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Abstract Two borides FeB and Fe,B were found to form
as separate layers at the interface between a 13% Cr steel
and boron at 850 950 C and reaction times up to 12 h.
The average chromium content is 8 at.% in the FeB layer
and 9 at.% in the Fe,B layer. Both layers are characterized
by a pronounced texture. The strongest re ections are
{002} and {020} for the orthorhombic FeB phase and
{002} for the tetragonal Fe,B phase. Diffusional growth
kinetics of boride layers are close to parabolic and can
alternatively be described by a system of two non-linear
differential equations, producing a good t to the experi-
mental data. Annealing of a borided steel sample in the
absence of boriding media results in disappearance of the
FeB layer. Microhardness values are 17.9 — 1.5 GPa for the
FeB layer, 16.1 — 0.9 for the Fe,B layer and 5.9 — 0.3 GPa
for the steel base. The abrasive wear resistance of the FeB
layer is 25 times greater than that of the steel base. The
Fe,B layer yields about a 15-fold increase in wear resis-
tance of steel samples.

Introduction

Boriding is one of the widespread thermochemical
surface treatments used to improve mechanical and cor-
rosive wear resistance, hardness and other service char-

V. |. Dybkov (&)

Department of Physical Chemistry of Inorganic Materials,
Institute for Problems of Materials Science,

Kyiv 03180, Ukraine

e-mail: vdybkov@ukr.net

acteristics of metals, alloys and steels [1 3]. Iron borides
Fe,B and FeB exist in the Fe B binary system [4 7].
Therefore, with iron, its alloys and steels, either one-
phase or two-phase coatings can be obtained, depending
on boriding media employed and temperature-time con-
ditions of a boriding procedure.

Note that even if three or more compounds exist in the
metal-boron binary system, in most cases only two of them
form separate layers at the interface between reacting
phases [8]. This contradicts diffusional considerations [9]
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
physicochemical viewpoint [10], according to which one or
two layers can occur and grow simultaneously under con-
ditions of diffusion control, with other compound layers
being skipped for kinetic reasons.

Boriding at 950 C for 6 h in a mixture of 30% SiC and
70% Na,B,0- is known to produce a coating of a thickness
of 15 Im on the surface of the 30 < 13 (0.30% C and
13% Cr) steel material [11], similar to that material
employed in this investigation. With a mixture of 30
35% B,C and 70 65% Na,B,O; and the Na,B,O; melt
(electrolysis), appropriate thickness values are 40 and
55 Im, respectively. Mixtures of amorphous boron and
KBF, appear to be more effective boriding agents due to
the formation of a gas phase (mainly BF3) at elevated
temperatures [1, 8, 11]. In this work, the results of inves-
tigation of the interaction of a commercial 40 < 13 steel
and boron in a mixture of amorphous boron powder and
5% KBF, at 850 950 C are presented, with the main
emphasis on establishing the boride layer-growth kinetics
that received comparatively little attention. Also, the
results of dry abrasive wear resistance tests of boride
coatings formed on the steel-material surface are presented.
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Experimental procedure
Materials and specimens

The materials used included a 40 < 13 steel rod (16 mm
diameter) in the as-received condition (without any addi-
tional heat treatment), amorphous boron and analytical-
grade KBF,4. The content of main components of the steel
was 85.2% Fe, 13.6% Cr, 0.38% C, 0.30% Mn, 0.30% Si
and 0.20% Ni. All contents are given in mass percent if
otherwise not stated. The steel microstructure consisting of
the body centered cubic a-phase (ferrite) and carbides
Meo3Ce (Me = Cr, Fe) is shown in Fig. 1.

Initially, the boron powder contained 98.3% B, 0.04% C,
1.6% O and insigni cant amounts of Si, Cu, Mg (< 0.01%
each) and Fe (< 0.001%). Before the boriding experiments,
the powder was rst heated slowly in vacuumupto 1,450 C
and then calcined at this temperature for 2 h in an atmo-
sphere of argon at a pressure of 2.5 = 10* Pa to remove
volatile oxides. Subsequently, it was cooled by lling the
chamber with argon at atmospheric pressure. The average
cooling rate (to 200 250 C)wasaround2 C s *. After this
treatment, no signi cant 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 in steps at 95, 110,130 and 170 C (24 hat
each temperature).

Specimens in the form of Tablets, 11.28 mm diameter
and 5.5 mm high, were machined from the steel rod. Flat
sides (1 cm? area) of the Tablets were ground and polished
mechanically.

.::nq € .;/

WL ALY

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

1=

Experimental methods

The vacuum device VPBD-2S employed for boriding steel
samples has been described elsewhere [12]. The experi-
ment was carried out in an alumina crucible, 13 mm inner
diameter and 40 mm high.

A steel Tablet was embedded into a mixture of boron
powder with 5% KBF, as an activator.. This amount of
KBF, appears to be optimum [1, 8]. 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 lled with high-purity argon (99.999 vol.% Ar). This
procedure was repeated twice. Then, the chamber was
again pumped and“ lled with argon at a pressure of 2.5 «
10* Pa, and heating was started. During heating, the cru-
cible 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 performed at temperatures of 850, 900
and 950 C. Their duration was 3,600 43,200 s (1 12 h).

After the experiment, the steel Tablet coated with boride
layers was cut along the cylindrical axis into two unequal
parts (4 and 7 mm) using an electric-spark machine. The
greater part of the Tablet 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 (plain-view samples).

Characterization of the steel and boride layers was
carried out with the help of metallography, X-ray (XA) and
chemical (CA) analyses, and electron probe microanalysis
(EPMA). The thickness of boride layers was measured
using an optical microscope MIM-7 equipped with a HP
Photosmart 720 camera. Eight to ten measurements were
made at different places of the interface (~1 cm long on
any cross-section) between the reacting phases and the
average value of the layer thickness was found. The mean
relative error of its determination was around —12%.

The chemical composition of the layers and the con-
centration pro les of the elements in the steel-boron tran-
sition zone were obtained using electron probe
microanalyzers JEOL Superprobe 733 and CAMECA
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Camebax S < 50. The beam spot diameter and the phase
volume analyzed at each point were estimated to be about 1
and 2 Im?, respectively.

X-ray diffraction patterns were taken immediately from
the surface of Tablet samples on a DRON-3 apparatus
using Cu K, radiation. When taking the rst pattern, no
polishing of a borided steel sample was applied (section 0).
Then, about 40 Im of a boride layer was removed by
grinding and subsequent polishing, and another X-ray dif-
fraction pattern was taken (section I). This procedure was
repeated at a step of 20 30 Im until the steel base was
reached (sections 11-V). Six X-ray diffraction patterns were
thus taken on each borided steel sample.

Microhardness measurements on metallographic cross-
sections were carried out using a PMT-3 tester with the
diamond pyramide (Vickers indenter). The load was
0.98 N (100 g).

Abrasive wear resistance tests were carried out on P180
SiC emery paper tape (main fraction grain size 63 Im,
maximum 90 Im) using an AWRD-5 device. The velocity
of continuous movement of the tape (30 m long) was
0.35 m s %, while the gauge length during each test was
27.0 m. The load was 50 N (5.1 kg). The working area of
Tablet samples was 1 cm?.

The wear resistance was determined by means of
weighing the samples and measuring their height. The
accuracy of weighting measurements (analytical balance)
was -5 = 10 ° g. The sample height was measured using

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 Fe,B
phase

Steel

3600 s (1 h)

a micrometer (—0.005 mm). Layer-by-layer measurements
on the same borided sample allowed the wear character-
istics of different boride phases as well as the steel base to
be determined separately.

Results and discussion

Phase identity and chemical composition of boride
layers

Two boride phases were found to form as separate layers at
the steel-boron interface at 850 950 C and reaction times
up to 12 h (Fig. 2). Layer-by-layer X-ray analysis (Fig. 3)
and a further comparison of our and literature [13] data
showed the outer layer bordering the boriding agent to be
the FeB phase (Fig. 4 and Table 1), while the inner layer
adjacent to the steel base to be the Fe,B phase (Fig. 5 and
Table 2).

As seen from cross-sectional micrographs in Figs. 2 and 3,
both layers consist of columnar crystals oriented prefer-
entially in the direction of diffusion. Their characteristic
feature is a pronounced texture. The strongest re ections
are {002} (2h = 63.2 and spacing, d = 0.148 nm) and, to
a lesser extent, {020} (2h = 32.7 and d = 0.275 nm) for
the orthorhombic FeB phase, and {002} (2h = 42.7 and d
=0.212 nm) for the tetragonal Fe,B phase. The change in
intensities of those re ections with increasing distance

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

21600 s (6 h) 36000 s (10 h) 432005 (12 h)
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X-rays

Steel Vs >

20 pm

Fig. 3 Scheme of X-ray diffraction experiments

from the surface of a borided steel Tablet is illustrated in
Table 3. Note that with isotropic microcrystalline samples
the strongest re ections are {111}, {200} and {210} for
FeB and {211} for Fe,B.

As seen from Table 3, the larger orientation order is
characteristic of the inner portions of both boride layers
compared to their near-interface portions, in agreement
with ndings of other researchers [1, 14, 15]. This is easily
explainable because near-interface portions of any boride
layer are less equilibrated compared to its inner portions.

Fig. 4 X-ray diffraction

Therefore, near-interface crystals have less time to align in
the preferred direction. The process of formation of the
boride-layer texture has been discussed in detail, for
example, by Voroshnin and Lyakhovich [1] and recently by
Martini et al. [15].

X-ray investigations were followed by EPMA mea-
surements (Table 4). Sections 0 of a borided steel sample
corresponded to the FeB phase. Section | crossed both the
FeB and Fe,B phases (Fig. 6 and Table 4). Section Il
crossed the Fe,B phase (Fig. 7 and Table 4). Section Il
was the Fe,B phase and the steel base in approximately
equal amounts. The microstructure of section IV consisted
of the steel base with ne inclusions of the Fe,B phase and
an Fe Cr phase containing 33 53 at.% chromium (Fig. 8
and Table 4). Section V was entirely the steel base of
nominal composition.

The FeB and Fe,B phases dissolve considerable amounts
of chromium (Tables 4 and 5). Its distribution within the
boride layers is rather irregular (Fig. 9), due probably to
non-equilibrium conditions of layer formation. The average
chromium content is 8 at.% in the (Fe,Cr)B layer and
9 at.% in the (Fe,Cr),B layer. These values agree fairly well
with literature ones [14].

Microhardness of boride phases

Microhardness, HV, of the outer (Fe,Cr)B layer was found
to be 17.9 — 1.5 GPa, while that of the inner (Fe,Cr),B
layer 16.1 — 0.9 GPa. For the steel base, its value is 5.9 —
0.3 GPa.

A plot of microhardness values against distance across
reacting phases is shown in Fig.10. Microhardness is
practically constant within both boride layers and slightly

patterns of the FeB (section 0, 020
see Fig. 3) and Fe,B (section 1)
phases formed at the steel-boron
interface. Boriding conditions:
temperature 950 C, reaction
time 21600 s (6 h)

1=

130
120 FeB
002
022
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= 200 1,0
g 200 041
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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) |

110 0.326 m 275 0.3244 vw
020 0.275 s 32.7 0.2738 Vs
101 0.240 s 375 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 478 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 'S 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

diminishes (by about 0.2 GPa) in the steel base with

020 m 002 Section 0 increasing distance in the range 0 5001 m from the inner
5002 u, FeB boride layer.
= 002 o, Fe;B
o, a-Fe
Layer-growth kinetics
I
Compared to other boriding agents mentioned in Intro-
_ 0002 duction, mixtures of amorphous boron and KBF, allow
£ much thicker and more regular boride layers to be obtained
% under similar conditions of temperature and time. In the
2 presence of BF; and other volatile boron-containing com-
§ pounds, the reaction between steels and boron starts
- 002 I simultaneously over the whole interface. With coarse-
. grained crystalline boron in the absence of any activator,
0002 island-like layers are usually formed, even at a consider-
able reaction time [1]. In the present case, continuous
boride layers arose on the steel surface soon (40 60 s) after
0110 I the start of the boriding procedure. Note that the gas phase
5002 o 110 0200 021l py only initiates_the regction, while the further growth of
A * boride layers is a solid-state process.
A0 110 © 200 ol v After compact layers of both borides have formed, their
0 3w 45 0 = e & 70 75 s s % subsequent diffusional growth is due to two partial chem-
26 (deg) ical reactions (Fig. 11)
Fig. 5 Most intensive peaks of X-ray diffraction patterns taken from Bgir Fe2B ... 2FeB 11
different plain-view sections of a steel sample borided at 950 C for
21600 s (6 h) (see also Fig. 3 and Table 3) and
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Table 2 Comparison of literature and our experimental X-ray data (d-spacing and peak intensities) for the Fe,B phase (section Il, 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) |
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

Fedqit FeB ... Fe;B: 1:2

The growth Kinetics of compound layers are usually
treated using parabolic equations of the type x* = 2kit,
where x is the layer thickness, k; is the layer growth-rate
constant and t is time [9, 16, 17]. For suf ciently thick
layers, such equations produce a quite satisfactory t to the
experimental data (Fig. 12 and Table 6).

In fact, however, growth kinetics of the FeB and Fe,B
layers at the diffusional stage of their formation are
somewhat more complicated and can alternatively be de-
scribed by a system of two non-linear equations [10, 18
21]

o ko gk 21
dt"x py '
dy ke dke ’s
dt "y sgx '

where x is the FeB layer thickness, y is the Fe,B layer
thickness, kg is the FeB layer growth-rate constant, kg is
the Fe,B layer growth-rate constant, g is the ratio of the
molar volumes of the FeB and Fe,B compounds,p=q=r
=1 and s = 2 (factors from the chemical formulae of FeB
and Fe,B).

Under conditions of diffusion control, both boride layers
thicken at their common interface 2, as shown in Fig. 11.
The FeB layer grows at the expense of diffusion of the
boron atoms across its bulk and their subsequent reaction
with the Fe,B compound. As a result, its thickness in-
creases during dt by dxg,. The Fe,B layer grows at the
expense of diffusion of the iron atoms across its bulk and
their further reaction with the FeB compound. During the
same time dt, its thickness increases by dyge,. Since the
FeB and Fe,B compounds are consumed in the formation
of each other, the thickness of the FeB layer simulta-
neously decreases by dx , while that of the Fe,B layer by
dy . The net change of the FeB layer thickness during dt is

Table 3 X-ray diffraction data showing preferential directions of growth for the FeB and Fe,B 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* 1 11 A\ \Y%
FeB 020 0.275 203
002 0.148 55 1075 93
Fe,B 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 at surface (section O, | and so on, deeper into the

sample bulk, see Fig. 3).
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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
| Darker in Fig. 6 42.0 8.1 49.9 (Fe,Cr)B
41.6 75 50.9
43.5 8.2 48.3
41.3 8.7 50.0
423 9.3 48.4
Brighter in Fig. 6 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
1l Brighter in Fig. 7 53.6 11.9 345 (Fe,Cr),B
54.9 10.8 333
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
v 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),B
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
\% 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)

the difference between dxg, and dx , while that of the Fe,B
layer thickness is the difference between dyre, and dy .
Therefore, Egs. (2.1) and (2.2) contain two terms on their
right-hand parts.

Even though both boride layers are often considered to
grow at the expense of diffusion of the single component
boron across their bulks, it is hardly possible with compact
layers having no macrodefects and therefore growing by
the volume-diffusion. mechanism. During diffusional
growth, by de nition, diffusion across the layer bulks is the
rate-determining step, the interface reactions being very
fast. It means that all the boron atoms reaching interface 2
react with Fe,B to form FeB at that 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: Byis + 2Fe = FesB.
This reaction can only take place either under conditions
of reaction control when the ux of boron atoms from the
initial B-containing phase is suf cient for both boride
layers to grow (for more detail, see Ref. [10]) or if the FeB
layer is non-protective due to the presence of cracks and
other macrodefects. Reaction-controlled growth is only
typical of thin compound layers (< 1 Im thick). The FeB
layer was compact and therefore non-permeable to BF; and
other gases. Hence, neither of these growth mechanisms
could be operative with the borides layers investigated.
From a chemical viewpoint, it must thus be clear that the
diffusionally growing FeB layer itself can by no means be a
source of boron atoms for the Fe,B layer to grow. Suppose
that two FeB molecules decompose at interface 2 to yield
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Fig. 6 Plain-view micrographs
(backscattered electron images
at different magni cation)
corresponding to section | (see
Fig. 3). The darker phase is
FeB, while the brighter phase is
Fe,B. Black spots are holes.
Penetration of boron along grain
boundaries is worth noting

one molecule of Fe,B and one diffusing boron atom: 2FeB
= Fe,B + Bgir. However, this boron-atom will be unable to
diffuse from interface 2 to interface 3 because under con-
ditions of diffusion control the Fe,B surface is undersatu-
rated with boron atoms and therefore it is immediately
combined at interface 2 according to the reaction By +
Fe,B = 2FeB. The net result of those reactions is seen to be
zero. On the contrary, 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) readily diffuse further to
interface 3 and react with iron atoms to form Fe,B. As the
only source of boron atoms for both layers to grow is the
boriding mixture (B and KBF,), it is clear that sooner or
later the ux of boron atoms, diminishing as the FeB layer
thickens, becomes only suf cient for the FeB layer itself to
grow, whereas the faraway Fe,B layer must stop growing.

1=

e L 2

(c)

Similarly, 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 for-
mation of the FeB layer at interface 1. Thus, under con-
ditions of diffusion control both boride (and any other
compound) layers only grow at their common interface by
pushing each other in opposite directions.

This conclusion is usually overlooked, if the process of
formation of compound layers is treated without writing
the equations of chemical reactions proceeding at the layer
interfaces. In fact, at the diffusional stage of layer forma-
tion each of two compound layers without defects can grow
only at the expense of diffusion of the atoms of a neigh-
boring initial phase.

Even though grain-boundary diffusion might also con-
tribute the layer-growth process, its contribution appears to be
much less compared to that of volume diffusion in view of the
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Fig. 7 Plain-view micrographs (backscattered electron images aFig. 8 Plain-view micrographs (backscattered electron images at

different magni cation) corresponding to section Il (see F&). The - different magni cation) corresponding to section IV (see R3y. The

main phase is B8 (bright). Inclusions of FeB (darker) are ne and brighter phase is the steel base, while the darker phasei& Fae

rare. Penetration of boron along grain boundaries is worth noting steel base is non-homogeneous. Its grayish regions are enriched in
chromium

coarse-grained structure of both layers. Therefore, in spite of

the considerable difference in values of grain-boundary dif{x,.+1, t+1), were also used. Left-hand and right-hand382

fusion and volume diffusion coef cients, the ux of diffusing derivatives, % — X - )/(ti = t; . 1) and &1 — x)/(ts1 —t), 383

atoms along grain boundaries could hardly be large. were rst found for this point and a mean value was therg84
An obvious criterion of the applicability of Eqs. (2) for calculated. The derivatives could thus be found for alB85

treating the diffusional layer-growth kinetics is the constancy ofexperimental points, excepting clearly end ones, for whicB86

ks andkecOver a given range of time, as is the case with boridea neighboring point is lacking. 387
layers (Tableb). The value ofy necessary for calculationsky As seen in Tablé, the results of calculations & and 388
and k- was estimated from the densitieg; = 6.70 - kre are strongly dependent upon a scatter of experimentaB9
10° kg m2andg,= 7.34- 10° kg ni3 ofthe FeBand 8  points. To avoid this, approximation of experimental dat890
compounds I] and their molecular masses, ;M= with any suitable analytical function is therefore advisable391
66.65 g mottand M, = 122.49 g mal: g= M; q/M,q; = For example, the use of parabolic relations to approximatg92
0.60. the layer thickness-time dependences and then to nd tHz93

The derivatives were found from the experimental layerderivatives yields another set of values kf§ andke. 394
thickness-time dependences by the numerical three-poirfTable 7). Since the experimentatt dependences become 395
method using a conventional computer program (lineasmoothed as a result of this procedure (solid lines on 1ef896
approximation). To nd a derivative for a given experi- hand plots of Figl2), all values ofkg thus found are 397
mental point, %, t), like those on left-hand plots of identical. The same applies t¢. Comparing these with 398
Fig. 12, data for two neighboring pointsx(. 1, t . 1) and  the average values &k and ke found numerically from 399




