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Interaction of iron—nickel alloys with liquid

aluminium
Part | Dissolution Kinetics

V.. DYBKOV

Institut Problem Materialoznavstva, Kiev 252180, Ukraine

The dissolution of Fe-~Ni alloys containing 90 to 5 mass % Fe in liquid aluminium at 700°C
was found by the rotating-disc technique to be non-selective and diffusion controlled.
Experimentally determined values of the saturation concentration (solubility), ¢s, of iron and
nickel from Fe—Ni alloys in the aluminium melt are presented. A dependence of the total iron
and nickel concentration, Ciotal, in the saturated melt upon the iron content Cre, in initial
Fe—Ni alloys could well be described by the linear equations: cigta) = 7.51 — 0.054 C¢ at

90% < Cre < 28% and ciotg = 11.0 — 0.19C, at 28% < Cre < 5%. Considerable deviations
of the concentration--time relationships from the Nernst-Shchukarev equation were revealed. -
The value of the dissolution rate constant was found to decrease by about 20 to 30 %-in the

0 to ¢¢/2 iron or nickel concentration range. Accordingly, the decrease in value of the iron and
nickel diffusion coefficient from an Fe—Ni alloy into liquid aluminium was 25 to 40%. For a
90% Fe—10% Ni alloy the value of the diffusion coefficient tends, with increasing iron and
nickel concentration in the melt, to the value of the diffusion coefficient of pure iron in liquid
aluminium. For other Fe—Ni alloys investigated, these values are less than or close to the
diffusion coefficient of pure nickel in liquid aluminium.

1. Introduction

After wetting the surface of a solid Fe—Ni alloy mater-
ial by liquid aluminium, two other closely interrelated
processes (namely, dissolution of the solid base into
the liquid phase and growth of intermetallics at their
interface) proceed simultancously. Besides the scient-
ific interest, both are of importance for technological
applications including hot-dip aluminizing and the
joming of dissimilar materials.

For the reasons discussed in a previous work [17,
the dissolution of an Fe-Ni alloy in liquid aluminium
may equally be expected to be selective (enhanced
transition of one of the two elements from the alloy
into the aluminium melt) or non-selective (equal rates
of transition of iron and nickel from the alloy into the
aluminium melt) in nature. The results of studying the
dissolution kinetics of Fe—Ni alloys containing 90 to 5
mass % Fe in liquid aluminium at 700°C are pre-
sented in this paper. (All values for content or concen-
tration are given in mass %. The most important
values are followed by their 0.95 confidence limits.)

Experimental data on the phase composition, struc-
ture and growth kinetics of intermetallic layers will be
presented separately.

2. Experimental procedure
2.1. Materials
High-purity aluminium (99.995% Al), carbonyl iron
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(99.98% Fe) and electrolytic nickel (99.98% Ni) were
used for this investigation.

2.2. Alloy preparation

The Fe—Ni alloys were arc melted from their compon-
ents in a conventional arc-melting furnace under ar-
gon and then cast into a 13 mm inner diameter (i.d.)
and 100 mm high massive copper crucible. By inver-
ting the samples between melts and remelting five
times, homogeneous alloys could readily be prepared.

2.3. Specimens

Cylindrical specimens, 11.28 4 0.01 mm diameter and
6 mm high, were¢ machined from the 13 mm diameter
alloy rods obtained. The disc surfaces were then
ground flat and polished mechanically.

Before the experiment, the alloy specimen was
rinsed in ethanol and dried. It was then pressed into a
high-purity graphite tube, of 16.0 mm diameter, to
protect its lateral surface from the aluminium-melt
attack. Therefore, only the disc surface, 1 cm? area,
dissolved during the run.

In the case of solubility determinations where a
greater surface area was desirable to reduce the dura-
tion of the runs while the exact instantaneous value
was unimportant, cylindrical alloy specimens with
unprotected lateral surfaces were used. Their total
initial surface area was 3.0 cm?,
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2.4. Specimen characterization

2.4.1. Chemical composition

Samples of shavings obtained after machining the
specimens were chemically analysed to determine their

TABLE I Chemical compositions of Fe—Ni alloy specimens

Content of elements (%)

Fe Ni

Nominal CA* EPMA® Nominal CA® EPMA®
90 89.9 89.8 10 9.7 10.2

75 74.7 75.5 25 24.8 23.5

50 49.3 50.6 50 48.4 494

25 255 25.5 75 74.9 74.5

20 20.0 20.2 80 79.3 79.8

15 15.3 15.6 85 85.2 84.4

10 10.4 10.5 90 89.5 90.5

2 Obtained by chemical analysis.

®The mean value of three to six electron-probe measurements at
different places on the disc surface, the scatter within each specimen
being + 0.5%.

TABLE II X-ray characterization of Fe—Ni alloys

iron and nickel contents. Specimen homogeneity'was
checked using as electron probe microanalyser Jeol-
Superprobe 733. As seen from Table I, all three values
of the alloy composition obtained by the different
methods agree within <+ 0.5%; the deviations from
the mean appear to be quite random. Therefore, nom-
inal compositions were used for calculations.

2.4.2. Phase compaosition
Microscopic examination of the cross-sections showed
the specimens to have one phase. X-ray patterns of
polished alloy discs were obtained with a 57.3 mm
diameter camera using CuKa or CrKo radiation. The
results are presented in Table II. As seen, at room
temperature the alloy specimens consisted of the
a-phase at Ni contents less than or equal to 25% or
the y-phase at higher Ni contents, in agreement with
the available literature data [2-5].

Note that at the temperature chosen in this invest-
igation, 700 °C, all the alloy specimens had austenitic
structures. Indeed, even for a 90% Fe—10% Ni alloy

d-spacing

Content of Fe hkl Aexperimental Dorature L3] Phase
in alloy (%) (nm) (nm) (nm)
90 110 0.203 0.287 0.2863° o
200 0.1435 0.287
211 0.1171 0.287
220 0.1020 0.288
310 0.09080 0.287
75 110 0.202 0.286 - o
200 0.1435 0.287
211 0.1166 0.286
220 0.1017 0.288
310 0.09054 0,286
50 111 0.205 0.355 0.3587 Y
200 -0.179 0.358
220 0.1265 0.358
311 0.1082 0.359
50° 111 0.206 0.357 0.3587 Y
200 0.179 0.358
220 0.127 0.359
311 0.1082 0.359
25 111 0.205 0.355 0.3554 Y
200 0.178 0.356
220 0.1257 0.356
311 0.1071 0.355
20 111 0.205 0.355 0.3548 Y
200 0.177 0.354
220 0.1252 0.354
311 0.1068 0.355
15 111 0.204 0.353 0.3537 ¥
200 0.177 0.354
220 0.1248 0.353
311 0.1067 0.354
10 111 0.203 0.352 0.3527 ¥
200 0.176 0.352
220 0.1250 0.353
311 0.1066 0.353

295% Fe.
> Quenched in water from 700 °C after the dissolution run.
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the temperature of the a—y transformation is re-
ported to be 640°C [3] or at most 695°C [2, 4]
depending upon the previous heat treatment. As this
transformation is diffusionless (martensitic) in nature,
its rate is very high. Therefore, the time of specimen
preheating (from room temperature to 700 °C) and of
temperature equilibration (typically 600 s) appears to
be sufficient for the completion of the o—y trans-
formation.

2.5. Methods

The experimental procedure did not differ from that
described in the previous work [1]. Therefore, only a
very brief description is given here.

The experiments were performed mainly by the
rotating-disc technique. A special flux was used both
to protect the aluminium melt from oxidation and to
preheat the specimen to the required temperature.
After the temperature had equilibrated, the specimen,
rotating at the intended angular speed, was lowered

Cre (0/0)

0 1 L 1

Q 0.5 1.0 1.5 2.0
st/iv(10®°sm™)

Figure 1 Concentration of iron from a 50% Fe-50% Ni alloy in
liquid aluminium plotted against st/v to determine the saturation
concentration, ¢, Temperature = 700°C, rotational speed
o= 240rads™ 1.

from its position in the middle of the flux melt into the
bulk of the liquid aluminium. This was the beginning
of the run. The disc was allowed to rotate in the
aluminium melt (10 cm?® volume at 700 °C) for a pre-
determined period of time. At the end of the run, it was
lifted above the melt and cooled in a water ‘bath.

The temperature of the liquid phase was measured
by a chromel—alumel thermocouple. During the run,
its deviations were 2 to 5°C.

After cooling, the major portion of the aluminium
alloy ‘adhering to the Fe-Ni alloy surface was re-
moved mechanically. The remainder was dissolved in
a 10% aqueous solution of NaOH. The alloy speci-
men was then washed with water and alcohol, dried
and weighed to determine its mass loss during dissolu-
tion in liquid alumimium.

Samples of the Al-Fe—-Ni alloys obtained were
analysed to find their iron and nickel contents- by
photometric methods. The relative error in this deter-
mination did not exceed + 10% for both elements.

3. Results and discussion
3.1. Saturation concentration
The Nernst—Shchukarev equation appears to be basic
to the understanding of the nature of the dissolution
process of any solid in a liquid phase. Its differential
form is as follows
¢ - Ee-o )

where c is the concentration of the dissolved material
in the bulk of the melt or solution (kg m ™2 or per cent
at low values of concentration), t is the time (s), ¢, is the
saturation concentration or solubility (kg m ™3 or per
cent), k is the dissolution rate constant (m s '), s is the
solid specimen surface area (m?), and v is the melt
volume (m?).

In the integrated form (for initial conditions, ¢ = 0
at t = 0) it becomes

€= ¢ I:l—exp<—?>:| (2)

TABLE III Concentrations of iron and nickel undergoing dissolution from a 50% Fe-50% Ni alloy into liquid aluminium for

temperature = 700 °C, rotational speed ® = 24.0 rads™ !, s/v = 10 m ™!

Time (s) Concentration of elements in aluminium (%) Ratio®, cg./cn;, Oof concentrations in the
‘ melt
Fe Ni
MLP CA® ML? CA®
300 041 0.40 0.41 0.39 1.03
600 -0.69 0.67 0.69 0.70 0.96
1500 1.28 1.23 1.28 1.17 1.05
4500 207 1.9 2.07 2.1 0.90
8 100 2.28 24 228 22 1.09
11700 243 24 243 2.3 1.04
13 500 2.54 24 2.54 2.4 1.00
15000 2.50 24 2.54 2.5 0.96

*Calculated using the results of chemical analysis of Al-Fe-Ni alloys.

b Calculated from mass-loss measurements.
¢ Obtained by chemical analysis of Al-Fe—Ni alloys after the runs.
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From these equations it follows that the concentration
of the dissolved phase in the liquid tends, with passing
time, to a limiting value, c, as is the case for Fe—Ni
alloys, Fig. 1 and Tables III and IV. At 700°C, this
value is 2.5 % for iron in the Al-Fe binary system and
10.0% for nickel in the Al-Ni binary system (see [1]).

The primary data on the determination of the sat-
uration concentrations of iron and nickel from Fe—Ni
alloys in liquid aluminium are presented in Table IV
and the final values are listed in Table V.

Note that the dissolution process is non-selective.
Indeed, the value of the iron and nickel concentration

in the aluminium melt obtained from mass-loss meas-
urements on the assumption of non-selective dissolu-
tion of any Fe-Ni alloy in liquid aluminium coincides
within the limits of the experimental error with that
found by chemical analysis of Al-Fe-Ni alloys after
the runs (see Tables III and IV). Non-selectivity of the
alloy dissolution in liquid aluminium is also supported
by the fact that no appieciable change in solid-base
composition (up to a distance of 10 um from the
alloy—aluminium interface) was determined by
EPMA. The composition of all specimens after the run
remained uniform (within + 0.5%) throughout their

TABLE IV Determination of the saturation concentration of iron and nickel from Fe—Ni alloys in liquid aluminium for temperature

=700°C, s/v < 30m™!

Content of Fe Time (s) o (rads™!) Concentration of elements Ratio, cg./cni
in the alloy (%) in aluminium (%) of concentrations in the melt
Fe Ni
ML*® CA® ML* CA®
90 2700 82.4 2.46 2.25 0.27 0.23 9.7
3300 54.0 2.36 222 0.26 0.27 8.2
3600 82.4 249 2.31 0.28 0.29 8.0
3600 54.0 2.50 2.25 0.28 0.26 8.7
4000 54.0 247 225 0.27 0.27 8.3
80 3000 824 248 241 0.62 0.63 3.8
3600 824 249 2.35 0.62 0.70 3.4
3700 824 2.50 241 0.63 0.60 4.0
75 3000 82.4 2.65 240 0.88 0.86 2.8
3600 54.0 2.56 2.50 0.85 0.82 31
3600 824 2.49 227 0.83 0.80 2.8
65 3200 82.4 2.59 2.25 1.39 1.23 1.83
3600 824 2.58 242 1.38 1.32 1.83
4000 82.4 2.53 240 1.36 1.26 1.90
60 3000 824 2.58 2.34 1.72 1.53 1.52
3600 82.4 2.58 2.25 1.72 1.65 1.36
4000 824 2.51 220 1.67 1.51 147
50 2700 32.7 242 240 242 2.30 1.04
3000 54.0 247 232 247 2.50 0.93
3600 327 241 2.30 241 2.37 0.97
3600 54.0 2.59 2.35 2.59 2.50 0.94
4500 32.7 2.53 212 2.53 2.40 0.88
40 3000 82.4 2.21 2.28 331 3.37 0.70
3600 824 220 2.19 331 3.25 0.67
4000 82.4 223 2.16 335 i 0.69
30 3400 82.4 1.74 1.60 4.05 3.80 . 042
3600 82.4 1.78 1.70 4.14 395 043
4000 82.4 1.75 1.70 407 3.84 044
25 3000 82.4 1.61 1.51 4.82 447 0.34
3600 54.0 1.60 1.55 4.79 4.40 0.35
3600 824 1.63 1.44 4.90 4.44 0.32
4500 54.0 1.61 1.40 4.81 4.40 0.32
4500 82.4 1.60 1.43 4.80 443 0.32
20 2700 - 327 1.33 1.30 531 5.00 0.26
3600 32.7 1.35 1.30 5.40 5.10 0.25
3600 54.0 1.44 1.35 5.76 535 025
3600 824 1.47 1.27 5.89 5.35 0.24
4500 54.0 1.48 1.25 592 5.40 0.23
4500 824 1.54 1.23 6.17 545 0.23
5400 824 1.47 1.22 5.86 5.40 0.23

#Calculated from mass-loss measurements.

>Obtained from chemical analysis of Al-Fe—Ni alloys after the runs.
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TABLE V Values of the saturation concentration (solubility) of
iron and nickel from Fe—Ni alloys in liquid aluminium at 700 °C

" Content Saturation concentration Total concentration of Fe
of Fe (solubility) (%) - and Ni in aluminium (%)
in alloy
(%) . Fe Ni
100 25+01 - 2.5

90 25402 028 £002 278
80 25402 063+ 005 313
75 25402 086 + 007 336
65 25402 135 +008 385
60 25402 167+ 009 417
50 25405 25402 5.0
40 22+ 01 33401 3.5
30 1.76 + 0.07 40+ 02 5.76
25 1.61 £+ 0.05 48 +03 6.41
20 1.44 + 0.09 58+04 7.24
15 1.25 £ 0.04 41405 8.35
10 0.90 + 0.04 8.1+03 9.0
5 0.51 +0.03 9.8+02 103
0 - 10.0 + 0.5 10.0
3
booo-oc—o\o.nocooo---ocoooo--oooo-ocng E
\ o
\ .
2 \ .
\ :
- v :
2 .
g\’w [ \‘c .
S o :
N .
AN .
1 N M
‘o\ :
N .
\ L]
X bs
0 — . :
0 4 8 12
Cni (%)

Figure 2 Isothermal-solubility diagram of iron and nickel from
Fe—Ni alloys in liquid aluminium at 700 °C.

bulk and corresponded to the composition of the
initial alloy.

An isothermal-saturation-concentration (solubility).
diagram of iron and nickel from Fe—Ni alloys in liquid
aluminium at 700 °C is shown in Fig. 2. It displays a
strong mutual influence of the elements on their solu-
bilities in the aluminium melt. In the case of no mutual
influence the diagram would be like that shown by the
dotted lines, with a eutonic point, E, at 2.5 % Fe and
10.0 % Ni [6]. As seen from Fig. 2 and Table V, the
influence of iron on the nickel solubility in the melt is
more pronounced than that of nickel on the iron
solubility.

A dependence of the total concentration, ¢, =
Cye + cni» Of iron and nickel from Fe—Ni alioys in the
saturated aluminium melt upon the iron content, Cr,,
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Figure 3 Total concentration of iron and nickel in liquid aluminium
at 700 °C plotted against the iron content of the initial Fe—Ni alloys.

in the initial Fe-Ni alloy is shown in Fig. 3. This
dependence could formally be described with good
accuracy by the following two straight-line equations:

Cotat = 7.51 — 0.054Cy, (at 90% < Cg, < 28%)

G)

and

Croma = 110 — 0.19Cy,  (at 28% < Cp, < 5%) (4)

Equations 3 and 4 were obtained by the least-squares-
fit method. The correlation coefficient is 0.992 for the
first line and 0.995 for the second. Deviations of ¢,
calculated according to ‘these equations from experi-
mental values do not exceed + 02%. The lines
intersect at ¢, = 6% and Cg, = 28%. Note that the
saturation concentrations of iron and nickel from any
commercial Fe-Ni alloy can readily be found using
Equations 3 and 4 and its Fe content.

3.2. Dissolution rate constant

In addition to the saturation concentration (solubil-
ity), c,, another important characteristic of the dissolu-
tion process is the dissolution rate constant, k. To find
its exact values, the initial parts of the dissolution
curves were thoroughly investigated. The experi-
mental data obtained for a 50% Fe-50% Ni alloy are
shown in Figs 4 and 5 and Table VI.

As seen, noticeable deviations from the
Nernst—Shchukarev equation are observed in the case
under consideration since the value of the dissolution
rate’constant decreases with increasing dipping time.
The reason is probably again a mutual influence of
iron and nickel ‘on the rate of their transition across
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Figure 4 Concentration of jron from a 50% Fe-50% Ni alloy in
liquid aluminium plotted against st/v. Temperature = 700 °C,
o=240rads™}, s/v=10m™ 1,
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Figure 5 A plot of In [c./(c;—c)] against st/v for the data of Fig. 4.

the diffusion boundary layer at the solid-liquid inter-
face. Indeed, the dissolution rate constant, k, is related
to the diffusion coefficient, D, of the solute atoms by
the Nernst equation

k =D/ (5)

where 3 is the thickness of the diffusion boundary
layer (m).

As the mean value of solute concentration in the
diffusion boundary layer changes with passing time
from ¢/2 at t = 0 up to ¢, at t— o0, a decrease in D
may be expected if the iron and nickel atoms mutually
hinder their movement across the layer. This decrease
cannot be large, however, since even for Ni-rich alloys
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the concentration range (from about 5% to 10%) is
too narrow to cause a great change in the value of the
diffusion coefficient. In fact, in the 100 to 1500 s time
range (up to ¢ = ¢,/2) the dissolution rate constant
decreases by less than 30% (See Table VI).

3.3. The effect of rotational speeds on

the dissolution rate constant
For a rotating disc, the dissolution rate constant, &, is
related to the angular speed of rotation, @, by the
following equation given by Levich [7]

k = 0.62D*3y~ /5112 (6)

where v is the kinematic viscosity of the liquid phase
(m?s~*). At low values of the Schmidt number,
Sc = v/D, the Kassner equation which holds for
Sc > 4 is preferable

k = 0.55417 1Dy~ 1812 )

where 1 is a function of Sc¢ [8].

In addition to the runs performed at a rotational
speed of 24.0 rad s~ !, the dissolution rates of a 50%
Fe-50% Ni alloy in liquid aluminium were also meas-
ured at the angular speeds of the disc rotation 6.45,
9.00, 15.3, 32.7, 54.0 and 82.4 rad s~ !. The concentra-
tions of iron from a 50% Fe—50% Ni alloy into the
melt are plotted against st/v for these seven rotational
speeds in Fig. 6. Corresponding values of the dissolu-
tion rate constant, k, are listed in Table VII. Again, a
decrease in k-values with increasing dipping time is
seen.

While the dissolution rate constant does not remain
constant, the k — o'/ dependence is nevertheless lin-
ear if all k-values are measured at the same iron and
nickel concentration in the melt for all rotational
speeds, Fig. 7. This is evidence of the diffusion-
controlled character of the alloy dissolution in liquid
aluminium.

3.4. Dissolution rates of Fe—Ni alloys of
different compositions

A tendency towards decreasing the dissolution rate
constant with increasing dipping time and consequen-
tly the concentration of iron and nickel is observed for
all the Fe—Ni alloys investigated, Table VIII. A de-
crease in k-values is clearly most pronounced at small
times. At high times, the dissolution rate constant
tends to a limiting value which is characteristic of the
saturated melt.

Note that under the same conditions the dissolution
rate constant of any Fe—Ni alloy in liquid aluminium
(see Tables VI and VIII) is greater than that of pure
iron or an 18Cr—10Ni stainless steel. For example, at a
temperature of 700 °C and a rotational speed of 24.0
rad's™ ! its value is 3.8 x 1075 m s~ ! for pure iron [9]
and 4.8 x 10" 3 m s~ ! for an 18Cr~10Ni stainless steel
[1]. Both values are less than those listed in Table VI
and VIIL This means that the Fe—Ni alloys are less
resistant to the liquid-aluminium attack than these
two materials.



TABLE VI Experimental data on the dissolution kinetics of a 50% Fe-50% Ni alloy in liquid aluminium, for temperature = 700 °C,

o=240rads™ !, sfv=10m™*

Time (s) Concentration of elements in aluminium (%) In [eyf(c, — ©)] k(1073 ms™Y)
Fe Ni
ML* CA® ML* CAP
100 0.16 0.16 0.16 0.16 0.0661 6.6
200 0.28 0.31 0.28 0.26 0.1188 59
300 0.40 0.39 0.40 0.40 0.1744 5.8
400 0.50 0.44 0.50 0.50 0.2231 5.6
500 0.59 0.54 0.59 0.59 0.2692 54
600 0.69 0.67 0.69 0.70 0.3229 54
750 0.81 0.73 0.81 0.74 0.3916 52
900 093 0.86 0.93 0.85 0.4652 5.2
1500 1.28 1.23 1.28 1.17 - 07174 4.8

2 Calculated from mass-loss measurements.
> Obtained by chemical analysis of Al-Fe—Ni alloys after the runs.

TABLE VII Experimental data on the dissolution kinetics of a 50% Fe—50% Ni alloy in liquid aluminium at different angular speeds of

the disc rotation, for temperature = 700°C, s/v = 10 m

-1

o (rads™Y) Time (s) Concentration of Fe in Infc/(c, — ©)] k1073 ms™ )
aluminium (%)
6.45 600 0.34 0.1462 2.4
900 0.45 0.1984 22
1200 0.60 0.2744 2.3
1500 0.61 0.2797 1.9
1800 0.69 0.3230 1.8
2400 0.80 0.3857 1.6
9.00 300 0.24 0.1009 34
600 041 0.1791 30
900 0.56 0.2536 2.8
1200 0.70 0.3285 2.7
1500 .84 0.4095 27
1800 091 0.4526 2.5
153 300 0.32 0.1371 4.5
450 0.45 0.1984 44
600 0.58 0.2640 44
900 0.72 0.3397 3.8
1200 0.86 0.4216 3.5
1500 1.03 0.5310 35
32.7 200 0.33 0.1416 ) 7.1
300 0.44 0.1936 6.5
450 0.60 0:2744 6.1
600 0.74 0.3509 5.8
750 0.86 04216 5.6
900 0.98 0.4976 5.5
54.0 200 0.44 0.1936 9.6
300 0.58 0.2640 8.8
450 0.78 0.3740 8.3
600 1.00 0.5108 8.5
750 1.09 0.5727 7.6
800 1.18 0.6387 8.0
824 150 0.41 0.1791 119
300 0.70 0.3285 11.0
350 0.80 0.3587 11.0
450 0.94 04716 10.5
600 1.19 0.6463 10.8
750 1.40 0.8210 10.9

3.5. Diffusion coefficients

The diffusion coefficient of the iron and nickel atoms
from the Fe—Ni alloys investigated across the diffusion
boundary layer into the bulk of liquid aluminium

could clearly be estimated using Equations 6 and 7
and known values of k, v and @. However, two prob-
lems arose. The first was the lack of necessary data on
the viscosity of the aluminium melts containing iron
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Figure 6 Concentration of iron from a 50% Fe-50% Ni alloy in
liquid aluminium plotted against st/v, for temperature = 700 °C, s/v
= 10 m™?, and rotational speeds, (1) 6.45, (2) 9.00, (3) 15.3; (4) 24.0,
(5) 32.7, (6) 54.0, and (7) 82.4 rad s~ 1.
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O

(01 2 (rad1/2 8—1/2)

Figure 7 A plot of k against @'/ at ¢g, = cy; = 0.7%, for temper-

ature 700°C, and a 50% Fe-50% Ni alloy.

and nickel additions and the large scatter in viscosity
values even for pure liquid aluminium. This was
solved in the simplest possible manner; the viscosity
was adopted as 4.8 x 107" m? s~ 1 (see [1]) for all the
aluminium melts. In view of a few times scatter in
viscosity values of pure aluminium, this approxima-
tion does not seem too rough.

The second problem was connected with a change
in k-values with increasing iron and nickel concentra-
tions in the aluminium melt. To make a comparison
possible, all calculations were performed using
k-values at t = 300 s and t = 1500 s.

The values of the diffusion coefficients obtained are
listed in Table IX. Note that each of these diffusion
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coeflicients is some averaged value for the c,/2 to (c,

+ ¢)/2 concentration range which characterizes both
iron and nickel diffusion from an Fe-Ni alloy across
the diffusion boundary layer into the aluminium melt,
since the alloy dissolution is non-selective.

As seen, no definite relationship can be revealed
between the composition of Fe-Ni alloys and the
value of the diffusion coefficient. It should only be
noted that, firstly, in the case of a 90% Fe-10% Ni
alloy its value apparently tends, with increasing iron
concentration in the melt, to the value, D, = 1.24
x 1072 m? s~ [97, of the diffusion coefficient of pure
iron in liquid aluminium at 700 °C, as might be an-
ticipated. Secondly, the other values are less than or
close to the diffusion coefficient of pure nickel in liquid
aluminiom which is reported as Dy =27
x107%m?s ™! [10] or 3.86 x 10"° m? s~ * [11]. Thir-
dly, a somewhat greater value of D for a
25% Fe-75% Ni alloy might be connected with its
solid-state ordering [2, 3].

3.6. Estimation of the dissolved part

of the solid base
In practice, it is often necessary to know not only the
concentration of the dissolved material in the liquid
bulk but also the thickness of the dissolved part of the
solid base as well. The latter can be found using the
equation

o) kst
Xdissolved — —F; [1 - CXp( - 7)] (8)

where p is the density of the dissolved material
(kg m~3). If an alloy containing {r mass fractions of a
given component is being dissolved, then p should be
replaced by the product pr.

At small times which are typical of technological
processgs Equation 8 takes the simpiest form

Xdissolved = cskt/p (9)

This equation can readily be used, for example, to
estimate a change in thickness of the solid base during
hot-dip aluminizing. If precise values of k are lacking,
the dissolution rate constant may be adopted, to the
first approximation, as 2x10"°ms~! for little-
stirred liquids and 8x107°ms~! for well-stirred
liquids.

4. Conclusion

The dissolution of Fe—Ni alloys containing 90 to 5%
Fe in liquid aluminiom at 700°C was found, by the
rotating-disc technique, to be non-selective and diffu-
sion controlled.

A strong mutual influence of iron and nickel on
their saturation concentration (solubility) in the alu-
minium melt was observed. It is especially pronounced
at Ni contents in initial Fe—Ni alloys exceeding 50%.

Considerable deviations of the concentration—time
dependences from the Nernst—Shchukarev equation
were revealed for all the alloys investigated. The value
of the dissolution rate constant was found to decrease
with increasing dipping time and consequently with



TABLE VIII Experimental data on the dissolution kinetics of Fe-Ni alloys of different compositions in liquid aluminium, for temperature

= 700°C, ® =240 rad s~ *. sfv = 10m™*

Content of Fe Time (s) Concentration of elements In [c/c, — ¢)] k(1073 ms™1)
in alloy (%) in aluminium (%) '
Fe Ni
90 300 041 0.040 0.179. 59
600 0.66 0.073 0.307 51
600 0.63 0.070 0.290 4.3
800 0.79 0.090 0.380 4.7
900 0.75 0.083 0.356 40
1200 0.97 0.11 0491 4.1
1400 1.06 0.12 0.551 4.0
1500 111 0.12 0.587 39
75 250 0.35 0.12 0.151 6.0
300 0.39 0.13 0.170 5.6
600 0.70 0.23 0.329 55
600 0.71 0.24 0.330 55
800 0.89 0.30 0.440 5.5
800 0.86 0.29 0422 53
900 0.87 0.29 0.427 4.3
1000 0.98 0.33 0.498 5.0
1500 1.30 043 0.734 4.8
25 200 0.23 0.68 0.153 7.6
300 0.32 0.95 0.221 74
400 0.38 1.12 0.265 6.6
600 0.51 1.53 0.383 6.4
840 0.65 ‘193 0.515 6.1
900 0.66 1.99 0.535 59
1200 0.31 241 0.697 5.8
1500 0.90 2.69 0.821 5.5
20 300 0.25 1.02 0.193 6.4
600 043 1.74 0.355 59
750 0.51 2.05 0436 5.8
900 0.58 232 0.511 5.7
1000 0.62 2.49 0.561 5.6
1200 0.70 2.78 0.653 5.4
1400 0.75 2.98 0.721 52
15 275 0.19 1.06 0.162 59
300 0.20 1.14 0.175 58
330 0.22 1.26 0.195 59
600 0.36 2.06 0.343 5.7
900 0.51 2.86 0.515 57
1200 0.60 341 0.654 53
1400 0.65 3.65 0.722 52
1500 0.65 3.70 0.736 49
10 300 0.17 1.49 0.203 6.8
600 0.28 2.55 0.378 6.3
900 0.37 332 0.527 5.9
1200 045 4.06 0.695 5.8
1500 0.50 4.51 0.813 54

TABLE IX Diffusion coefficients of the iron and nickel atoms from Fe-Ni alloys across the diffusion boundary layer at the solid-liquid
interface into the aluminium melt at 700°C, ©® =240 rads™ !, v=48x10""m?s*

Content k(10 5ms™Y) D(107°m?s™)

of Fe -

in alloy (%) Att=300s Att=1500s Att=300s Att=1500s
90 59 39 24 1.3

75 5.6 48 2.3 1.8

50 5.6 48 23 1.8

25 74 55 32 22

20 6.4 52 2.6 20

15 5.8 49 24 1.9

10 6.8 54 29 2.1
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increasing the iron and nickel concentrations in the
melt. This decrease was typically 20 to 30% in the
range 0 to (about) ¢,/2 of iron or nickel concentration
in the bulk of liquid aluminium.

Accordingly, the value of the diffusion coefficient of
iron and nickel from Fe—Ni alloys across the diffusion
boundary layer into liquid aluminium at 700 °C also
decreased with increasing iron and nickel concentra-
tion in the melt bulk by about 25 to 40%. In the case
of a 90% Fe—10% Ni alloy it tends to the value of the
diffusion coefficient of iron from pure iron in liquid
aluminium. The other values were less than or close to
the value of the diffusion coefficient of nickel from
pure nickel in liquid aluminium.
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