinFig. 3.8 46.9/35.9 | 44.3/31.6 | 8.8/32.5 | (Fe,Cr),B
VI B in Fig. 3.9 87.4/85.9 | 12.4/13.1 | 0.0/0.0 Fe—Cr
CinFig. 3.9 54.5/38.6 | 36.3/27.7 | 9.2/33.7 | (Fe,Cr),B
VII One-phase 85.2/84.3 | 14.8/15.7 | 0.0/0.0 Fe—Cr
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3. Phase identity and chemical composition of boride layers

BEI

X-ray Fe Ka

X-ray Cr Ka

Fig. 3.10. Cross-sectional backscattered electron image (BEI) of the transition zone of a Fe—
15% Cr alloy sample borided at 950 °C for 10800 s (3h), and X-ray maps for iron and
chromium. The brighter the region, the higher is the content of an appropriate element (Fe or
Cr). Long thing crystals near the Fe,B layer are seen to be somewhat enriched in chromium.
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Thermochemical boriding of iron—chromium alloys
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Fig. 3.11. Microstructure of the transition zone between a Fe—5% Cr alloy and boron, and
concentration profiles of boron, iron and chromium. Boriding conditions: temperature 950
°C, reaction time 21600 s (6 h).
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3. Phase identity and chemical composition of boride layers
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Fig. 3.12. Microstructure of the transition zone between a Fe—15% Cr alloy and boron, and
concentration profiles of boron, iron and chromium. Boriding conditions: temperature 950
°C, reaction time 21600 s (6 h).
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Thermochemical boriding of iron—chromium alloys

Table 3.10. EPMA data for the Fe—15% Cr alloy-boron transition zone, showing the lack of
homogeneity ranges of the FeB and Fe,B phases. The scatter of Fe, Cr and B contents within
both boride layers is purely statistical. Boriding conditions: temperature 950 °C, reaction

time 21600 s (6 h)
Alloy | Place of measurement Content (mass%/at.%) Phase
or
layer Fe Cr B
At distance [ away
from the alloy-boride
layer interface
Alloy =-200 um 85.3/84.4 |14.7/15.6 | 0.0/0.0 Solid
Fe_C solution
=T -120 84.7/83.7 |15.3/16.3 | 0.0/0.0
<Fe>
—60 86.1/85.2 [13.9/14.8 | 0.0/0.0
—40 88.1/87.4 [11.9/12.6 | 0.0/0.0
-20 86.3/85.4 |13.6/14.5 | 0.02/0.11
Inner 10 71.8/51.5 |19.0/14.6 | 9.2/33.9 (Fe,Cr),B
boride
layer 20 80.0/57.4 | 10.8/8.4 9.2/34.2
30 78.2/56.5 | 12.8/9.9 9.0/33.6
40 77.8/56.9 |13.7/10.8 | 8.5/32.3
50 75.5/54.7 |15.7/12.3 | 8.8/33.0
60 77.8/57.7 |14.1/11.3 8.1/31.0
70 77.5/55.3 |13.1/10.1 9.4/34.6
Outer 80 71.2/42.6 | 12.8/8.2 |16.0/49.2 (Fe,Cr)B
boride
layer 90 71.3/42.0 | 12.2/7.8 |16.5/50.2
100 70.5/41.6 | 13.0/8.2 | 16.5/50.2
110 71.7/43.0 | 12.5/8.0 | 15.9/49.0
120 71.6/42.3 | 12.0/7.6 | 16.4/50.1
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3. Phase identity and chemical composition of boride layers

To show that boride layers formed in 13% Cr steel samples are similar to those formed in
Fe—5% Cr, Fe—10% Cr and Fe—15% Cr alloy ones, microstructures, X-ray maps of iron and
chromium, and Fe, Cr and B concentration profiles are provided for this steel in Figs 3.13-
3.18. Also, iron, chromium and boron contents of reacting phases are given in Tables 3.11

and 3.12.

X-rays

(Fe,Cr)B ——

(Fe,Cr),B —
I
v

Fig. 3.13. Microstructure and scheme of X-ray diffraction investigations of a borided 13%
Cr steel sample. Boriding conditions: 950 °C, 21600 s (6 h). Distance between successive
sections of the sample (from top deeper inside its bulk): 40 um (0-I), 20 um (I-1I), 30 pm (II-
110), 25 pm (II-IV) and 30 pm (IV-V).
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Thermochemical boriding of iron—chromium alloys

850 °C, 28800 s (8 h) 950 °C, 21600 (6 h)
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Fig. 3.14. Plan-view micrographs corresponding to Section I in Fig. 3.13 of a borided 13%
Cr steel sample at magnifications x72, x300 and x1000. The darker phase is (Fe,Cr)B, while
the brighter phase is (Fe,Cr),B. Black spots are holes. Penetration of boron along grain
boundaries, never observed with Fe—Cr alloys investigated, is worth noting.
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3. Phase identity and chemical composition of boride layers

xT72

%300

Fig. 3.15. Plan-view micrographs corresponding to Section II in Fig. 3.13 of a borided 13%
Cr steel sample at magnifications x72 and x300. The major phase is (Fe,Cr),B (bright).
Inclusions of (Fe,Cr)B (darker spots) are fine and rare. Again, penetration of boron along

grain boundaries is readily seen.
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Thermochemical boriding of iron—chromium alloys

x72

= Seelbase

%1000

Fig. 3.16. Plan-view micrographs corresponding to Section IV in Fig. 3.13 of a borided 13%
Cr steel sample at magnifications x72 and x1000. The darker phase is (Fe,Cr),B, while the
brighter phase is the steel base. The steel base is non-homogeneous. Its grayish regions are

enriched in chromium.
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3. Phase identity and chemical composition of boride layers

W 3

13%Cr steel ©
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Fig. 3.17. Cross-sectional backscattered electron image (BEI) of the transition zone of'a 13%
Cr steel sample borided at 950 °C for 14400 s (4 h), and X-ray maps for iron and chromium.
The brighter the region, the higher is the content of an appropriate element (Fe or Cr). The
crystals near the Fe;B layer are seen to be somewhat enriched in chromium.
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Thermochemical boriding of iron—chromium alloys
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Fig. 3.18. Microstructure of the 13% Cr steel-boron transition zone, and concentration
profiles of boron, iron and chromium. Boriding conditions: temperature 950 °C, reaction
time 21600 s (6 h).
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3. Phase identity and chemical composition of boride layers

Table 3.11. Tron, chromium and boron contents of reacting phases, found by EPMA
measurements on borided Fe-13% Cr steel samples after their X-ray diffraction
investigations, see also Figs 3.13-3.16. Boriding conditions: temperature 950 °C, reaction

time 21600 s (6 h).
Section Region Content (at.%) Phase
Fe Cr B
I Darker in Fig. 3.14 42.0 8.1 49.9 (Fe,Cr)B
41.6 7.5 50.9
43.5 8.2 48.3
41.3 8.7 50.0
42.3 9.3 48.4
Brighter in Fig. 3.14 58.6 9.1 32.3 (Fe,Cr),B
56.1 9.7 34.2
55.5 10.4 34.1
57.1 10.4 32.5
55.8 9.3 34.9
II Brighter in Fig. 3.15 53.6 11.9 34.5 (Fe,Cr),B
54.9 10.8 333
55.0 10.9 34.1
Darker in Fig. 3.15 39.1 11.3 49.6 (Fe,Cr)B
39.4 8.8 51.8
40.9 10.5 48.6
v Brighter in Fig. 3.16 85.6 14.4 0.0 Steel base
83.3 16.7 0.0
86.2 13.8 0.0
Darker in Fig. 3.16 34.9 29.4 35.7 (Fe,Cr),B
43.0 27.3 29.7
40.3 25.3 343
Grayish in Fig. 3.16 61.7 38.3 0.0 Fe—Cr
66.8 33.2 0.0
44.8 55.2 0.0
A% Homogeneous 86.1 13.9 0.0 Steel base
84.7 15.3 0.0
85.7 14.3 0.0
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Table 3.12. EPMA data for the 13% Cr steel-boron transition zone. The scatter of Fe, Cr and
B contents within both boride layers is purely statistical. Boriding conditions: temperature
950 °C, reaction time 21600 s (6 h)

Steel | Place of measurement Content (at.%) Phase
la‘;r Fe Cr B
At distance | away
from the steel-boride
layer interface
Steel [ =-150 um 86.8 13.2 0.0 Solid
80 78.5 17.8 3.7 solution
-50 87.0 13.0 0.0 <Fe>
-20 89.8 10.1 0.0
-10 82.7 10.7 6.6
Inner 10 56.5 9.2 34.3 (Fe,Cr),B
boride 20 59.2 9.0 31.8
layer 30 54.8 107 | 346
40 60.9 9.2 30.0
50 61.7 6.4 31.9
Outer 60 40.9 7.4 51.7 (Fe,Cr)B
boride 70 43.3 8.6 48.1
layer 80 42.1 7.2 50.7
90 433 8.5 48.2
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3. Phase identity and chemical composition of boride layers

3.3.2. Two-phase layers

X-ray diffraction analysis carried out with all alloys and steels has only indicated the
presence of the FeB and Fe,B phases and the entire absence of any chromium boride in the
boride layers formed. The X-ray patterns of borided samples of Fe-25% Cr and Fe-30% Cr
alloys and a 25% Cr steel were similar to those of Fe—5% Cr, Fe-10% Cr and Fe-15% Cr
alloys and a 13% Cr steel. Figures 3.2 and 3.19 and numerical data in Tables 3.1-3.6 show
that their distinction from each other is merely the different intensity of appropriate
reflections due to the formation of layer texture.

In view of the relatively high chromium content (25% or more) in Fe-25% Cr and Fe—
30% Cr alloys and a 25% Cr steel, of seven known compounds CrBs4, CrB;, Cr;B3, Cr;Ba,
CrB, CrsBs and Cr;B [50], the formation of at least CrB and Cr,B phases could be expected.
Moreover, in this case the microstructure of both boride layers is readily seen visually in Fig.
3.1b to be two-phase. With each layer, it consists of distinct darker and brighter regions.
More microstructures of different plan-view sections of Fe-25% Cr alloy samples, including
X-ray maps for iron and chromium and Fe, Cr and B concentration profiles, are shown in
Figs 3.20-3.24. Iron, chromium and boron contents of reacting phases are given in Table 3.13.
Similar results are provided in Figs 3.25-3.30 and Table 3.14 for Fe-30% Cr alloy samples
and in Figs 3.31-3.38 and Table 3.15 for 25% Cr steel ones.

EPMA measurements presented in Tables 3.13-3.15 indicate that iron prevails in brighter
regions, while chromium is dominant in darker ones of any boride layer. Thus, the outer
boride layer consists of a mixture of crystals of the (Fe,Cr)B and (Cr,Fe)B phases. With Fe—
25% Cr and Fe-30% Cr alloys, these have a peculiar regular arrangement that is practically
not observed in 25% Cr steel samples (see Figs 3.20, 3.26 and 3.33). Nonetheless, even most
strong reflections of CrB (spacing, d = 0.2350, 0.1965 and 0.1255 nm) and Cr,B (d = 0.2590,
0.2158 and 0.2043 nm) [77, 78] were missing from experimental X-ray patterns of boride
layers formed in Fe-25% Cr and Fe—30% Cr alloy and 25% Cr steel samples.

Most probably, presence of the CrB phase in boride layers can hardly be revealed by
XRD or any other method of structural analysis such as electron diffraction because under
highly non-equilibrium conditions the lattice rearrangement FeB — CrB is not completed in
view of time limitations. Therefore, part of iron sites of the FeB lattice, very similar to that
of CrB, 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).

Similar considerations are also applicable to another pair Fe,B and Cr,B that are the
constituents of the inner boride layer. Therefore, formation of the (Cr,Fe)B and (Cr,Fe),B
phases, readily seen visually in the microstructure of boride layers occurred on the surface of
borided Fe—25% Cr and Fe-30% Cr alloy and 25% Cr steel samples can hardly be doubted.

With high-alloy steels, two-phase microstructure of boride layers is much less profound in
view of the strong influence of other constituting elements (C, P, S, Si, Mn, efc.). Perhaps,
just for this reason it was overlooked by previous researchers who dealt mainly with steels of
complicated chemical composition.
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Fig. 3.19. Comparison of literature X-ray diffraction patterns for FeB and Fe,B phases [74—
76] with those obtained experimentally for boride layers formed at the Fe-30% Cr alloy-
boron interface after thermochemical boriding at 950 °C for 21600 s (6 h). The experimental
pattern of the outer boride layer was taken from Section 0, while that of the inner boride

layer approximately from Section III, see Fig. 3.1b.
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3. Phase identity and chemical composition of boride layers

900 °C

950 °C

Fig. 3.20. Plan-view micrographs corresponding to Section I in Fig. 3.1b of borided Fe-25%
Cr alloy samples. Reaction time 21600 s (6 h). The brighter regions are the (Fe,Cr)B phase,
while the darker regions (thin long crystals) are the (Cr,Fe)B phase (see also Table 3.11).
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»
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Fig. 3.21. A plan-view micrograph corresponding to Section III in Fig. 3.1b of a borided Fe—
25% Cr alloy sample, and X-ray maps for iron and chromium (the brighter the region, the
higher is the content of an appropriate element). BEI = backscattered electron image.

Boriding conditions: 950 °C, 21600 s (6 h).
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3. Phase identity and chemical composition of boride layers

Section IV Section V

x300

Fig. 3.22. Plan-view micrographs corresponding to Sections IV and V in Fig. 3.1b of a
borided Fe-25% Cr alloy sample. Boriding conditions: 950 °C, 21600 s (6 h). The darker
regions (thin long crystals) are the (Cr,Fe),B phase, while brighter regions are the alloy base
Fe—Cr. Black spots are holes and cracks. Magnification: x300 and x1000.
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Reaction time

21600 s (6 h) 28800 s (8 h)

B Fe-25%Cr

(Fe,Cr)B-(Cr,Fe)B

(Fe,Cr),B-(Cr,Fe),

ABJA] 102
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X-ray Fe Ka

X-ray Cr Ka

Fig. 3.23. Cross-sectional backscattered electron image (BEI) of the transition zone of a Fe—
25% Cr alloy sample borided at 950 °C, and X-ray maps for iron and chromium. The
brighter the region, the higher is the content of an appropriate element (Fe or Cr).
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Fig. 3.24. Microstructure of the transition zone between a Fe—25% Cr alloy and boron, and
concentration profiles of boron, iron and chromium. Boriding conditions: temperature 950
°C, reaction time 21600 s (6 h).

53



Thermochemical boriding of iron—chromium alloys

Table 3.13. 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 Figs 3.1b and 3.20-3.22.

Section in | Region Content (at.%) Phase
Fig. 3.1b
Fe Cr B
I Brighter in Fig. 3.20 259 23.9 50.2 (Fe,Cr)B
29.0 22.9 48.1
26.9 21.1 52.0
29.2 19.9 50.9
33.1 16.2 50.7
Darker in Fig. 3.20 23.7 24.4 51.9 (Cr,Fe)B
22.0 29.5 48.5
17.7 32.2 50.1
20.9 29.8 49.2
15.0 33.1 51.9
1 Ain Fig. 3.21 56.6 12.2 31.2 (Fe,Cr),B
53.9 11.5 34.6
50.0 16.2 33.8
B in Fig. 3.21 18.4 46.8 34.8 (Cr,Fe),B
24.2 44.1 31.7
19.6 46.8 33.6
C in Fig. 3.21 79.4 20.6 0.0 Fe—Cr
717.5 22.5 0.0
81.9 18.1 0.0
v Brighter in Fig. 3.22 76.1 23.9 0.0 Fe—Cr
80.1 19.4 0.5
74.2 25.8 0.0
Darker in Fig. 3.22 18.8 49.2 32.1 (Cr,Fe),B
19.0 47.0 34.0
19.6 50.7 29.7
A" Brighter in Fig. 3.22 72.8 27.2 0.0 Fe—Cr
72.2 27.8 0.0
72.5 27.5 0.0
Darker in Fig. 3.22 23.4 43.1 33.5 (Cr,Fe),B
18.6 48.7 32.7
21.8 45.1 33.1
VI Homogeneous 73.9 26.1 0.0 Fe-25%Cr
73.0 27.0 0.0
73.7 26.3 0.0
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3. Phase identity and chemical composition of boride layers

X-rays

0
(Fe,Cr)B—(Cr,Fe)B — I
I
(Fe,Cr;)B—(Cr,Fe),B—F
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v
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Fig. 3.25. Microstructure and scheme of X-ray diffraction investigations of a borided Fe—
30% Cr alloy sample. Boriding conditions: 950 °C, 28800 s (8 h). Distance between
successive sections of the sample (from top deeper inside its bulk): 10 um (0-I), 30 pm (I-11),
30 um (II-II1), 30 pm (III-IV) and 50 pum.
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' Section II

Fig. 3.26. A plan-view micrograph corresponding to Section II in Fig. 3.25 of a borided Fe—
30% Cr alloy sample at magnifications %72, X300 and x1000. This section crosses the outher
boride layer and provides clear evidence for its two-phase structure. The brighter regions are
the (Fe,Cr)B phase, while the darker regions are the (Cr,Fe)B phase (see also Table 3.14).

Boriding conditions: 950 °C, 28800 s (8 h).
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3. Phase identity and chemical composition of boride layers
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Fig. 3.27. Plan-view micrographs corresponding to Sections III and IV in Fig. 3.25 of a
borided Fe-30% Cr alloy sample at magnifications x300 and x1000. Boriding conditions:
950 °C, 28800 s (8 h). The darker regions (thin long crystals) are the (Cr,Fe),B phase, while
brighter regions are the alloy base Fe—Cr. Black spots are holes and cracks.
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G\ ’*%'l:-ﬁl“
‘Inner la}fr R

Fig. 3.28. Plan-view micrograph (BEI) corresponding to the second section of a Fe—30% Cr
alloy sample borided at 850°C for 43200 s (12 h). This section crosses both boride layers and
clearly shows their two-phase structure. The dark area is the outer boride layer. Its brighter
regions are the (Fe,Cr)B phase, while the darker regions are the (Cr,Fe)B phase. The bright
area is the inner boride layer. Its brighter regions are the (Fe,Cr),B phase, while the darker
regions are the (Cr,Fe),B phase.
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3. Phase identity and chemical composition of boride layers

Reaction time

21600 s (6 h) 28800 s (8 h)

e % TN
(Fe,Cr)B-(Cr,Fe)B Fe—3Q%Cr

AB420 102

ABAEE 02

X-ray Cr Ka

Fig. 3.29. Cross-sectional backscattered electron image (BEI) of the transition zone of a Fe—
30% Cr alloy sample borided at 950 °C, and X-ray maps for iron and chromium. The
brighter the region, the higher is the content of an appropriate element (Fe or Cr).
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Fig. 3.30. Microstructure of the transition zone between a Fe-30% Cr alloy and boron, and
concentration profiles of boron, iron and chromium. Boriding conditions: temperature 950
°C, reaction time 21600 s (6 h).
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3. Phase identity and chemical composition of boride layers

Table 3.14. Average iron, chromium and boron contents of reacting phases, found by EPMA
measurements on borided Fe-30% Cr alloy samples after their X-ray diffraction

investigations, see also Figs 3.25-28.

Section | Region Content (mass%/at.%) Phase
in Fig.
3.25 Fe Cr B
I Brighter (see Fig. 3.25) 60.8/35.6 22.7/14.3 | 16.5/50.1 | (Fe,Cr)B
Darker (see Fig. 3.25) 34.4/21.4 48.8/28.3 | 16.8/50.3 | (Cr,Fe)B
11 Brighter in Fig. 3.26 72.0/43.1 12.1/7.8 15.9/49.1 | (Fe,Cr)B
Darker in Fig. 3.26 21.9/12.6 61.6/38.2 | 16.5/49.2 | (Cr,Fe)B
II Brighter of the outer | 65.4/38.4 18.0/11.4 | 16.5/50.2 | (Fe,Cr)B
boride layer in Fig. 3.28
Darker of the outer 39.8/23.5 44.3/28.1 | 15.9/48.4 | (Cr,Fe)B
boride layer in Fig. 3.28
Brighter of the inner | 76.9/55.7 14.2/11.1 8.9/33.2 | (Fe,Cr).B
boride layer in Fig. 3.28
Darker of the inner| 28.1/19.7 62.8/47.3 9.1/33.0 | (Cr,Fe),B
boride layer in Fig. 3.28
I Brighter in Fig. 3.27 79.7/78.5 20.3/21.5 0.0/0.0 Fe—Cr
Darker in Fig. 3.27 24.6/17.2 66.1/49.5 | 9.3/33.3 | (Cr,Fe),B
v Brighter in Fig. 3.27 72.5/71.1 27.5/28.9 0.0/0.0 Fe—Cr
Darker in Fig. 3.27 15.1/22.0 68.3/50.3 9.8/34.6 | (Cr,Fe),B
\Y Homogeneous 69.9/68.3 30.1/31.7 0.0/0.0 Fe—Cr

61




Thermochemical boriding of iron—chromium alloys
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Fig. 3.31. Microstructure and scheme of X-ray diffraction investigations of a borided 25%
Cr steel sample. Boriding conditions: 950 °C, 21600 s (6 h). Distance between successive
sections of the sample (from top deeper inside its bulk): 10 um (0-I), 10 pm (I-11), 10 pm (1I-
1), 20 pum (III-IV), 20 p (IV-V), 20 p (V-VI) and 30 p (VI-VID).
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3. Phase identity and chemical composition of boride layers
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Fig. 3.32. A plan-view micrograph corresponding to Section I in Fig. 3.31 of a borided 25%
Cr steel sample at magnifications %72, x300 and x1000. The major phase is (Fe,Cr)B. The
chromium content of its brighter regions is 7-12 at.%, while that of the darker regions is up
to 20 at.%. It is the beginning of formation of the two-phase structure of the outer boride
layer. Fine black spots are probably iron and chromium carbides and borocarbides, while

large black spots are holes. Boriding conditions: 950 °C, 21600 s (6 h).
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Section 11

xT72

%300
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Fig. 3.33. A plan-view micrograph corresponding to Section II in Fig. 3.31 of a borided 25%
Cr steel sample at magnifications x72, x300 and x1000. The brighter phase is (Fe,Cr)B,
while the darker phase is (Cr,Fe)B. Though much less profound than with Fe-25% Cr and
Fe—30% Cr alloys (see Figs 3.20 and 3.26), two-phase structure of the outer boride layer has
already formed. Boriding conditions: 950 °C, 21600 s (6 h).
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3. Phase identity and chemical composition of boride layers
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Fig. 3.34. A plan-view micrograph corresponding to Section III in Fig. 3.31 of a borided
25% Cr steel sample at magnifications x72, x300, and x1000. This section crosses the inner
boride layer. Its structure is seen to be two-phase. The brighter phase is (Fe,Cr),B, while the
darker phase is (CrFe),B. Black spots are probably iron and chromium carbides and
borocarbides or holes. Boriding conditions: 950 °C, 21600 s (6 h).
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Fig. 3.35. A plan-view micrograph corresponding to Section IV in Fig. 3.31 of a borided
25% Cr steel sample at magnifications x72, x300, and x1000. The constituent phases are the
steel base (a solid solution of iron and chromium <Fe>) (bright) and (CrFe),B (dark
crystals). Boriding conditions: 950 °C, 21600 s (6 h).
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3. Phase identity and chemical composition of boride layers

Fig. 3.36. A plan-view micrograph corresponding to Section V in Fig. 3.31 of a borided 25%
Cr steel sample at magnifications x72, X300, and x1000. The constituent phases are the steel
base (a solid solution of iron and chromium <Fe>) (bright) and (Cr,Fe),B (dark crystals).
The (Cr,Fe),B crystals are less numerous than in Section IV. Boriding conditions: 950 °C,

21600 s (6 h).
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Reaction time
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Fig. 3.37. Cross-sectional backscattered electron image (BEI) of the transition zone of a 25%
Cr steel sample borided at 950 °C, and X-ray maps for iron and chromium. The brighter the
region, the higher is the content of an appropriate element (Fe or Cr).
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Fig. 3.38. Microstructure of the 25% Cr steel-boron transition zone, and concentration
profiles of boron, iron and chromium. Boriding conditions: temperature 950 °C, reaction

time 21600 s (6 h).
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Table 3.15. 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 Figs 3.31-3.36.

Section Region Content (mass %/at.%) Phase
in
Fig. 3.31 Fe Cr B
I Brighter of the outer 71.4/42.2 12.2/7.7 16.4/50.1 | (Fe,Cr)B
boride layer in Fig. 3.32
Darker of the outer 53.8/31.8 | 30.2/19.1 | 16.1/49.1 | (Fe,Cr)B
boride layer in Fig. 3.32
II Brighter of the outer 54.3/31.6 | 28.9/18.1 | 16.8/50.3 | (Fe,Cr)B
boride layer in Fig. 3.33
Darker of the outer 21.9/12.6 | 61.6/38.2 | 16.5/49.2 | (Cr,Fe)B
boride layer in Fig. 3.33
I Brighter of the inner 68.1/48.6 | 22.6/17.3 | 9.3/34.1 | (Fe,Cr),B
boride layer in Fig. 3.34
Darker of the inner 24.6/17.4 | 66.8/51.0 8.6/31.6 | (CrFe),B
boride layer in Fig. 3.34
v Brighter in Fig. 3.35 84.1/83.2 | 15.9/16.8 0.0/0.0 <Fe>
Darker in Fig. 3.35 27.0/18.8 | 63.8/48.0 | 9.2/33.2 | (Cr,Fe),B
A" Brighter in Fig. 3.36 81.3/80.2 | 18.7/19.8 0.0/0.0 <Fe>
Darker in Fig. 3.36 24.6/17.4 | 66.8/51.0 8.6/31.6 | (CrFe),B
VI Homogeneous 80.7/79.6 | 19.3/20.4 0.0/0.0 <Fe>

3.3.3. Types of microstructure of boride layers

To summarize, comparative analysis of the microstructure of boride layers formed in
samples of all alloys and steels investigated provides evidence for the existence of its two
types as illustrated in Fig. 3.39. The first type (Type I) is exhibited by Fe-5% Cr, Fe—-10% Cr
and Fe—15% Cr alloys and a 13% Cr steel. In this microstructure, each of two boride layers
consists of a homogeneous phase either (Fe,Cr)B or (Fe,Cr),B, Fig. 3.39b and d. The second
type (Type 1I) is characteristic of Fe-25% Cr and Fe-30% Cr alloys and a 25% Cr steel. In
this microstructure, each of two boride layers is two-phase, with the outer layer consisting of
the (Fe,Cr)B and (Cr,Fe)B phases (Fig. 3.39b’ and d’) and the inner consisting of the
(Fe,Cr),B and (Cr,Fe),B phases. As seen in Fig. 3.39b’, the microstructure of the second type
has a distinguishable regular arrangement that is much less profound for a 25% Cr steel (Fig.
3.39d’) than for Fe-25% Cr and Fe-30% Cr alloys.
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Two types of microstructure of boride layers
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Fig. 3.39. Backscattered eclectron images (BEI) of the transition zone between reacting
phases illustrating two types of microstructure of boride layers, and those of their plan-view
sections shown by a line of section. Boriding conditions: 950°C, 21600 s (6 h).
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4. Mechanism of formation of boride layers

4.1. Sequence of layer occurrence

Figure 4.1 provides clear evidence that in the case of a Fe—5% Cr alloy the FeB and Fe,B
layers occur sequentially, with the Fe,B layer being the first to form. This single boride layer
grows up to a reaction time of at least 14400 s (4 h). The next continuous FeB layer is only
formed at a reaction time of 21600 s (6 h) when the thickness of the Fe,B layer exceeds,
depending on the temperature of thermochemical boriding, 100-180 um.

After a reaction time of 3600 s (1 h) at 950 °C, the FeB layer is seen in Fig. 4.2 to be still
missing from the Fe—10% Cr alloy-boron interface, even though the Fe,B layer has already
reached a thickness of around 70 pm. Simultaneous formation of the FeB and Fe,B layers
at this temperature is 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 (Figs
4.3-4.7). Under similar temperature-time conditions, their thickness tends to decrease with
increasing chromium content of Fe—Cr alloys and steels, the difference, for example, with a
Fe—5% Cr alloy and a 25% Cr steel being up to 5 times.

4.2. Chemical reactions at layer interfaces

Initially, the first-formed Fe,B layer can readily grow at the Fe-B interface by direct
chemical reaction between the surface iron and boron atoms (Fig. 4.8)

2 Fesurf + Bsurf = FezB (4. 1)

as long as these are in immediate contact with each other.

To simplify the designations and further analytical treatment of kinetic data, iron and
chromium will be considered as a single chemical element (Fe). In view of the close
similarity of their physico-chemical properties, this simplification does not appear to cause
any misleading results.

It is clear, however, that the formation of the Fe,B layer, even one crystal-lattice thick,
separates the reactants from one another, thereby making the further progress of the direct
chemical reaction between the surface iron and boron atoms impossible. Subsequently,
growth of the Fe,;B layer can only take place at the expense of counter-diffusion of iron and
boron atoms across its bulk and further two partial chemical reactions

2 Fegir+ Bsur= Fe:B (4.21)
and
Bair + 2 Fesur = FeoB, (4.2,)

proceeding at the B-Fe,B and Fe,B—Fe interfaces, respectively, as shown in Fig. 4.9.
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4. Mechanism of formation of boride layers

_850°C . _ 900 °C - 950 °C
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21600 s (6 h)

Fig. 4.1. Backscattered electron images (BEI) of the transition zone between a Fe-5% Cr
alloy and boron. The Fe;B layer is seen to be the first to occur and grow in a time range of
3600-14400 s (1-4 h). The next FeB layer is only formed when the thickness of the first-

occurred Fe,B layer becomes more than 100-180 pm.
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: 850 °_C ) ~ 900 °C _ _ 950 °C_ _
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Fig. 4.2. Backscattered electron images (BEI) of the transition zone between a Fe—10% Cr
alloy and boron. The FeB layer is missing at 950 °C and a reaction time of 3600 s (1 h).

74



4. Mechanism of formation of boride layers

850 °C 900 °C 950 °C

21600 s (6 h)

Fig. 4.3. Backscattered electron images (BEI) of the transition zone between a Fe—15% Cr
alloy and boron.
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13%Cr steel

3600 s (1 h) 7200 s (2 h) 14400 s (4 h)

21600 s (6 h) 36000 s (10 h) 43200's (12 h)

Fig. 4.4. Backscattered electron images (BEI) of the transition zone between a 13% Cr steel
and boron.
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18000 s (5 h)

e @,

14400 s (4 h)

28800 s (8 h) 36000 s (10 h) 43200's (12 h)

Fig. 4.5. Backscattered electron images (BEI) of the transition zone between a Fe-25% Cr
alloy and boron after thermochemical boriding at 950 °C.
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850 °C 900 °C 950 °C

Fe-30%Cr |

28800 s (8 h)

Fig. 4.6. Backscattered electron images (BEI) of the transition zone between a Fe—30% Cr
alloy and boron.
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850 °C 900 °C 950 °C
: - . 7 r = " 7 e L '.
25%Cr steel B RS ; s :

28800 s (8 h)

Fig. 4.7. Backscattered electron images (BEI) of the transition zone between a 25% Cr steel
and boron.
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Bsurt > < Fegur

B Fe,B Fe
(BFez)

y=0

Fig. 4.8. Schematic diagram to illustrate the beginning of formation of the Fe,B layer by
direct chemical reaction between the surface iron and boron atoms. Initially, the reactants B
and Fe are in immediate contact with each other (y = 0).
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Fig. 4.9. Schematic diagram illustrating the growth process of the Fe,B layer by partial
chemical reactions between the diffusing iron atoms and surface boron atoms at interface 2
and between the diffusing boron atoms and surface iron atoms at interface 3. Aty > 0, the
reactants B and Fe prove to be separated from one another by the growing Fe,B layer.

These reactions cause an increase in thickness of the Fe,B layer during a time dt by dyge
at the former interface and by dyg; at the latter. Note that no reaction can take place between
the diffusing iron and boron atoms in the bulk of the growing Fe;B layer. Any chemical
transformations (reactions as such following the diffusion of reacting elements Fe and B)
proceed entirely at the layer interfaces where the reaction product Fe,B is accumulating (for
more detail about the mechanism of solid-state formation of compound layers, see [46-49]).

After the continuous layers of both iron borides have formed, their subsequent growth
under conditions of reaction (chemical) control, when the rate of diffusion of reacting atoms
across their bulks exceeds the rate of interfacial (chemical) transformations, is due to four
partial chemical reactions (Fig. 4.10)
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4. Mechanism of formation of boride layers

Layer Interface Reaction
FeB 1 Fegir + Bsurr = FeB, (4.31)
2 B.ir + Fe,B = 2FeB, (4.3,)
Fe,B 2 Feqir + FeB = Fe,B, (4.4)
3 Bdif + Fesurf = FezB. (442)
1 ' 2! 2 2" 3 3
Feair : : Fedir : :
= | 1 1 |
|
B : FeB : : FGZB 1 Fe
; (BFe): : (BFey)]
I 1 Baif I 1 Bair_
1 1 1 1
! ! d d ! !
dXge : {dXp2— YFe2—
Fel X dx_ dy y dyss3

Fig. 4.10. Schematic diagram illustrating the growth process of the FeB and Fe,B layers
under conditions of reaction (chemical) control. Arrows of different length 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).

Both components (Fe and B) are supposed to be capable of diffusing in both layers.
As a result of these reactions, the thickness of the FeB layer increases during a time dt by
dxge; at interface 1 and by dxg, at interface 2, while that of the Fe,B layer increases during
the same time by dyp., at interface 2 and by dyp; at interface 3. Simultaneously, the
thicknesses of the FeB and Fe,B layers decrease at their common interface 2 due to the
mutual consumption in reactions (4.3,) and (4.4,). This decrease is dx_ for the FeB layer and
dy_ for the Fe;B layer.

Arrows of different length are employed in Fig. 4.10 to indicate the decrease in amount of
diffusing atoms, available at a particular interface, with increasing 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 (4.3,) at interface 2 can diffuse further to interface 3
and enter there into partial chemical reaction (4.4;). Similarly, only those iron atoms which
have not entered into partial chemical reaction (4.4,) at interface 2 can diffuse further to
interface 1 and enter there into partial chemical reaction (4.3)).
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Thermochemical boriding of iron—chromium alloys

Obviously, thickening of the FeB and Fe,B layers with passing time eventually results in
a change of the regime of their growth from reaction controlled to diffusion controlled, when
the rate of interfacial transformations (reactions) 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 appropriate reacting atoms to the reaction sites (interfaces) (for more
detail, see [46-49]). After the FeB layer has reached its critical thickness x'2"" with regard

to boron, the Fe,B layer loses the source of boron atoms and therefore stops growing at the
expense of diffusion of this component. Note that the only source of boron atoms for both
boride layers to grow is the initial boron phase (boron powder).

Again, after the Fe,B layer has reached its critical thickness y'i™ 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. It must be clear that the only source of iron atoms for both
layers to grow is the initial iron-containing phase (Fe—Cr alloy or steel).

Hence, under conditions of diffusion control the FeB and Fe,B layers are only able to
grow at their common interface 2, as shown in Fig. 4.11. The FeB layer grows at the expense
of diffusion of boron atoms across its bulk and their subsequent reaction with the Fe,B
compound. The Fe,;B layer grows at the expense of diffusion of iron atoms across its bulk
and their subsequent reaction with the FeB compound. Thus, both boride layers grow at
interface 2 by pushing each other in opposite directions.

1 2v 2 2u 3
I Fegir !
| - |
| |
B (g %B : : Fe,B Fo
) ! ! (BFe»)
1 Bair I
| — |
! !
dXgr—i dYper—
e dy y

Fig. 4.11. Schematic diagram illustrating the growth process of the FeB and Fe,B layers
under conditions of diffusion control. Both layers only thicken 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).

Even though the FeB and Fe,B layers are often considered to grow entirely at the expense
of diffusion of the single component boron across their bulks, it is hardly possible with
compact layers having no macroscopic defects and therefore growing by the volume-
diffusion mechanism. During diffusional growth, by definition, diffusion across the layer
bulks is the rate-determining step, the interfacial partial chemical reactions being very fast. It
means that all the boron atoms reaching interface 2 react with Fe,B to form FeB at that
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4. Mechanism of formation of boride layers

interface. Since under conditions of diffusion control the ability of interface 2 to combine
those atoms exceeds their diffusional transport across the FeB layer (slow diffusion followed
by fast reaction), none of them can diffuse further to interface 3 and react with Fe to form
Fe,B according to reaction (4.4,): Bair + 2Fe = Fe;B. This reaction can only take place either
under conditions of reaction control when the flux of boron atoms from the initial B-
containing phase is sufficient for both boride layers to grow or if the FeB layer is non-
protective, due to the presence of cracks, fissures and other macroscopic defects, while
boriding is carried out from a vapour or liquid phase.

If boride layers are permeable to a vapour or liquid phase, direct chemical reactions
between initial substances prove to be possible. Grain-boundary diffusion can also make a
considerable contribution to the layer-growth process. If a few growth mechanisms are
operative simultaneously, a complicated and hardly tractable microstructure of boride layers
can readily be formed.

From a chemical viewpoint, it must thus be clear that the diffusionally growing compact
FeB layer itself can by no means be a source of boron atoms for the Fe,B layer to grow. It
only serves as a transport media for these atoms. Suppose that two FeB molecules
decompose at interface 2 to yield one molecule of Fe;B and one diffusing boron atom: 2FeB
= Fe,B + Bgr. However, this boron atom will be unable to diffuse from interface 2 to
interface 3 because under conditions of diffusion control the Fe,B surface is undersaturated
with boron atoms and therefore the just-released atom is immediately combined at interface
2 according to the reaction Bgir + Fe,B = 2FeB. The net result of those reactions is zero.

In contrast, under conditions of reaction control the Fe,B surface bordering the FeB layer
is oversaturated with boron atoms and therefore part of them (not combined into the FeB
phase at interface 2) can readily diffuse further to interface 3 and react with the iron atoms to
form Fe;B. As the source of boron atoms for both layers to grow is the boriding phase
(boron powder), it is clear that sooner or later the flux of boron atoms, diminishing as the
FeB layer thickens, becomes only sufficient for the FeB layer itself to grow, whereas the
faraway Fe,B layer must stop growing. Note that in the absence of the boriding phase or if
the contact of the FeB layer with it is lost, reaction 2FeB = Fe,;B + Bygir can readily proceed,
resulting in degradation of the existing FeB layer and enhanced growth of the Fe,B layer at
the expense of diffusion of the released boron atoms.

Similarly, under conditions of diffusion control all the iron atoms diffusing across the
Fe;B layer are combined into Fe,B by their reaction with FeB at interface 2. Hence, iron
atoms cannot take part in the formation of the faraway FeB layer at interface 1.

This conclusion is usually overlooked, if the process of formation of compound layers is
treated without writing the equations of chemical reactions proceeding at layer interfaces. In
fact, at the diffusional stage of layer formation each of two compound layers without any
macroscopic defects can grow only at the expense of diffusion of the atoms from a
neighbouring initial phase. When one of the initial phases is exhausted, then the compound
layer adjacent to this phase becomes a new initial phase. This is the only way (by successive
consumption of initial substances) for binary systems without a noticeable solubility in the
solid state, like Fe—B, to attain equilibrium.
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Thermochemical boriding of iron—chromium alloys

5. Layer-growth kinetics

5.1. Parabolic growth of boride layers

Growth kinetics of chemical compound layers are conventionally treated from a
diffusional viewpoint giving parabolic equations of the type x> = 2kt, where X is the layer
thickness, k; is the layer growth-rate constant and t is the time (see, for example, [44-49]. In
the case of rather thick layers (1 pum or more), such equations produce a quite satisfactory fit
to the experimental data, as exemplified with boride layers FeB and Fe;B in Tables 5.1 and
5.2 where the layer thicknesses (Table 5.1) and the average values of the layer growth-rate
constant (Table 5.2) are presented for a Fe—5% Cr alloy.

The temperature dependence of the layer growth-rate constants is mostly described by a
relation of the Arrhenius type

K = Ko exp(—E/RT),

where K stands for any layer growth-rate constant, K, is the pre-exponential factor, E is the
activation energy, R is the gas constant (8.314 J mol ' K ') and T is the absolute temperature.

A plot of In k; against T ' for the Fe,B layer in the time range 3600-14400 s (1-4 h) when
the FeB layer is still missing between boron and the Fe,;B layer is shown in Fig. 5.1. The
least-squares fit method yields the following equation

kF® =7.00x10"° exp(~135.0 kJ mol '/RT) m* s,

It should be emphasized, however, that purely diffusional considerations and parabolic
equations are generally insufficient to understand and explain a variety of known
experimental observations. The main amongst those are as follows.

(1) Initial layer growth is known to be linear and not parabolic.

(2) In multiphase binary systems, formation of compound layers is more often sequential
than simultaneous, whereas from a diffusional viewpoint they all must occur and then grow
parabolically with passing time.

(3) Existence of a rather wide range of homogeneity is a necessary condition in derivation
of parabolic equations but many, if not the vast majority of, chemical compounds have no
homogeneity range. Nonetheless, their layers grow at a rate, sometimes even far exceeding
that of the layers of compounds with a wide homogeneity range.

(4) According to diffusional considerations, any compound layer of a multiphase binary
system, once formed, cannot subsequently disappear, whereas experiments provide evidence
that in artificially prepared reaction couples some of them can either grow or shrink or even
disappear entirely, depending on the ratio of their initial thickness.
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5. Layer-growth kinetics

These and other inconsistencies of the diffusional approach to the consideration of layer-
growth kinetics are readily overcome in the framework of the physico-chemical one [46-49]).
Unlike the former, the latter takes account both of the rate of diffusion across the bulks of
growing compound layers and the rate of subsequent chemical transformations at layer
interfaces. Thus, any solid-state chemical reaction resulting in layer formation is supposed to
take place in two consecutive steps and not in one step. The first step (diffusion) is a
necessary but insufficient one for any compound layer to occur and grow. It must necessarily
be followed by the second step of purely chemical transformations.

Table 5.1. Thickness and growth-rate constants k; of the FeB and Fe,B layers formed at the
Fe—5% Cr alloy-boron interface. Values of k; are provided for the total thickness of both
layers and also for each of them separately.

Temperature | Time Layer thickness ki (x10 P m*s™)
(°C) (x10% 5) (x107°m) from the equation
X% = 2kt
total FeB | Fe,B total FeB Fe,B
850 36 50 - 50 3.5 - 3.5
72 74 - 74 3.8 - 3.8
144 100 - 100 3.5 - 3.5
216 156 30 | 126 0.563 | 0.0208 | 0.368
288 187 40 | 147 0.607 |0.0278 | 0.375
900 36 71 - 71 7.0 - 7.0
72 100 - 100 7.2 - 7.2
144 140 - 140 6.8 - 6.8
216 205 45 160 0.973 0.047 | 0.593
288 227 54 | 173 0.894 0.050 | 0.520
950 36 91 - 91 11.5 - 11.5
72 130 - 130 11.7 - 11.7
144 184 - 184 11.8 - 11.8
216 227 60 | 167 1.193 0.083 | 0.646
288 254 74 | 180 1.120 0.095 | 0.563
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Table 5.2. Average values of the growth-rate constants of the FeB and Fe,B layers formed at
the Fe—5% Cr alloy-boron interface. These are provided for the total thickness of both layers
and also for each of them separately.

Temperature | Time range ki (<10 m?s™)
°C) (x10%5)
total FeB Fe,B
850 36-144 3.6 - 3.6
216-288 0.585 | 0.0243 | 0.372
900 36-144 7.0 - 7.0
216-288 0.934 0.049 0.557
950 36-144 11.7 - 11.7
216-288 1.157 0.089 0.605
29

30

—lnk1

31

3
%.8 0.82 0.84 0.86 0.88 0.9

T '(x10° K™

Fig. 5.1. Temperature dependence of the growth-rate constant of the Fe,B layer in the time
range 3600-14400 s (1-4 h) in the absence of the FeB layer from the Fe—5% Cr alloy-boron
interface.

86



5. Layer-growth kinetics

5.2. General system of two differential equations describing layer-growth rates

Growth kinetics of the FeB and Fe,B layers at the interface of a Fe—Cr alloy or steel and
boron at the expense of diffusion of both components can generally be described by a system
of two non-linear differential equations (for its derivation, see [46-49])

dX _ kOFel |(0B2 rg kOFeZ

dt 1+k0Fe1X +1+k0B2X p 1+M, G-1)
Kiger Kig 1Fe2

d_y: Kores n Kogs 9 Kog2 . (5.1,)

dt 1+ kOFeZy 1+ kOBSy SQ 1+M ?
Kiges Kigs 1B2

where X is the outer FeB layer thickness; Y is the inner Fe,B layer thickness; Kore; and Kop, are
the chemical growth-rate constants of the FeB layer at the expense of diffusion of iron and
boron atoms, respectively; Kige; and k;p; are the diffusional (physical) growth-rate constants
of the FeB layer at the expense of diffusion of iron and boron atoms, respectively; Kope; and
Kos the chemical growth-rate constants of the Fe,B layer at the expense of diffusion of iron
and boron atoms, respectively; Kirex and ki3 are the diffusional (physical) growth-rate
constants of the Fe,B layer at the expense of diffusion of iron and boron atoms, respectively;
g is the ratio of the molar volumes of the FeB and Fe,B compounds; p=q=r=1and s =2
(factors from the chemical formulae of FeB (written as BFe) and Fe;B (BFe»)).

The value of g is determined from the density of the compounds FeB (BFe) p; = 6.70 x
10° kg m~ and Fe;B (BFe;) p, = 7.34 % 10° kg m™ [1] and their molecular mass M; = 66.65
g mol ' and M, = 122.49 g mol ': g = M;p»/M,p; = 0.60.

5.2.1. Initial reaction controlled stage of layer growth

Initially, growth kinetics of compound layers is seen from the system of equations (5.1) to
be linear because at low t the terms of the type k,x/k, and K,y/k, can be neglected in

comparison with unity and therefore this system is simplified to

dx r

E = kOFel + kOBZ - _g kOFez’ (5~21)
d

_y = kOFez + kOBS - % kosz- (5-22)

System of equations (5.2) describes the reaction controlled stage of growth of boride
layers when the rates of diffusion of iron and boron atoms across layer bulks are so high that
their effect on the overall rates of formation of the layers is negligible in comparison with
that of the rates of subsequent chemical transformations taking place at phase interfaces.
This is that case in which the 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.

87



Thermochemical boriding of iron—chromium alloys

It does not mean, however, that under such circumstances the FeB and Fe,B layers will
necessarily occur and grow at the alloy (steel)-boron interface simultaneously. Clearly, their
simultaneous occurrence is only possible, if the derivatives dx/dt and dy/dt in equations (5.1)
and (5.2) are positive dx/dt > 0 and dy/dt > 0, and consequently the inequalities Kore; + Kos2 >
(rg/p)kore2 and Kogex + Kops > (0/5Q)Kop> are satisfied. In such a case, both boride layers will
grow simultaneously from the very beginning of interaction of initial substances according to
a linear law

rg

X= (kOFcl + kOBz - kOFcz)t7 (5-31)

y= (kOFez + k0B3 - % kosz)t- (5-32)

Note that their growth rates are the highest possible under given (constant) temperature-
pressure conditions. Linear stage of growth of boride layers has not yet been explored
properly due probably to the necessity of carrying out thorough experiments with very thin
films.

5.2.2. Sequential layer formation
If the condition

Kore1 + Koz < (rg/p)Kore2 5.4

is satisfied, the FeB layer cannot form at all (dx/dt < 0). Therefore, only the Fe,B layer will
be observed to grow at the interface of reacting phases, as is the case with Fe—5% Cr alloy
(see Fig. 4.1).

It should be emphasized that even if the FeB layer were in an artificially prepared sample
Fe—Fe,B—FeB-B, its thickness would decrease, and it might eventually disappear completely.
The FeB layer is kinetically (not thermodynamically) unstable since the decrease in its
thickness due to the consumption during growth of the Fe,B layer by reaction (4.4,) exceeds
the increase due to reactions (4.3) and (4.3>).

From the system of equations (5.1), it is easy to see 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 probabilities being 2 : 1. Besides, this system indicates
a necessary condition for the occurrence of the next layer, if their formation happened to be
not simultaneous. Since the Fe,B layer is the first to occur, the FeB layer can only start to
form when dx/dt > 0 and hence

Korer T Kopz 2 9 kkO—Fez ) (5.5)
Pp g Kore2Ymin.
k

1Fe2
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5. Layer-growth kinetics

where Ymin is a smallest (minimal) thickness of the Fe,B layer necessary for the FeB layer to
occur and grow. Chemically, it merely means that at this thickness of the Fe,B layer, the rate
of consumption of the FeB layer during growth of the Fe,B layer by reaction (4.4;) becomes
first equal and then less than the rate of its growth due to reactions (4.3;) and (4.3,).

5.2.3. Effect of homogeneity ranges and inherent vacancies on layer-growth kinetics

Note that the existing kinetic descriptions of diffusional growth of boride layers (see, for
example, [24, 25, 35, 79, 80]) are tacitly or explicitly based on an assumption of the
existence of a rather wide range of homogeneity HR of appropriate borides, iron borides in
particular. However, as follows from the available data on the phase equilibria in the binary
system Fe—B [7-10] and the ternary system Fe—Cr—B [50], iron borides FeB and Fe,B have
no noticeable homogeneity range. Our experiments with Fe—Cr alloys and steels provide an
additional proof for the validity of these observations.

Also, the concentration profiles of the elements within the growing layers are assumed to
be close to linear (see, for example, Fig. 1 in [25]). In such a case, the parabolic layer
growth-rate constant k; proves to be proportional to the diffusion coefficient D of a given
component and the difference Ac in its concentration (content) at the interfaces of a growing
compound layer: k; ~ D Ac. The latter is conventionally considered to be equal to the width
of the homogeneity range HR of an appropriate compound: Ac = HR. If it were so, however,
then the layers of compounds without any range of homogeneity would not grow at all that
contradicts available experimental data.

Again, for compounds with a narrow range of homogeneity these descriptions yield the
unrealistically high values of the diffusion coefficients because in the limit it means dividing
by zero and hence D — oo, as Ac — 0. From a physical viewpoint, such values are hardly
possible.

In fact, however, the layer of any compound grows at the expense of stoichiometry of that
compound and not at the expense of its range of homogeneity. The value of Ac is the
difference in concentration of vacancies at layer interfaces (see [46-49]). It is necessary to
distinguish between the newly-formed and native (equilibrium) vacancies. The newly-
formed vacancies arise in the course of partial chemical reactions proceeding at layer
interfaces. These are thus reaction-induced vacancies which do not exist in a given
equilibrated compound. The native (inherent), mainly thermal, vacancies are present in the
compound initially (in the equilibrium state), their amount being quite negligible by
comparison, except perhaps at temperatures close to its melting point.

The concentration of newly-formed vacancies of a given component in a growing
compound layer at its interface where a product-forming partial chemical reaction takes
place is regarded to be numerically equal (with the opposite sign) to the content of this
component in the compound, while that at another (non-reacting) interface zero (ideal case in
which no native vacancies are available in the compound). Then, k; =D if Ac=HR = 0.

Hence, the parabolic growth-rate constant K; is identified with the diffusion coefficient D
of a given component in the lattice of a chemical compound. If HR # 0, k; = D, with the
difference between k; and D decreasing, as HR tends to zero. In other words, the closer the
compound to its stoichiometric composition, the more nearly k; approaches D. Thus, the two
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assumptions made allow a self-consistent approach, excluding dividing by zero and yielding
physically reasonable values of the diffusion coefficient D, to be developed.

It can be concluded that the effect of a homogeneity range on the layer-growth rate is
relatively insignificant and by no means decisive. Moreover, it is negative. Its value may
roughly be estimated quantitatively as HR : Coal, Ciotal being the content (concentration) of a
given component in a chemical compound. If HR = 0, this effect is also zero. If HR = 1%
and Cyora1 = 50%, its (negative) value is 2%. Note that in more exact calculations the values of
HR and Cyo1 must be expressed in mol m® and not in mass or atomic percent.

It must also be emphasized that, contrary to wide-spread and nonetheless misleading
views (examples are too numerous to cite here, appropriate references can readily be found
in [46-49]), the role of native point defects, such as vacancies of a given component, in the
reaction-diffusion process of formation of any chemical compound, like boriding,
carburizing, nitriding, metallization and others, is opposite to their role in the process of self-
diffusion of that component in the compound taken as a separate phase. In the absence of
complicating factors, the higher the amount of native vacancies, the higher is the rate of self-
diffusion of the component in the separate phase. Contrary to this, the higher the amount of
native vacancies, the less is the rate of growth of the compound layer in any reaction couple
at the expense of diffusion of that component, i.e. the less is a value of the diffusional
constant K;.

From a chemical viewpoint, this conclusion appears to be quite understandable because
unoccupied (empty) sites (vacancies) present initially can hardly take part in chemical
reactions yielding material products. It is just available atoms, ions, molecules or radicals
and not native vacancies that are responsible for the progress of any interfacial chemical
reaction. The formation of any reaction product is a result of their joint efforts.

In the case of the reaction-diffusion process, it does not seem substantiated to make a
relatively small amount of missing atoms, say one atom in every hundred atoms, responsible
for its course and to consider a much greater amount of available atoms (99) as an inert
mass. The actual role of this single missing atom can roughly be estimated as 100% with the
plus sign in the self-diffusion process and as 1% with the minus sign in the reaction-
diffusion one.

Thus, the layer of any chemical compound must generally be considered to grow at the
expense of stoichiometry of that compound. Boride layers are no exception. For any
compound layer to occur between initial substances capable of reacting chemically, it does
not matter, whether or not a given compound has any range of homogeneity, structure
deficiency, native vacancies or other imperfections (for more detailed considerations, see
[46-49].
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5. Layer-growth kinetics

5.2.4. Late diffusional stage of layer growth

Growth kinetics of boride layers at the diffusional stage of their formation, usually
observed in practice, are somewhat more complicated than merely parabolic and more
adequately be described by a system of two differential equations

X _ks_ 19 ki (5.6,)
dd x p vy’ :

dy K 9 kg (5.6,)
dt y sg x’ 2

following from the system of equations (5.1) at high values of time and accordingly layer
thicknesses. In such a case, unity can be neglected in comparison with the terms of the type
k,x/k, and Kk,y/k,. As the outer FeB layer grows at the expense of diffusion of boron

atoms across its bulk and their subsequent reaction with the Fe,B compound, while the inner
Fe,B layer grows at the expense of diffusion of iron atoms across its bulk and their
subsequent reaction with the FeB compound, simplified designations of the growth-rate
constants kg and kg, are employed.

System of equations (5.6) describes the diffusion controlled stage of growth of boride
layers when the rates of diffusion of iron and boron atoms across layer bulks are so small
that their effect on the overall rates of formation of the layers prevails over that of the rates
of subsequent chemical transformations taking place at phase interfaces. As the layers
thicken with passing time, the effect of diffusion increases progressively, while that of
chemical transformations decreases and eventually becomes negligible by comparison.

Experimental kinetic data for Fe—10% Cr, Fe—15% Cr, Fe-25% Cr and Fe-30% Cr alloys
and a 13% Cr steel were treated using both parabolic relations and the system of equations
(5.6). Plots of layer thickness (left) and squared layer thickness (right) against the time for
boride layers formed at the interface of Fe—15% Cr and Fe-30% Cr alloys with boron at a
temperature of 850-950 °C are presented in Fig. 5.2 and 5.3 as an example of typical
dependences. Even though the boride layers have different types of microstructure, these
dependences are similar.

Values of the derivatives dx/dt and dy/dt entering into the system of equations (5.6) were
found from the experimental layer thickness-time dependences by the numerical three-point
method. Calculations were carried out in a linear approximation using an Excel computer
program (for more detail, see www.dybkov.kiev.ua). To find a derivative for a given
experimental point, (X;, ti), like those on left-hand plots of Figs 5.2 and 5.3, data for its two
neighboring points, (Xi -1, ti—1) and (X + 1, tj + 1), including the point Xo = 0 at ty = 0, were
used. Left-hand and right-hand derivatives, (Xi — Xi - 1)/(ti — ti—1) and (Xj+1 — Xi)/( ti+1 — t),
were first found for this point and a mean value was then calculated. The derivatives could
thus be found for all experimental points, excepting clearly the last one, for which a next
neighboring point is lacking.
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Fig. 5.2. Plots of layer thickness (left) and squared layer thickness (right) against time for (a)
both boride layers, (b) the FeB layer and (c) the Fe,B layer formed between a Fe-15% Cr
alloy and boron at a temperature of 850 °C (1), 900 °C (2) and 950 °C (3).
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Fig. 5.3. Plots of layer thickness (left) and squared layer thickness (right) against time for (a)
both boride layers, (b) the FeB layer and (c) the Fe,B layer formed between a Fe-30% Cr
alloy and boron at a temperature of 850 °C (1), 900 °C (2) and 950 °C (3).
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Thermochemical boriding of iron—chromium alloys

The results of calculations for Fe—10% Cr, Fe—15% Cr, Fe-25% Cr and Fe-30% Cr alloys
and a 13% Cr steel are provided in Tables 5.3-5.7 where the experimental layer thicknesses
are also given. Average values of the growth-rate constants are summarized in Table 5.8.

The accuracy of calculations is strongly dependent upon a scatter of experimental points.
To avoid this, preliminary approximation of the experimental data with any suitable
analytical function is advisable. For example, application of parabolic relations to
approximate the layer thickness-time dependences and then to find the derivatives yields
another set of values of kg and Kg. also provided in Tables 5.3-5.8. Physically, kg is the
reaction-diffusion coefficient of boron atoms in the FeB layer, whereas Kg. is the reaction-
diffusion coefficient of iron atoms in the Fe,B layer.

Comparing these with the average values of kg and kg. found directly from the
experimental points, it may be concluded that both sets of the constants agree fairly well,
providing evidence for the validity of the analytical treatment employed. Note that, in order
to avoid a large computational uncertainty and to obtain acceptable results, the optimum
number of experimental points must generally be nine or more.

Temperature dependence of layer growth-rate constants K is described in the 850-950 °C
range by a relation of the Arrhenius type. Plots of In K against T ™' for Fe—15 % Cr and Fe—
30 % Cr alloys having different types of microstructure are shown in Figs 5.4 and 5.5 as
examples. Values of the pre-exponential factor K, and the activation energy E found by the
least-squares fit method are listed in Table 5.9.

These are typical of diffusion-controlled processes [44-49, 81, 82] and can be used in
practice to evaluate the values of growth-rate constants of boride layers at intermediate
temperatures. In view of the rather limited number of Fe—Cr alloys investigated, it was
hardly possible to establish any correlation between their chromium content and the value of
the activation energy.

With a 25% Cr steel, kinetic data were treated using only parabolic equations and the
values of the total thickness of both layers because the thickness of each of them could
hardly be measured separately with a sufficient accuracy due to their extreme irregularity. In
this case, the value of the diffusional constant k; was found to be 0.72x10 *m?*s ™" at 850 °C,
1.36x10*m’s ™" at 900 °C and 2.40x10"*m’s ™" at 950 °C.

These constants can be employed to estimate the boride layer thickness at intermediate
values of time. For the total thickness of both boride layers formed on the surface of 25% Cr
steel samples, the Arrhenius-type equation is

ky=1.72x10" exp(~137.1 kJ mol '/RT) m*s ",

A plot of In k; against T ' for this steel is provided in Fig. 5.6. It is seen to be similar to
that of Fig. 5.1 exhibiting the temperature dependence of the growth-rate constant of the
Fe,B layer in the absence of the FeB layer from the Fe—5% Cr alloy-boron interface.
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5. Layer-growth kinetics

Table 5.3. Thickness and growth-rate constants of boride layers formed at the Fe-10% Cr
alloy-boron interface.

Tempe- | Time Layer thickness ki (<10 m*s™) k(10" m*s™)

rature | (x10° ) (x107°m) from the equation fro? the system
°oC 2 ok of equations
total FeB | Fe,B | total FeB Fe,B kg Kpe

850 36 38 17 21 20.0 4.0 6.1 20.6 31.1

72 50 23 27 17.4 3.7 5.1 16.5 24.1

108 65 30 35 19.5 4.0 5.7 18.9 27.1
144 80 35 45 22.2 4.2 7.0 14.7 23.2
180 85 38 47 20.1 4.0 6.1 9.25 11.5
216 90 42 48 18.8 4.1 53 14.2 18.1
288 110 50 60 21.0 43 6.3 23.0 30.0
360 120 55 65 20.0 4.2 59 14.4 16.5
432 130 60 70 19.6 4.2 5.7 - -
900 36 45 | Absent | 45 28.1 - - - -

72 65 30 35 293 6.3 8.5 30.3 42.7
108 80 35 45 29.6 5.7 9.4 18.4 29.0
144 95 40 50 31.3 5.6 8.7 23.2 31.1
180 105 50 55 30.6 6.9 8.4 29.1 34.2
216 115 55 60 30.6 7.0 8.3 243 30.4
252 125 60 65 31.0 7.1 8.4 26.6 32.9
288 135 65 70 31.6 7.3 8.5 24.3 314
360 150 70 80 31.3 6.8 8.9 - -
950 36 70 | Absent | 70 68.1 - - - -

54 85 35 50 66.9 11.3 23.1 72.9 124.0
72 105 45 60 76.6 14.1 25.0 50.3 75.7
90 110 48 62 67.2 12.8 214 | 478 59.9
108 125 60 65 72.3 16.7 19.6 72.4 79.5
126 135 65 70 72.3 16.8 19.4 68.3 90.3
144 150 70 80 78.1 17.0 | 222 58.1 82.9
180 160 75 85 71.1 156 | 20.1 60.2 74.3
216 185 90 95 79.2 18.8 20.9 - -
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Table 5.4. Thickness and growth-rate constants of boride layers formed at the Fe-15% Cr
alloy-boron interface.

Tempe- | Time Layer thickness ki (<10 m*s™) k(x10 ™ m*s™)
rature (x10% s) (x107°m) from the equation from the system
°C) W2 = kit of equations
! (5.6)
total FeB | Fe,B | total FeB Fe,B kg Kpe
850 36 31 15 16 13.3 3.1 3.6 18.4 25.0
72 44 21 23 13.4 3.1 3.7 16.3 24.4

108 55 25 30 14.0 2.9 4.2 8.58 12.3
144 60 28 32 12.5 2.7 3.6 9.45 12.1
180 70 33 37 13.6 3.0 3.8 10.8 14.1
216 75 35 40 13.0 2.8 3.7 5.81 8.29
252 80 36 44 12.7 2.6 3.8 8.57 9.30
288 85 43 42 12.5 3.2 3.1 12.8 10.7
360 95 50 45 12.5 3.5 2.8 : -

900 36 40 18 22 22.2 4.5 6.7 22.0 30.6
54 50 23 27 23.1 4.9 6.8 12.5 14.4
72 54 26 28 20.3 5.1 54 14.5 15.7
90 65 31 34 23.5 53 6.4 17.0 21.2

144 75 35 40 19.5 4.3 5.6 13.8 19.2
180 85 40 45 20.1 4.4 5.6 16.0 19.7
216 95 45 50 20.9 4.7 5.8 10.5 12.4
288 100 47 53 17.4 3.8 52 10.9 13.2
324 110 52 58 18.7 4.2 5.2 : :

950 36 55 23 27 34.7 7.3 10.1 50.3 75.2
54 65 30 35 39.1 8.3 11.3 24.4 32.9
72 70 32 38 34.0 7.1 10.0 14.2 19.2
90 80 35 45 35.6 6.8 11.3 21.1 30.7

108 90 39 51 37.5 7.0 12.0 17.0 242
144 95 42 53 31.3 6.1 9.7 19.1 26.6
180 110 50 60 33.6 7.0 10.0 | 259 33.7
216 120 55 65 333 7.0 9.8 29.7 35.9
252 140 65 75 38.9 8.4 11.2 : :
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5. Layer-growth kinetics

Table 5.5. Thickness and growth-rate constants of boride layers formed at the Fe-25% Cr
alloy-boron interface.

Tempe- | Time Layer thickness ki (<10 ¥ m*s ™) k(<10 m*s™)
rature | (x10° s) (x10°°m) from the equation frorfn the system
°oC 2 _ ot equations
total FeB | Fe,B | total FeB Fe,B kg Kpe
850 36 19 10 9 5.0 1.4 1.1 7.80 8.58
72 28 15 13 5.1 1.6 1.2 7.06 7.78

108 33 18 15 5.0 1.5 1.0 5.18 4.42

144 40 23 17 5.5 1.8 1.0 6.36 5.08

180 45 25 20 5.6 1.7 1.1 5.53 5.06

216 50 28 22 5.7 1.8 1.1 4.73 4.15

288 55 30 25 53 1.6 1.1 3.32 3.16

360 60 33 27 5.0 1.5 1.0 3.65 3.42

432 65 35 30 5.7 1.4 1.0 - -

900 36 25 15 10 8.7 3.1 1.4 12.0 8.74

72 35 20 15 8.5 2.8 1.6 8.85 7.59

108 45 25 20 94 2.9 1.9 8.16 7.64

144 50 27 23 6.9 2.5 1.8 9.71 8.46

180 60 35 25 8.3 34 1.7 13.0 9.08

216 65 38 27 9.8 3.3 1.7 9.04 6.64

288 75 45 30 9.8 3.5 1.7 9.96 7.59

360 80 48 37 8.9 3.2 1.9 7.30 7.24

432 90 50 40 94 2.9 1.9 - -

950 18 23 13 10 14.6 4.7 2.8 20.9 17.5
36 35 20 15 17.0 5.6 3.1 18.3 14.5
72 50 30 20 17.4 6.2 2.8 14.3 9.84

108 55 33 22 14.0 5.0 22 10.0 8.61

144 65 35 30 14.7 43 3.1 14.3 15.6

180 75 40 35 15.6 4.4 34 13.5 13.2

216 80 43 37 14.8 4.2 3.2 15.0 13.8

288 100 55 45 17.4 53 3.5 18.9 16.9

360 110 60 50 16.8 5.0 3.5 6.64 6.33

432 125 70 55 18.1 5.7 3.5 - -
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Table 5.6. Thickness and growth-rate constants of boride layers formed at the Fe-30% Cr
alloy-boron interface.

Tempe- | Time Layer thickness ki (x10 " m?s™) k(x10 ™ m?s™)
rature | (x]10%s) (x107°m) from the equation from the system
°C) & = 2Kyt of egl;eét)lons
total FeB | Fe,B | total FeB Fe,B kg Kpe
850 36 9 7 4 1.68 | 0.68 | 0.22 3.29 2.12

72 17 11 2.00 0.84 0.25 341 2.13

6
108 21 14 7 2.04 0.91 0.19 3.02 1.55
144 26 17 9 2.34 1.00 0.28 3.20 1.78

180 29 19 10 2.34 1.00 0.28 2.52 1.52

216 32 20 12 237 | 093 0.33 2.10 1.55

288 36 22 14 2.25 0.84 | 0.34 2.98 1.87

360 43 28 15 2.57 1.09 0.21 3.56 1.79

432 46 30 16 2.45 1.04 0.30 - -

900 36 18 12 6 450 | 2.00 | 0.50 6.91 3.53

72 24 16 8 4.00 1.78 0.44 491 2.71

144 35 23 12 4.25 1.84 0.50 6.17 3.84

180 40 25 15 4.44 1.74 | 0.52 6.50 4.07

216 46 30 16 490 | 2.08 | 0.59 7.30 3.90

252 50 32 18 496 | 2.03 0.64 4.25 2.73

288 53 33 20 4.88 1.89 | 0.69 3.56 2.21

324 56 35 21 4.83 1.89 | 0.68 3.49 2.03

360 58 36 22 4,67 1.80 0.67 - -

950 36 26 18 8 9.39 | 4.50 0.89 17.3 8.39
54 30 21 9 8.33 4.08 0.75 9.53 3.89
72 36 25 11 9.00 | 4.34 0.84 9.96 4.25

108 42 29 13 8.17 3.89 0.78 13.3 6.04

144 55 38 17 10.5 5.01 1.00 16.4 7.51

180 60 41 19 10.0 | 4.67 1.00 12.9 6.03

216 68 47 21 10.7 5.11 1.02 13.7 5.79

252 72 50 22 10.2 4.96 0.96 7.75 3.13

288 75 52 23 9.77 | 4.69 0.92 - -
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Table 5.7. Thickness and growth-rate constants of boride layers formed at the 13% Cr steel-
boron interface.

Tempe- | Time Layer thickness ki (<10 ¥ m*s ™) k(x10"*m*s™)
rature | (x10° s) (x107°m) from the equation frorfn the system
oC 2 _ ok of equations
total FeB | Fe,B | total FeB Fe,B kg Kpe
850 36 25 12 13 8.7 2.0 23 11.6 16.3
72 35 15 20 8.5 1.6 2.8 8.51 16.4

144 50 20 30 8.7 1.4 3.1 5.26 9.67

216 60 25 35 8.3 1.5 2.8 5.26 9.03

288 70 28 42 8.5 1.4 3.1 5.73 10.9

324 75 30 45 8.7 1.4 3.1 6.64 11.4

360 80 33 47 8.9 1.5 3.1 7.30 11.9

396 85 35 50 9.1 1.5 3.2 8.52 12.2

432 90 40 50 94 1.9 2.9 - -

900 36 35 17 18 17.0 4.0 4.5 18.4 23.0

72 50 23 27 17.4 3.7 5.1 11.6 17.7

108 60 25 35 16.7 2.9 5.7 10.2 18.2

144 70 30 40 17.0 3.1 5.6 13.3 20.3

180 80 35 45 17.8 34 5.6 15.5 22.8

216 90 40 50 18.8 3.7 5.8 17.7 25.3

252 100 45 55 17.4 3.5 53 19.9 27.8

288 110 50 60 16.8 3.5 5.0 16.6 22.8

360 120 55 65 16.7 3.5 4.9 - -

950 36 45 20 25 28.1 5.6 8.7 28.2 41.4

72 65 30 35 293 6.3 8.5 224 314

108 80 35 45 29.6 5.7 9.3 18.4 29.0

144 90 40 50 28.1 5.6 8.7 17.7 25.3

180 100 45 55 27.8 5.6 8.4 19.9 27.8

216 110 50 60 28.0 5.8 8.3 20.1 26.2

288 125 60 65 27.1 6.3 7.3 19.9 24.7

360 140 65 75 27.2 59 7.8 9.89 14.7

432 155 75 80 27.8 6.5 7.4 - -
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Table 5.8. Average values of layer growth-rate constants of Fe—Cr alloys (10-30% Cr) and a

13% steel.

Alloy Tempe- ki (<10 m?s™) k(10" m?s™) | k(x10"*m*s™)
or | rature from the equation from the system | from the system
stee (°C) x* = 2kit of equations of equations
(5.6) using (5.6) using
experimental approximated
points thickness-time
dependences
total FeB FezB kB kFe kB kFe
10 % Cr 850 19.8 4.1 5.9 16.4 22.7 14.0 19.9
alloy 900 30.4 6.6 8.6 25.2 33.1 22.2 29.6
950 72.4 154 | 214 61.4 83.7 52.4 72.6
15 % Cr 850 13.1 2.9 3.6 11.3 14.5 9.64 12.5
alloy 900 20.6 4.6 59 14.7 18.3 15.4 20.4
950 353 7.2 10.6 22.4 30.9 24.8 35.6
25 % Cr 850 53 1.6 1.1 5.45 5.21 4.77 4.38
alloy 900 8.9 3.1 1.7 9.76 7.88 8.92 7.18
950 16.0 5.0 3.1 14.6 12.9 14.7 12.7
30 % Cr 850 2.23 0.93 0.27 3.01 1.79 2.45 1.37
alloy 900 4.60 1.90 | 0.58 5.39 3.13 5.04 2.89
950 9.56 4.58 0.82 11.2 5.00 11.4 4.84
13 % Cr 850 8.8 1.6 3.0 7.35 12.2 5.81 9.60
steel 900 17.3 3.5 5.3 15.4 22.2 12.1 17.7
950 28.1 5.9 8.3 19.6 27.6 20.1 28.1
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Fig. 5.4. Temperature dependence of the layer growth-rate constants K for a Fe-15% Cr
alloy: 1, k; from the equation x> = 2k;t for both boride layers; 2, Kg. from the system of
equations (5.6); 3, kg; 4, k; for the Fe,B layer; 5, k; for the FeB layer.
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Fig. 5.5. Temperature dependence of the layer growth-rate constants K for a Fe-30% Cr
alloy: 1 , kg from the system of equations (5.6); 2 , k; from the equation x* = 2kt for both
boride layers; 3 , Kg. ; 4, k; for the FeB layer; 5, k; for the Fe,B layer.
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Thermochemical boriding of iron—chromium alloys

Table 5.9. Values of K and E of a relation of the Arrhenius type K = Ky exp(—E/RT), where
K stands for any layer growth-rate constant, K, is the pre-exponential factor, E is the
activation energy, R is the gas constant (8.314 I mol ' K ') and T is the absolute temperature,
describing the temperature dependence of growth-rate constants of boride layers (K is

expressed in m* s, E in kJ mol ™).

Alloy k] kB kFe
or
steel Total FeB Fe,B
Ko E Ko E Ko E Ko E Ko E
10% |12.8 3.78 3.34 12.2 12.3
Cr x1077 147.2 | %107 150.5| %107 146.1 | %107 | 149.9 | x10 | 146.8
alloy
15% | 2.32 1.95 1.88 1.00 438
Cr x107 113.0 | x107 103.8| x10® 123.1 | x10® [ 107.9 | x10® |119.4
alloy
25% | 3.78 1.91 3.27 4.70 1.90
Cr x107° 126.0 | x107° 130.5| x10” 118.0 | x10® | 128.8 | x10® |121.4
alloy
30% | 1.18 2.53 2.48 3.42 7.45
Cr x10% 1662 | x10® 181.7| x107° 127.7 | x10® [175.4 | x107 | 144.6
alloy
13% | 1.37 1.49 7.90 2.44 5.09
Sctzel x107 1329 | x107 149.5| x107 116.4 | x107 | 1422 | x10® | 122.9
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Fig. 5.6. Temperature dependence of the layer growth-rate constant calculated using the total
thickness of both boride layers formed on the surface of 25% Cr steel samples.

5.3. Degradation of boride layers at their heat treatment in the absence of boron

Heat treatment of an as-received borided Fe—10% Cr alloy sample (Fig. 5.7a) in the
absence of boriding media (a mixture of boron powder and KBF,) results in a decrease of the
thickness of the FeB layer and an appropriate increase of the thickness of the Fe,B layer. As
seen in Fig. 5.7b, 21600 s (6 h) holding at 950 °C causes the full disappearance of the FeB
layer, about 90 pum thick initially. Further heat treatment of this sample leads to gradual
disintegration of the Fe,B layer into separate grains. As evidenced in Fig. 5.7c, grain-
boundary diffusion appears to play a significant, if not decisive, role in this process. Boride
layers formed on the surface of 13% steel samples degrade (disintegrate) similarly but
somewhat slower (Fig. 5.8). Some amount of the FeB phase in the form of separate grains
remains even after 43200 s (12 h) holding (Fig. 5.8c).

Note that the FeB layer decomposes as a whole at the interface with the adjacent Fe,B
layer, with its compactness retaining and thickness decreasing, without any change of
chemical composition. It is typical of compound layers with the microstructure of the fist
type (a homogeneous phase without any homogeneity range) observed for Fe—Cr alloys (5—
15% Cr) and al13% steel.

Boride layers with the microstructure of the second type (two-phase) behave somewhat
differently, as illustrated in Fig. 5.9 for a borided Fe-25% Cr alloy sample. As seen in Fig.
5.9b and c, the FeB layer, initially compact and around 40 pm thick, disintegrates into
separate grains during the heat treatment of this sample in vacuum at 950°C, and after 43200
s (12 h) holding disappears almost completely as a result of chemical reaction between iron
and FeB to form more Fe;B.
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Thermochemical boriding of iron—chromium alloys

Micrographs of the transition zone between the reactants of borided Fe-10% Cr alloy,
13% steel and Fe-25% Cr alloy samples after their heat treatment at a temperature of 950 °C
for 21600 s (6 h) in the absence of boriding media are presented in Fig.5.10 where the
available phases are indicated for easy comparison. Figure 5.11 provides backscattered and
secondary electron images (BEI and SEI) of the same area of the transition zone between the
reactants of a borided Fe—10% Cr alloy sample after its heat treatment at a temperature of
950 °C for 21600 s (6 h) in the absence of boriding media. BEI visualizes the difference in
chemical composition of the reacting phases, while SEI shows their relief.

BEI, %300

- Fe-10%Cr . . ¢

PR

Y Fe10%Cr [ g . Fel0%Cr | g

(2) (b) (©)

Fig. 5.7. Degradation of boride layers formed on the surface of a borided Fe—10% Cr alloy
sample during its heat treatment at a temperature of 950 °C in the absence of boriding media:
(a) as-received condition, (b) 21600 s (6 h) reaction time and (c) 43200 s (12 h) reaction
time. BEI — backscattered electron image, magnifications x300 and x1000.
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Fig. 5.8. Degradation of boride layers formed on the surface of a borided 13% Cr steel
sample during its heat treatment at a temperature of 950 °C in the absence of boriding media:
(a) as-received condition, (b) 21600 s (6 h) reaction time and (c) 43200 s (12 h) reaction
time. BEI — backscattered electron image, magnifications x300 and x1000.
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Fig. 5.9. Degradation of boride layers formed on the surface of a borided Fe-25%Cr alloy
sample during its heat treatment at a temperature of 950 °C in the absence of boriding media:
(a) as-received condition, (b) 21600 s (6 h) reaction time and (c) 43200 s (12 h) reaction
time. The brighter phase of the Fe,B—Cr,B layer is Fe,B, while the darker is Cr,B. The
brighter phase of the FeB—CrB layer is FeB, while the darker is CrB. BEI — backscattered

electron image. Magnification: x300 and x1000.
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5. Layer-growth kinetics
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Fig. 5.10. Microstructure (BEI — backscattered electron images) of the transition zone
between the reactants of borided (a) Fe-10% Cr alloy, (b) 13% steel and (c) Fe-25% Cr
alloy samples after their heat treatment at a temperature of 950 °C for 21600 s (6 h) in the
absence of boriding media. Magnifications X300 and x1000.
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Fe-10%Cr

Fig. 5.11. Backscattered (BEI) and secondary (SEI) electron images of the same area of the
transition zone between the reactants of a borided Fe—10% Cr alloy sample after its heat
treatment at a temperature of 950 °C for 21600 s (6 h) in the absence of boriding media. The
FeB layer disappeared completely as a result of chemical reaction between Fe and FeB to
form more Fe,B. Magnification x300.
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5. Layer-growth kinetics

This kind of consumption is characteristic of non-homogeneous layers. The first phase to
disappear is seen in Fig. 5.9b and ¢ to be (Fe,Cr)B because the remaining crystals of the
outer (Fe,Cr)B—(Cr,Fe)B layer are blackish. This is confirmed by EPMA measurements. The
chemical composition of blackish crystals of the outer (Fe,Cr)B—(Cr,Fe)B layer in Fig. 5.9¢
1s 50 + 2 at.% B, 17 + 3 at.% Fe and 33 + 4 at.% Cr. Wherever remained between blackish
crystals, the more light (Fe,Cr)B phase has a composition of 50 + 2 at.% B, 35 + 3 at.% Fe
and 15 £ 3 at.% Cr. Darker crystals of the inner (Fe,Cr),B—(CrFe),B layer have a
composition of 33 + 2 at.% B, 22 £ 5 at.% Fe and 45 + 5 at.% Cr. Brighter crystals of this
layer contain 33 £ 2 at.% B, 25 + 3 at.% Cr and 42 + 3 at.% Fe.

It should be noted that elongated crystals of the (Cr,Fe),B phase penetrating deep into the
Fe-25%Cr alloy base actually do not grow in the absence of boriding media. The boron
atoms released according to the reaction 2FeB = Fe,B + Bgir at the interface between two
boride layers, then diffuse across the Fe,B layer and react with iron from the alloy base by
the reaction Bgir + 2Fe = Fe,B to form more Fe,B at the Fe,B-alloy interface. The thinner the
Fe,B layer at a certain place, the shorter is the diffusion path and hence the higher is the
supply of diffusing boron atoms to that place. Therefore, at thinner places the growth rate of
the Fe;B layer is higher than at thicker ones. As a result, the Fe;B-alloy interface flattens
with passing time, as evidenced in Fig. 5.9b and c.

These experiments clearly show the essential, if not decisive, role of diffusion of a
gaseous boron-containing phase, probably BFs [1, 43], in the course of boriding of Fe-Cr
alloy and steel samples in a mixture of boron powder and KBF4 under reduced pressure.
Defects of a certain kind and probably some solid-state transformation in the alloy base,
providing the paths of rapid diffusion for the gaseous boriding agent, are responsible for the
deep penetration of the (Cr,Fe),B crystals into the sample bulk. It can hardly be solely a
result of peculiarities of the crystal structure of iron and chromium borides, as is usually
explained [1]. The regular arrangement of the constituting phases in both boride layers
provides evidence for an additional solid-state transformation. It may either take place
simultaneously with the layer growth or precede or follow it. This transformation may be
closely connected with the occurrence of hot cracks that boron (> 0.007%) is known to cause
in steels at elevated temperatures [83].
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6. Microhardness and abrasive wear resistance of boride layers

6.1. Microhardness of boride phases

Plots of microhardness against distance across the reacting phases for Fe—10% Cr and Fe—
30% Cr alloys are shown in Fig. 6.1 and 6.2 as examples for alloys with two different types
of microstructure. Numerical values of microhardness HVo for all alloys and steels
investigated are presented in Table 6.1. Microhardness was found to vary 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).

For steels, the values obtained are close to those reported in the literature [1]. Somewhat
higher values for Fe—25% Cr and Fe—30 % Cr alloys compared to Fe—5% Cr, Fe—10% Cr and
Fe—15 % Cr alloys 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.
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Fig. 6.1. A plot of microhardness HV (o against distance within reacting phases for a Fe—
10% Cr alloy. Boriding conditions: temperature 950 °C, reaction time 21600 s (6 h).
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Fig. 6.2. A plot of microhardness HV o against distance within reacting phases for a Fe—
30% Cr alloy. Boriding conditions: temperature 950 °C, reaction time 28800 s (8 h).
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6. Microhardness and abrasive wear resistance of boride layers

Table 6.1. Microhardness (GPa) of boride layers, iron-chromium alloys and steels

Alloy or steel FeB Fe,B Base
5% Cr alloy 15.6 13.0 0.87
10% Cr alloy 13.0 11.8 0.95
15% Cr alloy 17.4 14.4 1.30
25% Cr alloy 21.0 18.0 1.35
30% Cr alloy 19.1 16.2 1.75
13% Cr steel 17.9 16.1 5.9

25% Cr steel 17.8 15.9 1.70

6.2. Dry abrasive wear resistance of boride layers

Boriding the alloy and steel tablets for dry abrasive wear resistance tests was carried out
at 950°C for 21600 s (6 h). The data obtained for borided Fe-10% Cr and Fe-25% Cr alloy
13% Cr steel samples are presented in Tables 6.2-6.4 as an example. Wear resistance values
are seen to be greater for the middle part of the 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 6.5. Its values proved to increase disproportionately with
increasing chromium content of the alloys and steels. Borided materials with the layers of
type I microstructure consisting of a homogeneous solid solution of chromium in the FeB
compound or in the Fe,B compound exhibit a rather moderate increase in wear resistance
compared to their bases. As seen from Tables 6.2 and 6.3 it is 5-15 times for a Fe-10% Cr
alloy and 6-27 times for a 13% Cr steel. A much greater increase is observed if the boride
layers with a microstructure of type II are formed. Table 6.4 indicates that 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, comparison of the wear
resistance values in Table 6.5 is restricted 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),B platelets embedded into the (Fe,Cr),B
matrix.
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Table 6.2. Results of abrasive wear resistance tests of borided Fe—10% Cr alloy samples.
Three consecutive tests were carried out on each of the samples until the alloy base was
reached. Wear resistance of a non-borided sample (n/b) is given in the last line of the table

for comparison. Boriding conditions: temperature 950 °C, reaction time 21600 s (6 h).

Borided Test Am (g) r Ah (mm) Phase
sample number
number
1 1 0.03470 11.4 0.060 (Fe,Cr)B
2 0.02740 16.0 0.050 | (Fe,Cr)B + (Fe,Cr),B
3 0.06920 5.7 0.090 (Fe,Cr),B
2 1 0.03415 11.6 0.055 (Fe,Cr)B
2 0.02485 15.9 0.045 | (Fe,Cr)B + (Fe,Cr),B
3 0.06925 5.7 0.095 (Fe,Cr),B
3 1 0.03995 9.9 0.060 (Fe,Cr)B
2 0.02585 15.3 0.045 | (Fe,Cr)B + (Fe,Cr),B
3 0.06605 6.0 0.085 (Fe,Cr),B
n/b 1 0.39500 1.0 0.50 Fe—10% Cr alloy

Note: Am and Ah are changes in mass and height, respectively, of a sample;

I is an increase in wear resistance in comparison with the alloy base.
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6. Microhardness and abrasive wear resistance of boride layers

Table 6.3. Results of dry abrasive wear resistance tests of borided 13% Cr steel samples. Six
consecutive tests were carried out on each of three borided samples until the steel base was
reached. Wear resistance of a non-borided sample (n/b) is given in the last line of the table
for comparison. Boriding conditions: temperature 950 °C, reaction time 21600 s (6 h).

Borided | Serial Am () r Ah (mm) Phase
sample test
number | number
1 1 0.03035 11.0 0.035 (Fe,Cr)B
2 0.01245 26.7 0.020 (Fe,Cr)B
3 0.02140 15.6 0.030 (Fe,Cr)B
4 0.02195 15.2 0.035 (Fe,Cr)B—(Fe,Cr),B
5 0.03360 9.9 0.040 (Fe,Cr)B—(Fe,Cr),B
6 0.05400 6.2 0.050 (Fe,Cr),B
2 1 0.03210 10.4 0.035 (Fe,Cr)B
2 0.01315 253 0.020 (Fe,Cr)B
3 0.02140 15.6 0.030 (Fe,Cr)B
4 0.02195 15.2 0.035 (Fe,Cr)B—(Fe,Cr),B
5 0.03165 10.5 0.040 (Fe,Cr)B—(Fe,Cr),B
6 0.04385 7.6 0.050 (Fe,Cr),B
3 1 0.02315 14.4 0.025 (Fe,Cr)B
2 0.01310 254 0.020 (Fe,Cr)B
3 0.01290 25.8 0.020 (Fe,Cr)B
4 0.01960 17.0 0.030 (Fe,Cr)B—(Fe,Cr),B
5 0.03165 10.5 0.040 (Fe,Cr)B—(Fe,Cr),B
6 0.05405 6.2 0.050 (Fe,Cr),B
n/b 1 0.3329 1 0.40 13% Cr steel

Note: Am and Ah are changes in mass and height, respectively, of a sample;

I is an increase in wear resistance in comparison with the steel base.
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Table 6.4. Results of abrasive wear resistance tests of borided Fe-25% Cr alloy samples.
Wear resistance of a non-borided sample (n/b) is given in the last line of the table for
comparison. Boriding conditions: temperature 950°C, reaction time 21600 s (6 h).

Borided Test Am (g) r Ah (mm) Phase
sample | number
number
1 1 0.00190 154 ~0.01 (Fe,Cr)B—(Cr,Fe)B
2 0.00095 307 <0.01 (Fe,Cr)B—(Cr,Fe)B
2 1 0.00195 150 ~0.01 (Fe,Cr)B—(Cr,Fe)B
2 0.00085 344 <0.01 (Fe,Cr)B—(Cr,Fe)B
3 1 0.00200 146 ~0.01 (Fe,Cr)B—(Cr,Fe)B
2 0.00085 344 <0.01 (Fe,Cr)B—(Cr,Fe)B
n/b 1 0.29200 1 0.36 Fe-25% Cr alloy

Note: Am and Ah are changes in mass and height, respectively, of a sample;
I is an increase in wear resistance in comparison with the alloy base.
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6. Microhardness and abrasive wear resistance of boride layers

Table 6.5. Comparison of wear resistance values of the outer FeB layer for the Fe—Cr alloys
and chromium steels investigated.

Alloy 5%Cr | 10%Cr | 13%Cr | 15%Cr | 25%Cr | 25%Cr | 30% Cr
or alloy alloy steel alloy steel alloy alloy
steel

Microstructure of type I Microstructure of type I1
AMpase 0.42335 | 0.32130 | 0.24335 | 0.31060 | 0.25730 | 0.29910 | 0.27740
(2)
ANpage 0.47 0.43 0.30 0.41 0.31 0.38 0.37
(mm)
r 1 1.32 1.74 1.36 1.65 1.42 1.53

AMporide layer | 0.03853 | 0.02875 | 0.02645 | 0.00695 | 0.00100 | 0.00095 | 0.00090
€3]

ANvoride layer 0.040 0.035 0.030 0.010 ~.0.003 | ~0.003 | ~0.003
(mm)

r 11.0 11.2 9.2 44.7 257.3 314.8 308.5

rs 1 1.34 1.46 5.54 38.5 40.6 42.8

Note: Am and Ah are changes in mass and height, respectively, of a sample;
rn= Am base of a 5% Cr alloy/ Am base of a given materials

M= Am base of a given material / Am boride layer on a given materials

M= Am boride layer on a 5% Cr alloy / Am boride layer on a given material-

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 thickness and quality of a boride coating. If too high, brittleness of the coating
obtained may be lowered by its alloying with Al, Si and other elements.
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Conclusions

Two boride layers occur at the interface of Fe—Cr alloys (5-30% Cr) and chromium steels
(10 and 25% Cr) with boron in the temperature range of 850-950 °C and reaction times up to
43200 s (12 h).

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 phase, whereas the inner
boride layer adjacent to the solid substrate consists of the (Fe,Cr),B phase. Each layer is a
homogeneous phase (microstructure of type I).

With Fe-5% Cr and Fe-10% Cr alloys, thermochemical boriding during 3600 s results in
the formation of a single (Fe,Cr),B layer. The next (Fe,Cr)B layer occurs after the first-
occurred (Fe,Cr),B layer has reached, depending on the temperature, a thickness of 100-180

pm.
With other alloys and steels, a reaction time of 3600 s is sufficient for both boride layers
(Fe,Cr)B and (Fe,Cr),B to form.

Each of two boride 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 morphology. The
outer boride layer comprises the (Fe,Cr)B and (Cr,Fe)B phases, while the inner consists of
the (Fe,Cr),B and (Cr,Fe),B phases (microstructure of type II).

The characteristic feature of both layers is a pronounced texture, the strongest reflections
being {002} and {020} for the FeB phase and {002} for the Fe,B phase.

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

Diffusional growth Kkinetics of boride layers are close to parabolic and can more
adequately be described by a system of two non-linear differential equations. With the alloys
and steels investigated, both approaches yield a good fit to the experimental data.

Temperature dependence of layer growth-rate constants obeys a relation of the Arrhenius
type. Values of the activation energy obtained are typical of diffusion-controlled chemical
reactions.

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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