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8 Abstract Two borides FeB and Fe2B were found to form

9 as separate layers at the interface between a 13% Cr steel

10 and boron at 850–950 �C and reaction times up to 12 h.

11 The average chromium content is 8 at.% in the FeB layer

12 and 9 at.% in the Fe2B layer. Both layers are characterized

13 by a pronounced texture. The strongest reflections are

14 {002} and {020} for the orthorhombic FeB phase and

15 {002} for the tetragonal Fe2B phase. Diffusional growth

16 kinetics of boride layers are close to parabolic and can

17 alternatively be described by a system of two non-linear

18 differential equations, producing a good fit to the experi-

19 mental data. Annealing of a borided steel sample in the

20 absence of boriding media results in disappearance of the

21 FeB layer. Microhardness values are 17.9 ± 1.5 GPa for the

22 FeB layer, 16.1 ± 0.9 for the Fe2B layer and 5.9 ± 0.3 GPa

23 for the steel base. The abrasive wear resistance of the FeB

24 layer is 25 times greater than that of the steel base. The

25 Fe2B layer yields about a 15-fold increase in wear resis-

26 tance of steel samples.

27

28

29 Introduction

30 Boriding is one of the widespread thermochemical

31 surface treatments used to improve mechanical and cor-

32 rosive wear resistance, hardness and other service char-

33acteristics of metals, alloys and steels [1–3]. Iron borides

34Fe2B and FeB exist in the Fe–B binary system [4–7].

35Therefore, with iron, its alloys and steels, either one-

36phase or two-phase coatings can be obtained, depending

37on boriding media employed and temperature-time con-

38ditions of a boriding procedure.

39Note that even if three or more compounds exist in the

40metal-boron binary system, in most cases only two of them

41form separate layers at the interface between reacting

42phases [8]. This contradicts diffusional considerations [9]

43predicting the simultaneous formation and subsequent

44parabolic growth of the layers of all compounds of any

45binary system, whatever their number, but agrees with a

46physicochemical viewpoint [10], according to which one or

47two layers can occur and grow simultaneously under con-

48ditions of diffusion control, with other compound layers

49being skipped for kinetic reasons.

50Boriding at 950 �C for 6 h in a mixture of 30% SiC and

5170% Na2B4O7 is known to produce a coating of a thickness

52of 15 lm on the surface of the 30 · 13 (0.30% C and

5313% Cr) steel material [11], similar to that material

54employed in this investigation. With a mixture of 30–

5535% B4C and 70–65% Na2B4O7 and the Na2B4O7 melt

56(electrolysis), appropriate thickness values are 40 and

5755 lm, respectively. Mixtures of amorphous boron and

58KBF4 appear to be more effective boriding agents due to

59the formation of a gas phase (mainly BF3) at elevated

60temperatures [1, 8, 11]. In this work, the results of inves-

61tigation of the interaction of a commercial 40 · 13 steel

62and boron in a mixture of amorphous boron powder and

635% KBF4 at 850–950 �C are presented, with the main

64emphasis on establishing the boride layer-growth kinetics

65that received comparatively little attention. Also, the

66results of dry abrasive wear resistance tests of boride

67coatings formed on the steel-material surface are presented.

A1 V. I. Dybkov (&)

A2 Department of Physical Chemistry of Inorganic Materials,

A3 Institute for Problems of Materials Science,

A4 Kyiv 03180, Ukraine
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68 Experimental procedure

69 Materials and specimens

70 The materials used included a 40 · 13 steel rod (16 mm

71 diameter) in the as-received condition (without any addi-

72 tional heat treatment), amorphous boron and analytical-

73 grade KBF4. The content of main components of the steel

74 was 85.2% Fe, 13.6% Cr, 0.38% C, 0.30% Mn, 0.30% Si

75 and 0.20% Ni. All contents are given in mass percent if

76 otherwise not stated. The steel microstructure consisting of

77 the body centered cubic a-phase (ferrite) and carbides

78 Me23C6 (Me = Cr, Fe) is shown in Fig. 1.

79 Initially, the boron powder contained 98.3% B, 0.04% C,

80 1.6% O and insignificant amounts of Si, Cu, Mg (< 0.01%

81 each) and Fe (< 0.001%). Before the boriding experiments,

82 the powder was first heated slowly in vacuum up to 1,450 �C

83 and then calcined at this temperature for 2 h in an atmo-

84 sphere of argon at a pressure of 2.5 · 104 Pa to remove

85 volatile oxides. Subsequently, it was cooled by filling the

86 chamber with argon at atmospheric pressure. The average

87 cooling rate (to 200–250 �C) was around 2 �C s–1. After this

88 treatment, no significant changes of the powder morphology

89 and structure were revealed, except for the beginning of

90 resolution of some broad X-ray diffraction peaks. KBF4 was

91 preliminary dried in steps at 95, 110, 130 and 170 �C (24 h at

92 each temperature).

93 Specimens in the form of Tablets, 11.28 mm diameter

94 and 5.5 mm high, were machined from the steel rod. Flat

95 sides (1 cm2 area) of the Tablets were ground and polished

96 mechanically.

97Experimental methods

98The vacuum device VPBD-2S employed for boriding steel

99samples has been described elsewhere [12]. The experi-

100ment was carried out in an alumina crucible, 13 mm inner

101diameter and 40 mm high.

102A steel Tablet was embedded into a mixture of boron

103powder with 5% KBF4 as an activator. This amount of

104KBF4 appears to be optimum [1, 8]. The mixture was then

105slightly pressed, and a load of 8.5 g (a low-carbon steel

106cylinder) was placed on top. The crucible was closed with a

107low-carbon steel lid and placed into a steel-sheet holder,

108mounted to a guide rod capable of moving in the vertical

109direction.

110The chamber was pumped to a pressure of about 10 Pa

111and filled with high-purity argon (99.999 vol.% Ar). This

112procedure was repeated twice. Then, the chamber was

113again pumped and filled with argon at a pressure of 2.5 ·

114104 Pa, and heating was started. During heating, the cru-

115cible with its contents was in the cold zone above the

116furnace. After the required temperature in the range of

117850–950 �C had been reached in the furnace, the crucible,

118pre-heated to about 400 �C, was moved into its middle

119part. After an initial drop, the temperature attained its pre-

120determined value in 4–5 min and was then maintained

121constant within ± 1 �C with the help of an automatic

122thermoregulator VRT-3. The temperature measurements

123were carried out using a Pt–PtRh thermocouple. The

124experiments were performed at temperatures of 850, 900

125and 950 �C. Their duration was 3,600–43,200 s (1–12 h).

126After the experiment, the steel Tablet coated with boride

127layers was cut along the cylindrical axis into two unequal

128parts (4 and 7 mm) using an electric-spark machine. The

129greater part of the Tablet was embedded into a cold-setting

130epoxy resin and used to prepare a metallographic cross-

131section. The lesser part was used for X-ray diffraction

132investigations (plain-view samples).

133Characterization of the steel and boride layers was

134carried out with the help of metallography, X-ray (XA) and

135chemical (CA) analyses, and electron probe microanalysis

136(EPMA). The thickness of boride layers was measured

137using an optical microscope MIM-7 equipped with a HP

138Photosmart 720 camera. Eight to ten measurements were

139made at different places of the interface (~1 cm long on

140any cross-section) between the reacting phases and the

141average value of the layer thickness was found. The mean

142relative error of its determination was around ±12%.

143The chemical composition of the layers and the con-

144centration profiles of the elements in the steel-boron tran-

145sition zone were obtained using electron probe

146microanalyzers JEOL Superprobe 733 and CAMECA

Fig. 1 The 13% Cr steel microstructure. Polished mechanically and

etched for 60 s in a solution of 4 ml HF and 8ml HNO3 in 100 ml

ethanol at room temperature
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147 Camebax S · 50. The beam spot diameter and the phase

148 volume analyzed at each point were estimated to be about 1

149 and 2 lm3, respectively.

150 X-ray diffraction patterns were taken immediately from

151 the surface of Tablet samples on a DRON-3 apparatus

152 using Cu Ka radiation. When taking the first pattern, no

153 polishing of a borided steel sample was applied (section 0).

154 Then, about 40 lm of a boride layer was removed by

155 grinding and subsequent polishing, and another X-ray dif-

156 fraction pattern was taken (section I). This procedure was

157 repeated at a step of 20–30 lm until the steel base was

158 reached (sections II-V). Six X-ray diffraction patterns were

159 thus taken on each borided steel sample.

160 Microhardness measurements on metallographic cross-

161 sections were carried out using a PMT-3 tester with the

162 diamond pyramide (Vickers indenter). The load was

163 0.98 N (100 g).

164 Abrasive wear resistance tests were carried out on P180

165 SiC emery paper tape (main fraction grain size 63 lm,

166 maximum 90 lm) using an AWRD-5 device. The velocity

167 of continuous movement of the tape (30 m long) was

168 0.35 m s–1, while the gauge length during each test was

169 27.0 m. The load was 50 N (5.1 kg). The working area of

170 Tablet samples was 1 cm2.

171 The wear resistance was determined by means of

172 weighing the samples and measuring their height. The

173 accuracy of weighting measurements (analytical balance)

174 was ±5 · 10 –5 g. The sample height was measured using

175a micrometer (±0.005 mm). Layer-by-layer measurements

176on the same borided sample allowed the wear character-

177istics of different boride phases as well as the steel base to

178be determined separately.

179Results and discussion

180Phase identity and chemical composition of boride

181layers

182Two boride phases were found to form as separate layers at

183the steel-boron interface at 850–950 �C and reaction times

184up to 12 h (Fig. 2). Layer-by-layer X-ray analysis (Fig. 3)

185and a further comparison of our and literature [13] data

186showed the outer layer bordering the boriding agent to be

187the FeB phase (Fig. 4 and Table 1), while the inner layer

188adjacent to the steel base to be the Fe2B phase (Fig. 5 and

189Table 2).

190As seen from cross-sectional micrographs in Figs. 2 and 3,

191both layers consist of columnar crystals oriented prefer-

192entially in the direction of diffusion. Their characteristic

193feature is a pronounced texture. The strongest reflections

194are {002} (2h = 63.2� and spacing, d = 0.148 nm) and, to

195a lesser extent, {020} (2h = 32.7� and d = 0.275 nm) for

196the orthorhombic FeB phase, and {002} (2h = 42.7� and d

197= 0.212 nm) for the tetragonal Fe2B phase. The change in

198intensities of those reflections with increasing distance

Fig. 2 Backscattered electron

images of boride layers formed

at the steel-boron interface at a

temperature of 950 �C. The

darker layer bordering the

boriding agent is the FeB phase,

while the brighter layer adjacent

to the steel base is the Fe2B

phase
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199 from the surface of a borided steel Tablet is illustrated in

200 Table 3. Note that with isotropic microcrystalline samples

201 the strongest reflections are {111}, {200} and {210} for

202 FeB and {211} for Fe2B.

203 As seen from Table 3, the larger orientation order is

204 characteristic of the inner portions of both boride layers

205 compared to their near-interface portions, in agreement

206 with findings of other researchers [1, 14, 15]. This is easily

207 explainable because near-interface portions of any boride

208 layer are less equilibrated compared to its inner portions.

209Therefore, near-interface crystals have less time to align in

210the preferred direction. The process of formation of the

211boride-layer texture has been discussed in detail, for

212example, by Voroshnin and Lyakhovich [1] and recently by

213Martini et al. [15].

214X-ray investigations were followed by EPMA mea-

215surements (Table 4). Sections 0 of a borided steel sample

216corresponded to the FeB phase. Section I crossed both the

217FeB and Fe2B phases (Fig. 6 and Table 4). Section II

218crossed the Fe2B phase (Fig. 7 and Table 4). Section III

219was the Fe2B phase and the steel base in approximately

220equal amounts. The microstructure of section IV consisted

221of the steel base with fine inclusions of the Fe2B phase and

222an Fe–Cr phase containing 33–53 at.% chromium (Fig. 8

223and Table 4). Section V was entirely the steel base of

224nominal composition.

225The FeB and Fe2B phases dissolve considerable amounts

226of chromium (Tables 4 and 5). Its distribution within the

227boride layers is rather irregular (Fig. 9), due probably to

228non-equilibrium conditions of layer formation. The average

229chromium content is 8 at.% in the (Fe,Cr)B layer and

2309 at.% in the (Fe,Cr)2B layer. These values agree fairly well

231with literature ones [14].

232Microhardness of boride phases

233Microhardness, HV, of the outer (Fe,Cr)B layer was found

234to be 17.9 ± 1.5 GPa, while that of the inner (Fe,Cr)2B

235layer 16.1 ± 0.9 GPa. For the steel base, its value is 5.9 ±

2360.3 GPa.

237A plot of microhardness values against distance across

238reacting phases is shown in Fig.10. Microhardness is

239practically constant within both boride layers and slightly

Fig. 3 Scheme of X-ray diffraction experiments

Fig. 4 X-ray diffraction

patterns of the FeB (section 0,

see Fig. 3) and Fe2B (section II)

phases formed at the steel-boron

interface. Boriding conditions:

temperature 950 �C, reaction

time 21600 s (6 h)
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240diminishes (by about 0.2 GPa) in the steel base with

241increasing distance in the range 0–500l m from the inner

242boride layer.

243Layer-growth kinetics

244Compared to other boriding agents mentioned in Intro-

245duction, mixtures of amorphous boron and KBF4 allow

246much thicker and more regular boride layers to be obtained

247under similar conditions of temperature and time. In the

248presence of BF3 and other volatile boron-containing com-

249pounds, the reaction between steels and boron starts

250simultaneously over the whole interface. With coarse-

251grained crystalline boron in the absence of any activator,

252island-like layers are usually formed, even at a consider-

253able reaction time [1]. In the present case, continuous

254boride layers arose on the steel surface soon (40–60 s) after

255the start of the boriding procedure. Note that the gas phase

256only initiates the reaction, while the further growth of

257boride layers is a solid-state process.

258After compact layers of both borides have formed, their

259subsequent diffusional growth is due to two partial chem-

260ical reactions (Fig. 11)

Bdif þ Fe2B ¼ 2FeB ð1:1Þ

262262and

Table 1 Comparison of literature and our experimental X-ray data (d-spacing and peak intensities) for the FeB phase (section 0, see Fig. 3)

formed at the steel-boron interface at 950 �C and a reaction time of 21600 s (6 h)

Literature data [13] Our experimental data

HKL d (nm) I* 2h(deg) d (nm) I

110 0.326 m 27.5 0.3244 vw

020 0.275 s 32.7 0.2738 vs

101 0.240 s 37.5 0.2398 vw

120 0.228 s 39.7 0.2271 s

111 0.219 vs 41.3 0.2181 w

200; 021 0.201 vs 45.2 0.2006 m

210 0.190 vs 47.8 0.1903 s

121 0.181 s 50.0 0.1818 s

130 0.167 s 55.1 0.1667 vs

211 0.160 s 57.5 0.1603 w

002 0.148 m 63.2 0.1471 vs

022 0.1303 m 72.7 0.1301 s

041 0.1249 m 76.6 0.1244 m

122 01239 vs 77.3 0.1234 w

311 0.1199 m 80.6 0.1192 w

212 0.1166 vs 83.1 0.1162 w

*Intensity; vw—very weak; w—weak; m—medium; s—strong; vs—very strong

Fig. 5 Most intensive peaks of X-ray diffraction patterns taken from

different plain-view sections of a steel sample borided at 950 �C for

21600 s (6 h) (see also Fig. 3 and Table 3)
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Fedif þ FeB ¼ Fe2B: ð1:2Þ

264264 The growth kinetics of compound layers are usually

265 treated using parabolic equations of the type x2 = 2k1t,

266 where x is the layer thickness, k1 is the layer growth-rate

267 constant and t is time [9, 16, 17]. For sufficiently thick

268 layers, such equations produce a quite satisfactory fit to the

269 experimental data (Fig. 12 and Table 6).

270 In fact, however, growth kinetics of the FeB and Fe2B

271 layers at the diffusional stage of their formation are

272 somewhat more complicated and can alternatively be de-

273 scribed by a system of two non-linear equations [10, 18–

274 21]

dx

dt
¼

kB

x
�

rg

p

kFe

y
ð2:1Þ

276276 dy

dt
¼

kFe

y
�

q

sg

kB

x
ð2:2Þ

278278where x is the FeB layer thickness, y is the Fe2B layer

279thickness, kB is the FeB layer growth-rate constant, kFe is

280the Fe2B layer growth-rate constant, g is the ratio of the

281molar volumes of the FeB and Fe2B compounds, p = q = r

282= 1 and s = 2 (factors from the chemical formulae of FeB

283and Fe2B).

284Under conditions of diffusion control, both boride layers

285thicken at their common interface 2, as shown in Fig. 11.

286The FeB layer grows at the expense of diffusion of the

287boron atoms across its bulk and their subsequent reaction

288with the Fe2B compound. As a result, its thickness in-

289creases during dt by dxB2. The Fe2B layer grows at the

290expense of diffusion of the iron atoms across its bulk and

291their further reaction with the FeB compound. During the

292same time dt, its thickness increases by dyFe2. Since the

293FeB and Fe2B compounds are consumed in the formation

294of each other, the thickness of the FeB layer simulta-

295neously decreases by dx– , while that of the Fe2B layer by

296dy–. The net change of the FeB layer thickness during dt is

Table 2 Comparison of literature and our experimental X-ray data (d-spacing and peak intensities) for the Fe2B phase (section II, see Fig. 3)

formed at the steel-boron interface at 950 �C and a reaction time of 21600 s (6 h)

Literature data [13] Our experimental data

HKL d (nm) I* 2h (deg) d (nm) I

200 0.256 vw 35.4 0.2536 vw

002 0.212 w 42.7 0.2117 vs

211 0.201 vs 44.8 0.2022 s

112 0.183 m 49.6 0.1838 w

202 0.163 m 56.4 0.1631 w

310 0.161 m 57.6 0.1600 vw

222 0.1371 w 68.0 0.1379 vw

400 0.1277 m 73.7 0.1285 vw

123 0.1202 s 80.0 0.1199 w

411 0.1187 m 81.0 0.1187 vw

*Intensity; vw—very weak; w—weak; m—medium; s—strong; vs—very strong

Table 3 X-ray diffraction data showing preferential directions of growth for the FeB and Fe2B phases formed at the steel-boron interface at

950 �C and a reaction time of 21600 s (6 h)

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

0* I II III IV V

FeB 020 0.275 203

002 0.148 55 1075 93

Fe2B 002 0.212 1780 2700 1730 35

a-Fe 110 0.201 54 95 136

200 0.143 13 15

211 0.117 25 27

*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).
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297 the difference between dxB2 and dx–, while that of the Fe2B

298 layer thickness is the difference between dyFe2 and dy–.

299 Therefore, Eqs. (2.1) and (2.2) contain two terms on their

300 right-hand parts.

301 Even though both boride layers are often considered to

302 grow at the expense of diffusion of the single component

303 boron across their bulks, it is hardly possible with compact

304 layers having no macrodefects and therefore growing by

305 the volume-diffusion mechanism. During diffusional

306 growth, by definition, diffusion across the layer bulks is the

307 rate-determining step, the interface reactions being very

308 fast. It means that all the boron atoms reaching interface 2

309 react with Fe2B to form FeB at that interface. Since under

310 conditions of diffusion control the ability of interface 2 to

311 combine those atoms exceeds their diffusional transport

312 across the FeB layer (slow diffusion followed by fast

313reaction), none of them can diffuse further to interface 3

314and react with Fe to form Fe2B: Bdif + 2Fe = Fe2B.

315This reaction can only take place either under conditions

316of reaction control when the flux of boron atoms from the

317initial B-containing phase is sufficient for both boride

318layers to grow (for more detail, see Ref. [10]) or if the FeB

319layer is non-protective due to the presence of cracks and

320other macrodefects. Reaction-controlled growth is only

321typical of thin compound layers (< 1 lm thick). The FeB

322layer was compact and therefore non-permeable to BF3 and

323other gases. Hence, neither of these growth mechanisms

324could be operative with the borides layers investigated.

325From a chemical viewpoint, it must thus be clear that the

326diffusionally growing FeB layer itself can by no means be a

327source of boron atoms for the Fe2B layer to grow. Suppose

328that two FeB molecules decompose at interface 2 to yield

Table 4 Average Fe, Cr and B contents of reacting phases, found by EPMA measurements on X-ray diffraction samples (see also Figs. 3, 6–8)

Section Region Content (at.%) Phase

Fe Cr B

I Darker in Fig. 6 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. 6 58.6 9.1 32.3 (Fe,Cr)2B

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. 7 53.6 11.9 34.5 (Fe,Cr)2B

54.9 10.8 33.3

55.0 10.9 34.1

Darker in Fig. 7 39.1 11.3 49.6 (Fe,Cr)B

39.4 8.8 51.8

40.9 10.5 48.6

IV Brighter in Fig. 8 85.6 14.4 0.0 Steel base

83.3 16.7 0.0

86.2 13.8 0.0

Darker in Fig. 8 34.9 29.4 35.7 (Fe,Cr)2B

43.0 27.3 29.7

40.3 25.3 34.3

Grayish in Fig. 8 61.7 38.3 0.0 Fe–Cr

66.8 33.2 0.0

44.8 55.2 0.0

V 86.1 13.9 0.0 Steel base

84.7 15.3 0.0

85.7 14.3 0.0

Boriding conditions: temperature 950 �C, reaction time 21600 s (6 h)
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329 one molecule of Fe2B and one diffusing boron atom: 2FeB

330 = Fe2B + Bdif. However, this boron atom will be unable to

331 diffuse from interface 2 to interface 3 because under con-

332 ditions of diffusion control the Fe2B surface is undersatu-

333 rated with boron atoms and therefore it is immediately

334 combined at interface 2 according to the reaction Bdif +

335 Fe2B = 2FeB. The net result of those reactions is seen to be

336 zero. On the contrary, under conditions of reaction control

337 the Fe2B surface bordering the FeB layer is oversaturated

338 with boron atoms and therefore part of them (not combined

339 into the FeB phase at interface 2) readily diffuse further to

340 interface 3 and react with iron atoms to form Fe2B. As the

341 only source of boron atoms for both layers to grow is the

342 boriding mixture (B and KBF4), it is clear that sooner or

343 later the flux of boron atoms, diminishing as the FeB layer

344 thickens, becomes only sufficient for the FeB layer itself to

345 grow, whereas the faraway Fe2B layer must stop growing.

346Similarly, all the iron atoms diffusing across the Fe2B

347layer are combined into Fe2B by their reaction with FeB at

348interface 2. Hence, iron atoms cannot take part in the for-

349mation of the FeB layer at interface 1. Thus, under con-

350ditions of diffusion control both boride (and any other

351compound) layers only grow at their common interface by

352pushing each other in opposite directions.

353This conclusion is usually overlooked, if the process of

354formation of compound layers is treated without writing

355the equations of chemical reactions proceeding at the layer

356interfaces. In fact, at the diffusional stage of layer forma-

357tion each of two compound layers without defects can grow

358only at the expense of diffusion of the atoms of a neigh-

359boring initial phase.

360Even though grain-boundary diffusion might also con-

361tribute the layer-growth process, its contribution appears to be

362much less compared to that of volume diffusion in view of the

Fig. 6 Plain-view micrographs

(backscattered electron images

at different magnification)

corresponding to section I (see

Fig. 3). The darker phase is

FeB, while the brighter phase is

Fe2B. Black spots are holes.

Penetration of boron along grain

boundaries is worth noting
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363 coarse-grained structure of both layers. Therefore, in spite of

364 the considerable difference in values of grain-boundary dif-

365 fusion and volume diffusion coefficients, the flux of diffusing

366 atoms along grain boundaries could hardly be large.

367 An obvious criterion of the applicability of Eqs. (2) for

368 treating the diffusional layer-growth kinetics is the constancy of

369 kB and kFe over a given range of time, as is the case with boride

370 layers (Table 6). The value of g necessary for calculations of kB

371 and kFe was estimated from the densities, q1 = 6.70 ·

372 103 kg m–3 and q2 = 7.34 · 103 kg m–3, of the FeB and Fe2B

373 compounds [1] and their molecular masses, M1 =

374 66.65 g mol–1 and M2 = 122.49 g mol–1: g = M1 q2/M2q1 =

375 0.60.

376 The derivatives were found from the experimental layer

377 thickness-time dependences by the numerical three-point

378 method using a conventional computer program (linear

379 approximation). To find a derivative for a given experi-

380 mental point, (xi, ti), like those on left-hand plots of

381 Fig. 12, data for two neighboring points, (xi - 1, ti - 1) and

382(xi+1, ti+1), were also used. Left-hand and right-hand

383derivatives, (xi – xi - 1)/(ti – ti - 1) and (xi+1 – xi)/(ti+1 – ti),

384were first found for this point and a mean value was then

385calculated. The derivatives could thus be found for all

386experimental points, excepting clearly end ones, for which

387a neighboring point is lacking.

388As seen in Table 6, the results of calculations of kB and

389kFe are strongly dependent upon a scatter of experimental

390points. To avoid this, approximation of experimental data

391with any suitable analytical function is therefore advisable.

392For example, the use of parabolic relations to approximate

393the layer thickness-time dependences and then to find the

394derivatives yields another set of values of kB andkFe

395(Table 7). Since the experimental x–t dependences become

396smoothed as a result of this procedure (solid lines on left-

397hand plots of Fig. 12), all values of kB thus found are

398identical. The same applies to kFe. Comparing these with

399the average values of kB and kFe found numerically from

Fig. 7 Plain-view micrographs (backscattered electron images at

different magnification) corresponding to section II (see Fig. 3). The

main phase is Fe2B (bright). Inclusions of FeB (darker) are fine and

rare. Penetration of boron along grain boundaries is worth noting

Fig. 8 Plain-view micrographs (backscattered electron images at

different magnification) corresponding to section IV (see Fig. 3). The

brighter phase is the steel base, while the darker phase is Fe2B. The

steel base is non-homogeneous. Its grayish regions are enriched in

chromium
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400 the experimental points, it may be concluded that both sets

401 of the constants agree fairly well, providing evidence for

402 the validity of the analytical treatment employed.

403 The temperature dependence of the layer growth-rate

404 constants is described in the 850–950 �C range by the

405 following equations of the Arrhenius type

K ¼ K0expð� � E=RTÞ ð3Þ

407407 where K stands for any layer growth-rate constant, E is the

408 activation energy, R is the gas constant and T is the

409 absolute temperature (Fig. 10):

k1 ¼ 1:46� 10�7expð�149:4 kJ mol�1=RTÞm2 s�1

for the FeB layer,

k1 ¼ 7:87� 10�9expð�116:4 kJ mol�1=RTÞm2 s�1

for the Fe2B layer,

k1 ¼ 1:36� 10�7expð�132:8 kJ mol�1=RTÞm2 s�1

for both boride layers,

kB ¼ 4:40� 10�7expð�142:2 kJ mol�1=RTÞm2 s�1;

kFe ¼ 1:24� 10�7expð�124:3 kJ mol�1=RTÞm2 s�1:

411411 Degradation of boride layers during annealing

412 in the absence of boriding media

413 Annealing of a borided steel sample (Fig. 14a) in vacuum

414 in the absence of the boriding mixture (B and KBF4) results

Table 5 EPMA data for the steel-boron diffusion zone. Temperature

950 �C, reaction time 21600 s (6 h)

Phase Place of

measurement

Content (at.%) Remarks

Fe Cr B

At distance l away

from the

steel-boride

layer interface

Steel l = –150 lm 86.8 13.2 0.0 < Fe >

–80 78.5 17.8 3.7

–50 87.0 13.0 0.0

–20 89.8 10.1 0.0

–10 82.7 10.7 6.6

Inner boride

layer

10 56.5 9.2 34.3 (Fe,Cr)2B

20 59.2 9.0 31.8

30 54.8 10.7 34.6

40 60.9 9.2 30.0

50 61.7 6.4 31.9

Outer boride

layer

60 40.9 7.4 51.7 (Fe,Cr)B

70 43.3 8.6 48.1

80 42.1 7.2 50.7

90 43.3 8.5 48.2

0 50 100 150 200 250 300

0

20

40

60

80

100

120

Fe

Cr

0
1

x( 
ytis

net
nI

3
)s

p c

0 50 100 150 200 250 300

40

60

80

100

120

140

160

180

200

220

240

260

B

)s
pc( 

ytis
net

nI

FeB

Scan line 

Fe2B Steel

Distance (µm) 

Fig. 9 Microstructure of the transition zone between a commercial

13%Cr steel and boron and concentration profiles of Fe, Cr and B.

Boriding conditions: temperature 950 �C, reaction time 21600 s (6 h)

Fig. 10 A plot of microhardness, HV, against distance within

reacting phases. Boriding conditions: temperature 950 �C, reaction

time 21600 s (6 h)
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415 in a decrease of the thickness of the FeB layer and an

416 appropriate increase of the thickness of the Fe2B layer due

417 to the reactions

2FeB ¼ Fe2Bþ Bdif ð4Þ

419419 and

Bdif þ 2Fe ¼ Fe2B ð5Þ

421421taking place at the FeB–Fe2B and the Fe2B-steel interfaces,

422respectively.

423It should be noted that the growing and non-growing

424FeB layers behave quite differently. Unlike the diffusion-

425ally growing FeB layer, not sharing boron atoms with its

426neighbor Fe2B, the non-growing one not only shares those

427atoms with Fe2B but also forms an additional molecule of

428Fe2B as a result of its own decomposition (for more

429examples of such a behavior of compound layers, see Ref.

430[10]).

431As seen in Fig. 14b, c, the FeB layer, initially compact

432and around 50 l m thick, disintegrates during vacuum

433annealing into separate grains and after a 12 h hold at

434950 �C disappears almost completely. Grain-boundary

435diffusion appears to play a significant, if not decisive, role

436in this process because usually compound layers are

437consumed as a whole at their interfaces with adjacent

2

Fe

Fe2B

3

y

 Fe 

dxB2–

dx–

FeB

x

1

B

B

dyFe2–

dy–

22

Fig. 11 Schematic diagram to illustrate the growth process of two

boride layers under conditions of diffusion control. Both layers

thicken at their common interface 2. No reactions take place at

interfaces 1 and 3 in view of the lack of appropriate diffusing atoms

Fig. 12 Plots of layer thickness

(left) and squared layer

thickness (right) against time for

(a) both boride layers, (b) the

FeB layer and (c) the Fe2B layer

at a temperature of 850 �C (line

1), 900 �C (line 2) and 950 �C

(line 3)
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438 layers, with their compactness retaining and their thick-

439 ness decreasing.

440 Abrasive wear resistance of boride layers

441 Boriding the steel Tablets for abrasive wear resistance

442 tests was performed at 950 �C for 6 h, producing the

443(Fe,Cr)B and (Fe,Cr)2B layers of close thickness (about

444110 l m in total). Six consecutive tests were carried out

445on each borided steel sample, with each test along a fresh

446track (27.0 m long) on emery paper. The results obtained

447are presented in Table 8, where the data for a non-borided

448steel sample (one test, 27.0 m) are also given for com-

449parison.

Table 6 Thickness and growth constants of the FeB and Fe2B layers formed at the steel-boron interface

Temperature (�C) Time ( · 102 s) x ( · 10 –6m) k1 ( · 10 –14 m2 s–1) k ( · 10 –13 m 2 s –1)*

Total FeB Fe2B Total FeB Fe2B kB kFe

850 36 25 12 13 8.7 2.0 2.3

72 35 15 20 8.5 1.6 2.8 1.54 3.13

144 50 20 30 8.7 1.4 3.1 0.94 2.01

216 60 25 35 8.3 1.5 2.8 0.94 1.88

288 70 28 42 8.5 1.4 3.1 1.03 2.23

324 75 30 45 8.7 1.4 3.1 1.19 2.46

360 80 33 47 8.9 1.5 3.1 1.31 2.56

396 85 35 50 9.1 1.5 3.2 1.53 2.83

432 90 40 50 9.4 1.9 2.9

900 36 35 17 18 17.0 4.0 4.5

72 50 23 27 17.4 3.7 5.1 2.08 3.56

108 60 25 35 16.7 2.9 5.7 1.84 3.72

144 70 30 40 17.0 3.1 5.6 2.38 4.37

180 80 35 45 17.8 3.4 5.6 2.78 4.91

216 90 40 50 18.8 3.7 5.8 3.17 5.46

252 100 45 55 17.4 3.5 5.3 3.57 6.00

288 110 50 60 16.8 3.5 5.0 2.98 4.91

360 120 55 65 16.7 3.5 4.9

950 36 45 20 25 28.1 5.6 8.7

72 65 30 35 29.3 6.3 8.5 4.02 6.60

108 80 35 45 29.6 5.7 9.3 3.30 6.03

144 90 40 50 28.1 5.6 8.7 3.17 5.46

180 100 45 55 27.8 5.6 8.4 3.57 6.00

216 110 50 60 28.0 5.8 8.3 3.60 5.80

288 125 60 65 27.1 6.3 7.3 3.57 5.32

360 140 65 75 27.2 5.9 7.8 1.77 2.98

432 155 75 80 27.8 6.5 7.4

*Mean values: kB = (1.21± 0.36) · 10 –13 m2 s –1 and kFe = (2.44 ± 0.62) · 10 –13 m 2 s –1 at 850 �C,

kB = (2.68 ± 0.69) · 10 –13 m2 s–1 and kFe = (4.70 ± 0.86) · 10 –13 m2 s–1 at 900 �C

and kB = (3.29 ± 0.83) · 10 –13 m2 s–1 and kFe = (5.45 ± 0.97) · 10 –13 m 2 s –1 at 950 �C.

Table 7 Values of layer growth-rate constants found from a parabolic relation, k1, and from Eqs. (2), k

Temperature (�C) k1 ( · 10 –14 m2 s –1) k ( · 10 –13 m 2 s –1) from experimental points k ( · 10 –13 m 2 s –1) from approximated dependences

total FeB Fe2B kB kFe kB kFe

850 8.8 1.6 3.0 1.21 2.44 1.04 2.01

900 17.3 3.5 5.3 2.68 4.70 2.17 3.74

950 28.1 5.9 8.3 3.29 5.45 3.61 5.96
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450 The wear resistance of the (Fe,Cr)B layer, found from

451 mass loss measurements, is about 25 times greater than that

452 of the alloy base. Deeper portions of (Fe,Cr)B coatings

453 display a higher wear resistance compared to near-surface

454 ones due to a more profound texture and a much less

455 amount of cracks. The wear resistance of the inner

456 (Fe,Cr)2B layer is around 15 times greater than that of the

457 steel base.

458 Comparing the wear resistance of the outer boride

459 coating on the surface of the steel and Fe–Cr alloys con-

460 taining 10 and 25% Cr [22], it may be concluded that its

461value for the steel and an Fe–10% Cr alloy are rather close,

462with the coating on the steel surface being about 15% more

463resistant than that on the alloy surface. The FeB coating on

464both materials is much less resistant (by an order of mag-

465nitude) than that on an Fe–25% Cr alloy. Most probably, it

466is due to structural or morphological rather than composi-

467tional reasons.

468Conclusions

469Two boride phases FeB and Fe2B occur as separate

470layers at the interface between a commercial 13%Cr

471steel (40 · 13) and a mixture of amorphous boron

472with 5% KBF4 at 850–950 �C and reaction times up to

47312 h. The average content of chromium is around 8 at.%

474in the outer FeB layer and 9 at.% in the inner Fe2B

475layer.

476The characteristic feature of both layers is a pronounced

477texture. The strongest reflections are {002} and {020} for

478the orthorhombic FeB phase and {002} for the tetragonal

479Fe2B phase.

480Diffusional growth kinetics of the boride layers are

481close to parabolic. Alternatively, layer-growth kinetics

482can be described by a system of non-linear differential

483equations, also producing a good fit to the experimental

484data.

Fig. 14 Backscattered electron

images at different

magnification illustrating the

process of degradation of boride

layers during vacuum annealing

at a temperature of 950 �C in

the absence of the boriding

mixture: (a) as-received

condition, (b) 6 h annealing and

(c) 12 h annealing

Fig. 13 The temperature dependence of the layer growth-rate

constants, K: 1, kFe; 2, kB; 3, k1 for both boride layers; 4, k1 for

Fe2B; 5, k1 for FeB
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485 Annealing of a borided steel sample in the absence of

486 boriding media causes the disappearance of the FeB layer.

487 Grain-boundary diffusion appears to play a significant role

488 in this process.

489 Microhardness values are 17.9 ± 1.5 GPa for the FeB

490 layer, 16.1 ± 0.9 for the Fe2B layer and 5.9 ± 0.3 GPa for

491 the steel base. Microhardness is practically constant within

492 both boride layers.

493 The abrasive wear resistance of the FeB layer, found

494 from mass loss measurements, is approximately 25 times

495 greater than that of the steel base. The Fe2B layer yields

496 about a 15-fold increase in wear resistance of steel

497 samples.
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54119. Schröder B, Leute V (1980) J Phys Chem Solids 41:827–835
54220. . Fromhold AT, Sato N (1981) Oxid Metals 16:203–220
54321. Dybkov OV, Dybkov VI (2004) J Mater Sci Lett 39:6615–6617
54422. Dybkov VI, Lengauer W, Barmak K (2005) In: Proc 16th Plansee
545Seminar, Reutte, Austria, May 31-June 4, 2:999–1009

546

Table 8 Results of abrasive wear resistance tests of borided steel samples. Boriding conditions: temperature 950 �C, reaction time 21600 s

(6 h). Six consecutive tests (each along a fresh track, 27.0 m long) were carried out on each of three borided samples. Mean values for each test

are presented (deviation ±15%). For comparison, one test (27.0 m) was performed on a non-borided steel sample

Serial test number Dm (g)* Dmsteel : Dmboride Dh (mm) Phase

1 0.02817 11.8 0.025 (Fe,Cr)B

2 0.01290 25.8 0.015 (Fe,Cr)B

3 0.01857 17.9 0.020 (Fe,Cr)B + (Fe,Cr)2B

4 0.02117 15.7 0.025 (Fe,Cr)2B

5 0.03977 10.0 0.035 (Fe,Cr)2B + steel base

6 0.05400 6.6 0.045 (Fe,Cr)2B + steel base

1 0.3329 – 0.40 Non-borided sample

*Dm and Dh are changes in mass and height, respectively, of samples.
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