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Abstract

Two boride phases FeB andjBawere found to form as separate layers at the interface between an Fe—10% Cr alloy and boron at&0-950
and reaction times up to 12 h, with Cr content around 6 at.% in FeB and 7 at.4BnHe characteristic feature of both layers is a pronounced
texture. The strongest reflections 4660 2} and{0 2 0} for the orthorhombic FeB phase af@0 2} for the tetragonal F8 phase. Formation
of boride layers is sequential rather than simultaneous, with thB Fger occurring first. Their diffusional growth kinetics are close to

parabolic and can alternatively be described by a system of two non-linear differential equations, also producing a good fit to the experimental
data. Annealing of a borided Fe—Cr sample in the absence of boriding media results in disappearance of the FeB layer and then in disintegration
of the FgB layer into separate grains. Grain-boundary diffusion plays a significant role in this process. Microhardness values are 13.0 GPa

for the FeB layer, 11.8 GPa for the JBelayer and 1.3 GPa for the Fe—10% Cr alloy base. The abrasive wear resistance of the (Fe, Cr)B layer
is at least 10 times greater than that of the alloy base. The (F& @n)er yields about a 5-fold increase in wear resistance of an Fe—10% Cr
alloy.

© 2005 Published by Elsevier B.V.

Keywords: Fe—10% Cr alloy; Boron; Boride layers; Phase identity; Chemical composition; Growth kinetics; Abrasive wear resistance

1. Introduction reacting phasef8]. This contradicts diffusional considera- s
tions [9] predicting the simultaneous formation and subses
Boriding is one of the thermochemical surface treatments quent parabolic growth of the layers of all compounds of
used to improve service characteristics (hardness, mechaniany binary system, whatever their number, but agrees with.a
cal and corrosive wear resistance, etc.) of steels, metals anghysicochemical viewpoirtL0], according to which one or «
alloys [1-3]. Iron borides FeB and FeB are known to ex-  two layers can occur and grow simultaneously under condi
ist in the Fe—B binary systerd—7]. Therefore, with iron, tions of diffusion control, with other compound layers beings
its alloys and steels, either one-phase or two-phase coat-absent for kinetic reasons. 2
ings can be obtained, depending on boriding techniques em- The properties of boride coatings are to a large extent
ployed and temperature—time conditions of a boriding proce- dependent on the amount of alloying elements and imputie
dure. ties present in the base material. In the case of materials of
It is worth noting that even if three or more compounds complicated chemical composition, it is not so easy to seps
exist in the metal-boron binary system, in most cases only arate the effect of a particular element from that of others,
two of them form separate layers at the interface betweenTherefore, experiments with binary alloys are desirable. Ia
this work, the results of the experimental investigation of the
* Corresponding author. Tel.: +38 44 4243090; fax: +38 44 4242131, interaction of a Fe-10% Cr alloy with boron at 850-880 =

E-mail addressvdybkov@ukr.net (V.I. Dybkov). are presented. 53

0925-8388/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.jallcom.2005.02.033
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2. Experimental Table 1
Comparison of literature and experimental X-ray daksgacing and peak
intensities) for the FeB phase formed at the interface between a Fe—10% Cr

2.1. Materials and specimens alloy and boron at 950C and a reaction time of 21,600s (6 h)

The materials used included high-purity iron powder "' Literature datd11] Experimental data
(99.98% Fe), electrolytic-grade chromium platelets (99.98% d(nm) @ d (nm) I
Cr), amorphous boron and analytical-grade KBHRitially, 110 0.326 m 0.3255 w
the boron powder contained 98.3% B, 0.04% C, 1.6% O and 020 0.275 s 0.2746 s
insignificant amounts of Si, Cu, Mg (<0.01% each) and Fe 101 0.240 s 0.2380  ww
(<0.001%). Before the boriding experiments, the powder was ii(l) g'gig \S/S g'gi;i ;
first heated slowly in vacuum up to 1450 and then cal- 500021 0.201 Vs 0.2006 Vs
cined at this temperature for 2 h in an atmosphere of argon at210 0.190 Vs 0.1903 Vs
a pressure of 2.& 10* Pa to remove volatile oxides. KBF 121 0.181 s 0.1801 s
was preliminary dried in steps at 95, 110, 130 and 70 ;icl’ 8-12(7) z 8-12;3 3W
(24h a}t ea}ch temperature). 002 0.148 m 0.1489 W

Cylindrical rods of a Fe—10% Cr alloy, about 13mm in g5, 0.1303 m 0.1302 s
diameter and 100 mm long, were prepared by arc-melting of 041 0.1249 m 0.1245 m
appropriate metals under argon, with subsequent casting ofl 22 0.1239 vs 0.1233 s
the melts into water-cooled copper crucibles. The rods were311 0.1199 m 01197 w

0.1166 vs 0.1160 m

annealed to ensure their homogenization at a temperaturp212
of 1100°C for 2h in an argon atmosphere at a pressure of ° Inensity: vw—very weak, w—weak, m—medium, s—strong, vs—very
2.5x 10* Pa. From these, Fe—Cr alloy specimens in the form strong.
of tablets, 11.28 mm diameter and 5.5 mm high, were ma-
chined. Flat sides (1 charea) of the tablets were ground and amount of KBFR appears to be optimurfi,8]. The mix-
polished mechanically. ture 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 steels
sheet holder, mounted to a guide rod capable of moving in
the vertical direction. 91
The chamber was pumped to a pressure of about 10 Ra
and filled with high-purity argon (99.999vol.% Ar). This o
procedure was repeated twice. Then, the chamber was again
pumped and filled with argon at a pressure of 2 50*Pa, s
and heating was started. During heating, the crucible wit
its contents was in the cold zone above the furnace. After
the required temperature in the range of 850—<95Mad
been reached in the furnace, the crucible, pre-heated to abaut
400°C, was moved into its middle part. After an initial drop;oeo

2.2. Experimental methods

The vacuum device VPBD-2S employed for boriding
(boronizing) the metals, alloys and steels consists of a
high-vacuum chamber with a molybdenum-sheet electric-
resistance furnace (temperatures up to T&0and a control
panel Fig. 1). The experiment was carried out in an alumina
crucible, 13 mm inner diameter and 40 mm high.

An iron—chromium alloy tablet was embedded into a mix-
ture of boron powder with 5% KBfas an activator. This

Table 2

Comparison of literature and experimental X-ray datagacing and peak
intensities) for the FA phase formed at the interface between a Fe-10%
Cr alloy and boron at 950C and a reaction time of 21,600 (6 h)

hkl Literature dat411] Experimental data
d (nm) |2 d(nm) |
200 0.256 vw 0.2549 VW
002 0.212 w 0.2113 VS
211 0.201 Vs 0.2018 w
112 0.183 m 0.1831 w
202 0.163 m 0.1623 w
310 0.161 m 0.1611 vw
222 0.1371 w 0.1377 VW
400 0.1277 m 0.1278 vw
123 0.1202 5 0.1204 w
411 0.1187 m 0.1185 m
Fig. 1. The vacuum device VPBD-2S for boriding (boronizing) the metals, 2 Intensity: vw—very weak, w—weak, m—medium, s—strong, vs—very
alloys and steels. strong.
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850°C 900°C 950 °C

Fe-10%Cr . . A T LI

21600 s (6 h)

Fig. 2. Backscattered electron images of the Fe—10% Cr alloy—boron interface. The darker layer bordering the boriding agent is the FeB phase, while th
brighter layer adjacent to the Fe—Cr alloy base is théBR#hase.

1w the temperature attained its pre-determined value in 4-5 mincross-section. The lesser part was used for X-ray diffraction
12 and was then maintained constant withirl °C with the investigations (plain-view samples). 114
10z help of an automatic thermoregulator VRT-3. The temper-  Characterization of Fe—Cr alloys and boride layers was
s ature measurements were carried out using a Pt—PtRh therearried out with the help of metallography, X-ray (XA) andis
s mocouple. The experiments were performed at temperatureschemical (CA) analyses, and electron probe microanalysis
10s  Of 850, 900 and 950C. Their duration was 3600-43,200s (EPMA). The composition of the Fe—Cr alloy prepared was:
w (1-12h). found by CA and EPMA to correspond to a nominal value afs
108 After the experiment, the Fe—Cr alloy tablet coated with 10% Cr within40.3%. Its constituting phase was shown by
100 boride layers was cut along the cylindrical axis into two un- XA to be thea-phase. 121
1o equal parts (7 and 4 mm) using an electric-spark machine. The thickness of boride layers was measured using an
m The greater part of the tablet was embedded into a cold- optical microscope MIM-7 equipped with a HP Photosmari
» setting epoxy resin and used to prepare a metallographic720 camera. The chemical composition of the layers and the

1

o
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X-rays was repeated at a step of 204 until the Fe—Cr al- 13
loy base was reached (sections II-VI). Seven X-ray diffras
tion patterns were thus taken on each borided Fe—Cr sam-

ple. 141
Microhardness measurements on metallographic cross-

0 sections were carried out using a PMT-3 tester with the dias
e mond pyramide. The load was 0.98 N (100 g). 144
Abrasive wear resistance tests were carried out on P180

I emery paper tape using an AWRD-5 device. The velocity of

movement of the tape was 0.35 mtswhile the gauge length 1.7
was 27.0m. The load was 50N (5.1kg). The working area
of tablet samples was 1 &riThe wear resistance was deterss
111 mined by weighing the samples and measuring their height.
Layer-by-layer measurements on the same borided Fe-+&r
sample permitted the wear characteristics of different boride
TV phases as well as the alloy base to be determined separately.

e 3. Results and discussion 154

3.1. Phase identity and chemical composition of boride 1ss
layers 156

Two boride phases were found to form as separate layers
at the interface between a Fe-10% Cr alloy and boron.at
850-950°C and reaction times up to 12 Ri@. 2). Layer-by- 1so
layer X-ray analysisHig. 3) showed the outer layer borderingo
the boriding agentto be the FeB phasat{le ), and the inner 1
layer adjacent to the Fe—Cr alloy base to be thgBRghase i
(Table 2. 163
concentration profiles of the elements in the transition zone  Both layers consist of columnar crystals oriented ins
between reacting phases were obtained using electron probéhe direction of diffusion. Their characteristic feature is as
microanalyzers JEOL Superprobe 733 and CAMECA Came- pronounced texture. The strongest reflections f1@2} 1
bax SX50. The beam spot diameter and the phase volume(spacing, d=0.148nm) and, to a lesser exte{)20} 1o
analyzed at each point were estimated to be abgum Bnd (d=0.275nm) for the orthorhombic FeB phase, 400 2} s
2 um?3, respectively. (d=0.212 nm) for the tetragonal 8 phase. The change inie

X-ray diffraction patterns were taken immediately from intensities of those reflections with increasing distance from
the surface of tablet samples on a DRON-3 apparatus us-the surface of a borided Fe—-10% Cr alloy tablet is illustrated
ing Cu Ka radiation. When taking the first pattern, no pol- in Table 3 X-ray investigations were followed by EPMA 17
ishing of a borided Fe—Cr alloy sample was applied (sec- measurementdéble 4. 173
tion 0). Then, about 2@m of a boride layer was removed Sections 0, | and Il of a borided Fe—Cr sample corre~
by grinding and subsequent polishing, and another X-ray sponded to the FeB phase. Section Il crossed both the FeB
diffraction pattern was taken (section 1). This procedure and FeB phasesKigs. 3 and % Section IV only crossed the 17

Fig. 3. Scheme of X-ray diffraction experiments.

Table 3
X-ray diffraction data showing preferential directions of growth for the FeB an@ phases (see aldéigs. 3 and %
Phase hkl d(nm) Peak intensity (arbitrary units)
02 | 1l 1l \Y \% VI
FeB 020 0.275 88 90 115 35
002 0.148 218 2400 2700 1900
FeB 002 0.212 400 2700 120
a-Fe 110 0.201 15 255
200 0.143 25
211 0.117 48

a Serial numbers of appropriate sections of a borided tablet sample by a plane parallel to its flat surface (section 0, | and so on, deeper into the sample bu

seeFig. 3.
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Table 4
Averaged Fe, Cr and B contents of reacting phases, found by EPMA mea-
surements on X-ray diffraction samples (see &lggs. 3 and %

Section Content (at.%) Phase
Fe Cr B
0 44.1 55 504 (Fe, Cr)B
| 45.1 57 492 (Fe, Cr)B
I 43.8 52 510 (Fe, Cr)B
ma 45.1 55 494 (Fe, Cr)B
61.1 60 329 (Fe, Cr}B
v 58.7 75 338 (Fe, Cr}B
\Y 59.3 66 341 (Fe, Cr}B
\ 89.5 105 0.0 (Fe)

2 Two-phase microstructure (s€é. 4).

FeB phase. The microstructure of section V consisted of the
FeB phase and, to a lesser extent, the alloy base, while that of
section VI was entirely the alloy base. As seen froable 3
the larger orientation order is characteristic of the inner por-
tions of both boride layers compared to their near-interface
portions, in agreement with findings of the other researchers
[1,12].

The FeB and FB phases dissolve considerable amounts
of chromium {ables 4 and % Its distribution within
the boride layers is rather irregulafFig. 5. The aver-
age chromium content is61at.% in the FeB layer and
7+ 2at.% in the FgB layer.

Intensity (cps)

3.2. Microhardness of boride phases

Microhardness, HV, of the FeB layer was found to be
13.0+ 0.9 GPa, while that of the ;B layer 11.8+ 0.8 GPa.
For the Fe—10% Cr alloy base, its value is £.8.1 GPa. A
plot of microhardness values against distance across reacting
phases is shown iRig. 6. Microhardness is practically con-
stant within both boride layers and slightly diminishes (by
about 0.1 GPa) in the alloy base with increasing distance in
the range 0—-30@m from the inner boride layer.

Intensity (x 102cps)

AT980_441

T T T T L T T T T T ! 1
0 50 100 150 200
800

700
600
500
400
300
200
100

0——7—

Fe

Cr

T T T

T T T T
100 150 200 250

Distance (um)

Fig. 5. Microstructure of the transition zone between a Fe—10% Cr alloy
and boron and concentration profiles of Fe, Cr and B. Boriding conditions:
temperature 950C, reaction time 21,600 s (6 h).

K,

15

10

FeB Fe,B Fe-10%Cr

Microhardness (GPa)

200 300 400

Distance (um)

500

A5456 _ 102

Fig. 6. A plot of microhardness, HV, against distance within the reacting
phases. Boriding conditions: temperature 960 reaction time 21,600s
(6h).

Fig. 4. A plain-view micrograph corresponding to section IIFig. 3 The
darker phase is FeB, while the brighter phase if-8lack spots are holes.
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Table 5
EPMA data for the Fe—10% Cr alloy—boron diffusion zone
Phase Place of measurement (at distdraceay Content (at.%) Remarks
from the alloy—boride layer interface)(n)
Fe Cr B
Fe—Cr —100 89.7 18 0.0 (Fe
-50 89.6 104 0.0
-30 89.4 106 0.0
-20 88.1 1083 16
-10 89.5 106 0.0
Inner boride layer 10 59.6 X 333 (Fe, CnB
20 59.7 73 330
30 61.2 65 323
40 58.9 78 333
50 59.4 65 341
60 61.5 51 334
70 59.3 9 316
80 59.0 80 330
Outer boride layer 90 44.4 .9 497 (Fe, Cr)B
100 43.1 51 517
110 44.5 63 492
120 44.7 60 493
130 43.3 53 514
140 44.0 63 498
150 43.2 0 517
Temperature 950C, reaction time 21,600 s (6 h).
3.3. Layer-growth kinetics The diffusional growth kinetics of compound layers are:

usually treated using parabolic equations of the #fpe2kit, 2
Experimental data obtained provide evidence for the se- wherex is the layer thicknesk; the layer growth-rate con- 2.
quential rather than simultaneous formation of boride layers, stant and the time[9,13,14] For sufficiently thick layers, 2s
with the FeB layer occurring first. As seen frig. 2, at 900 such equations produce a quite satisfactory fit to the experi-
and 950 C even a1l hhold does not yetresultinthe formation mental dataKig. 8andTable §. 217
of a continuous layer of the FeB compound over the whole  In fact, however, growth kinetics of the FeB and;Be s
B-FeB interface. This compound only exists as separate layers at the diffusional stage of their formation are somewhsat
crystals in the F&B matrix. more complicated and described by a system of two nos-
After continuous layers of both borides have formed, their linear equation§l0,15}. 21
subsequent diffusional growth is due to two partial chemical
reactions Fig. 7): dr _ ks _ rgkre (21)
1 222
dr X py
Bait + Fe2B = 2FeB (%) dy  kre g ks
- = - — (22) 223
and dy sgx
(1) wherexis the FeB layer thicknesgthe FeB layer thickness, 22
ks the FeB layer growth-rate constafte the FeB layer s
growth-rate constantj the ratio of the molar volumes of thezs
1 20 2 2" 3 FeB and FeB compoundsp=g=r=1 ands=2. 22
Under conditions of diffusion control, both boride lay-zs
ers thicken at their common interface 2, as showRiqm 7. 2
Fe,B The FeB layer grows at the expense of diffusion of the B
atoms across its bulk and their subsequent reaction with the
FeB compound. As a result, its thickness increases during
!dx g : dt by dxgz. The FeB layer grows at the expense of diffu-zss
{UXB2 VFe2—1 . . .
x de  dy y sion of the Fe atoms across its bulk and their further res
? action with the FeB compound. During the same tinig dss
) o ) __its thickness increases by, Since the FeB and BB 2
Fig. 7. Schematic diagram to illustrate the growth process of two boride - .
layers under conditions of diffusion control. Both layers thicken at their comp(_)unds are consumed in the formation of each other,
common interface 2. No reactions take place at interfaces 1 and 3 in view of the thickness of the FeB layer simultaneously decreases:ky
the lack of appropriate diffusing atoms. dx_, while that of the FgB layer by d/_. The net change 2z

Feyit + FeB= FeB.

< Fe

FeB

1B >
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(c)

Fig. 8. Plots of layer thickness (left) and squared layer thickness (right) against time for (a) both boride layers, (b) the FeB layer and Bclatyer Bea

temperature of 858C (line 1), 900°C (line 2) and 950C (line 3).

of the FeB layer thickness during & the difference be-

tween dgz and d&_, while that of the FgB layer thick-
ness is the difference betweegrgb and d/_. Therefore,

Egs. (21) and (22) contain two terms on their right-hand

parts.

An obvious criterion for the applicability of the system

of Egs.(21) and (22) is the constancy okg and kre over

spectively[1]) as 0.60. The derivatives were found from the:
experimental layer thickness—time dependences by the au-
merical three-point method. 253
As seen inTable § the results of calculations using thess
system of Eqs(21) and(22) are strongly dependent upon thess
accuracy of measuring layer thicknesses. Approximations.af
experimental data with any suitable analytical functions ase

a given range of time, as is the case with both boride lay- therefore advisable to obtain more accurate valudg @ind s
ers (Table §. The value ofg necessary for calculations of
ks andkge was estimated from the densities of the FeB and mate the layer thickness—time dependences and then to fiad

FeoB compounds (6.70& 10° and 7.336x 103kg m 3, re-

kre. FOr example, the use of parabolic relations to approxks

the derivatives produces another set of valuelgsadindkre 261
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Table 6
Kinetic data for the FeB and BB layers formed at the Fe—10% Cr alloy—boron interface
Temperature“C) Time (x10? s) X (x10-%m) ki (x107m2s1) k(x107B¥m2s1)
Total FeB FeB Total FeB FeB kg kre
850 36 38 17 21 20.0 .a 6.1
72 50 23 27 17.4 3 51 30 50
108 65 30 35 19.5 0 57 34 5.6
144 80 35 45 22.2 2 7.0 26 48
180 85 38 47 20.1 0 6.1 17 27
216 90 42 48 18.8 4 53 25 40
288 110 50 60 21.0 3 6.3 41 6.6
360 120 55 65 20.0 2 59 26 36
432 130 60 70 19.6 2 57
900 36 45 45 28.1
72 65 30 35 29.3 8 85 54 89
108 80 35 45 29.6 3 94 33 6.0
144 95 40 50 31.3 5 87 42 6.9
180 105 50 55 30.6 .0 84 52 7.6
216 115 55 60 30.6 .0 83 44 6.6
252 125 60 65 31.0 I 84 48 71
288 135 65 70 31.6 3 85 44 6.6
360 150 70 80 31.3 .8 89
950 36 70 70 68.1
54 85 35 50 66.9 ] 231 131 261
72 105 45 60 76.6 12 250 9.0 164
90 110 48 62 67.2 12 214 8.6 141
108 125 60 65 72.3 18 196 130 183
126 135 65 70 72.3 18 194 123 188
144 150 70 80 78.1 10 222 104 171
180 160 75 85 71.1 16 201 108 164
216 185 90 95 79.2 18 209
(Table ). Comparing these with the average valuekgond kg =2.16x 10 % exp(-149.8 kI motI/RTym?s~1,

kre found numerically from the experimental points, it may  kro=2.79x 108 exp(~147.5kI mot/RTym?s 1.

be concluded that both sets of the constants agree fairly well,

providing evidence for the validity of the analytical treatment

proposed. 3.4. Degradation of boride layers during annealing in
The temperature dependence of the layer growth-rate con-the absence of boriding media

stants is described in the 850-9%Drange by the following
equations of the Arrhenius type: Annealing of a borided Fe—Cr samplBig. 9a) in the

276

277

278

279

280

absence of boriding media results in a decrease of the

k1 =3.89x 10~ exp(~150.6 kI mot/RT) m?s~ for the thickness of the FeB layer and an appropriate increase

FeB layer. . ) - of the thickness of the BB layer. As seen irFig. %, 2
k1=3.46x 10™ " exp(~146.4 kI mof*/RT)m<s = for the 6h annealing at 950C causes the full disappearance ofs
FeB layer. , . L the FeB layer, about 90m thick initially. Further anneal- 2
kg =13.22x 107" exp(-147.5kImol/RTym*s™=  for ing leads to disintegration of the & layer into separate zss
both boride layers. grains. As evidenced iffig. 9, grain-boundary diffusion z
Table 7
Average values of layer growth-rate constants
Temperature°C) ki (x1074m?2s™1) k (x10 ¥ m?s1) from k (x10- ¥ m?s1) from
experimental points approximated dependences
Total FeB FeB ks Kre ks Kre
850 19.8 a 59 28 46 25 42
900 30.4 66 86 45 71 40 63
950 72.4 154 214 110 182 9.4 154
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. BEI, x300
Fe-10%Cr ¥ - El Fe-10%Cr 7 Eul * Fe-10%Cr = o §]
5 - . o 1 o b <= Nkl

Fig. 9. Degradation of boride layers during vacuum annealing at a temperature @@ @b€he absence of boriding media: (a) as-received condition, (b) 6 h
annealing and (c) 12 h annealing. BEI: backscattered electron image, magnificatiom3@000« .

appears to play a significant, if not decisive, role in this pro- track on emery paper. The results obtained are presenteedn
cess. Table 8 where the data for a non-borided Fe—Cr sample ase

also given for comparison. 298
The wear resistance of the (Fe, Cr)B layer, found fross
mass loss measurements, is at least 10 times greater thansthat

Boriding the Fe—Cr alloy tablets for abrasive wear resis- Of the alloy base. Somewhat lesser resistance of its outermast
tance tests was performed at 9&Dfor 6 h, producing the (Fe, ~ Portions, compared to deeper ones consisting of both borige
Cr)B and (Fe, CpB layers of approximately equal thickness Phases, is due to the greater amount of cracks in the near-
(180—20Qum in total). Three consecutive tests were carried Surface region. The (Fe, GB layer yields about a 5-fold s

3.5. Abrasive wear resistance of boride layers

outon each borided Fe—Cr sample, with each test along a fresHncrease in wear resistance of an Fe-10% Cr alloy. a5
Table 8
Results of abrasive wear resistance tests of borided Fe—Cr alloy samples
Borided sample number Test number Am(g)? Ah (mm) Phase
108 1 0.03470 0.060 (Fe, Cr)B
2 0.02740 0.050 (Fe, Cr)B + (Fe, GB
3 0.06920 0.090 (Fe, G
109 1 0.03415 0.055 (Fe, Cr)B
2 0.02485 0.045 (Fe, CnB + (Fe, GB
3 0.06925 0.095 (Fe, Gifp
110 1 0.03995 0.060 (Fe, CrB
2 0.02585 0.045 (Fe, Cr)B + (Fe, GB
3 0.06605 0.085 (Fe, Gifp
0.39500 0.50 Non-borided Fe—Cr

Boriding conditions: temperature 95@, reaction time 21,600 (6 h).
2 AmandAh are changes in mass and height, respectively, of samples.
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4. Conclusions

Two boride phases FeB and JB2form separate layers
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