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Interaction of iron-nickel alloys

with liquid aluminium
Part Il Formation of intermetallics
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The phase composition of the one-phase intermetallic layer(s) and two-phase reaction
zone(s) at the interface between a solid iron-nickel alloy, containing 90, 75, 50, 25, 20, 15
and 10 mass% Fe, and the aluminium melt, saturated with alloy constituents at 700°C, was
studied by electron probe microanalysis. The formation of binary (FeAls, Fe,Al;, NiAlz and
surprisingly NiAl, rather than NiyAls) and ternary (FeNiAlg) intermetallic compounds was
observed. All the binaries were found to dissolve considerable amounts of a third element
(Ni or Fe) and to have a noticeable range of homogeneity. Dissolution of the Fe-Ni alloy
base into pure liquid aluminium resulted in a large decrease (three to five times) of the layer
thickness compared to the case of the saturated melt. © 2000 Kluwer Academic Publishers

1. Introduction 2.2. Fe-Ni specimens

In contrast to binary systems where only one-phase in€ylindrical specimens, 128+ 0.01 mm diameter and

termetallic layers can occur at the interface betweer® mm high, were machined from the 13 mm diameter

initial elementary substances, in ternary systems, wheRe-Ni alloy rods. The disc surfaces were then ground

a two-component alloy reacts with a third metal (ei-flat and polished mechanically.

ther solid or liquid), the formation of both compact Before the experiment, the alloy specimenwas rinsed

one-phase layers and two-phase reaction zones is pas-ethonol and dried. Then, it was pressed into a 16 mm

sible. When investigating the layer-growth kinetics atdiameter high-purity graphite tube to protect its lateral

the solid-liquid interface, it is essential either to takesurface from the liquid-metal attack. Therefore, only

account of the effect of dissolution on the layer forma-the disc surface, 1 cfrarea, contacted with the alu-

tion or to exclude its influence at all by means of prior minium melt during the run.

saturation of the liquid metal with alloy constituents. Chemical compositions of the Fe-Ni specimens cor-
Part | of this paper was devoted to the study of theresponded to nominal values (withir0.5 mass%) [1].

dissolution kinetics of iron-nickel alloys in liquid alu- At room temperature the alloy specimens consisted of

minium [1]. Aluminium is known to form a number of thewa-phase (ferrite) at nickel contents less than or equal

intermetallics with iron and nickel, both binary [2—4] to 25 mass% or the-phase (austenite) at higher Ni

andternary [5-7]. In Partll, the intermetallic compound contents, while at the temperature chosen in this inves-

formation at the interface between a solid iron-nickeltigation, 700C, the specimens of all compositions had

alloy, containing 90, 75, 50, 25, 20, 15 and 10 mass%austenitic structures [1].

Fe, and the aluminium melt, saturated with alloy con-

stituents at 700C, will be described. Also, the effect

of dissolution on the process of layer growth will be 2.3. Methods

illustrated. The experiments were carried out mainly by the rotating
disctechnique. A schematic diagramtoillustrate the run

2. Experimental procedure is shown in Fig. 1.

2.1. Materials and alloy preparation A flux was used both to protect the aluminium melt

High-purity aluminium (99.995 mass% Al), carbonyl from oxidation and to pre-heat the Fe-Ni specimen to
iron (99.98 mass% Fe) and electrolytic-grade nickelthe required temperature. The flux was first melted in
(99.98 mass% Ni) were used for this investigation. Thea 26 mm i.d. alumina crucible. Its melting began at ap-
Fe-Ni alloys were prepared from their components in gproximately 350C. Then, pieces of aluminium (24 g)
conventional arc-melting furnace under argon and themvere melted under a flux. At a temperature of about
cast into a 13 mm inner diameter (i.d.) and 100 mm700°C, the appropriate amount of Fe-Ni alloy shav-
high massive copper crucibles. By inverting the ingotsings corresponded to the saturation concentration [1]
between melts and remelting five times, homogeneougras added to aluminium, with subsequent temperature
alloys could readily be obtained. raising up to 800C. After a 30 min holding at that
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| To illustrate the influence of dissolution on the layer-
45, growth rate, two sets of experiments were carried out at
) 700°C and a dipping time of 900 sec. In the first set, the
saturated aluminium melts were used. In the second,

l\l the pure liquid aluminium was employed. In the latter
- i case, the Fe-Ni disc specimen was rotated in the liquid
\h phase at an angular speed of 24.0 rad $ec
1 2 After cooling to room temperature, the Al/(Fe-Ni)

specimen obtained was cut along the cylindrical axis,
‘ ground flat and polished electrolytically. The cross-
sections prepared in such a way were examined met-
allographically. Aluminium, iron and nickel contents
in the transition zone between the interacting phases
were found by electron probe microanalysis (EPMA)
using a JEOL Superprobe 733 microanalyser operat-
ing at 25 kV and a CAMECA Camebax SX50 micro-
analyser operating at 15 kV. The spot diameter and the
phase volume analysed at each point were estimated to
be 1.5 to 2um and 2 to 3um?, respectively. Therefore,
the composition of intermetallic layers whose thickness
exceeded um could be measured reliably. In most
cases, measurements were repeated on the same spec-
imen with the help of another microanalyser to avoid
N possible systematic instrumental errors. Both sets of the
data thus obtained always coincided fairly well.
Microhardness measurements were also carried out
using a conventional tester with the diamond pyramid.
The load was 0.49 N (50 g).
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7 3. Results and discussion
— _ 3.1. Al-Fe-Ni equilibrium phase diagram
The equilibrium phase diagram is helpful in analysing
Figure 1 Schematic diagram to illustrate the experiment. 1, Fe-Ni alloy the process of _mtermetalllc layer formatlon 8.([ the inter-
specimen; 2, graphite protective tube (holder); 3, chromel-alumel ther-face_ be_tween Iron'm.Ckel aIons and aluminium meI_ts.
mocouple; 4, alumina protective sheath; 5, molten flux; 6, aluminium Projection of the liquidus surface on the concentration
melt; 7, alumina crucible; 8, water bath; 9, electrical furnace. triangle and distribution of the phase fields in the solid
_ _ _ ~ state for Al-rich Al-Fe-Ni alloys are shown in Fig. 2.

temperature, Fe-Nialloy shavings fully dissolvedinlig-  The Al-richest Al-Fe binary phase is designated as
uid aluminium. The aluminium melt was then cooled FeAl; (25.0 at% Fe, 75.0 at% Ni) or Bl (22.2 at%
down to a temperature of 720, and the Fe-Ni speci- Fe, 77.8 at% Ni) [1, 5]. Yet, it is debatable whether
men, rotating atan angular speed of 6.45rad%emas  these intermetallic compounds are two different phases
lowered from position | into position Il (see Fig. 1). Dur- or the same phase with a wide range of homogeneity.
ing pre-heating, the distance between the disc surfacghe FeAy compound is reported to have a homogeneity
and the meltone was around 10 mm. When the tempergange of 74.5 to 75.5 at% Al [7]. The range of homo-
ture had equilibrated at 70G (typically after 500 sec), geneity of the FgAl; compound is indicated as 77.5 to
the Fe-Ni specimen was lowered from position Il into 78.6 at% Al [1]. The X-ray powder pattern of FeAlas
position IIl in the bulk of the aluminium melt, so that found to be only slightly different from that of F&l;
the distance between the disc surface and the crucibig]. Up to 11 at% Ni may be dissolved in FeAl7].
bottom was 15 0.5 mm. That was the beginning of ~ |n the Al-Ni binary system, the homogeneity range
the run. o of Ni,Al3 (ideal chemical composition 40 at% Ni, 60

The temperature of the liquid phase was measuregto, Al) is given as 59.2 to 63.7 [1] or 58.5 to 63.0 at%
by a chromel-alumel thermocouple. Its deviation froma| [7], whereas that of NiAd (25.0 at% Ni, 75.0 at%
the required value 70C did not exceedc2°C. Ay is considered to be very narrow, if any [1, 5, 7]. In

After holding the Fe-Ni specimen in the aluminium the ternary Al-Fe-Ni system, the solubility of Fe in the

melt for a pre-determined period of time, the crucible, Al-richest phase NiA is 4 at%, while that in NiAl3
together with the flux, the melt and the specimen, wass 2 at% [7].

immersed into water to arrest the reactions at the alloy- The ternary intermetallic compound FeN§A(9.1
aluminium interface. The time of cooling from the ex- at% Fe, 9.1 at% Ni, 81.8 at% Al) is formed at 89
periment temperature to a temperature of solidificationaccording to the peritectic reaction between the liquid

of the aluminium melt was 15-20 sec, while that of fur- phasel ; (87.06 at% Al, 2.11 at% Fe, 10.83 at% Ni),
ther cooling to room temperature was 10-15 sec (abouteAl; and NiAl; [7]:

30 sec in total). Such a relatively low cooling rate al-
lowed sputtering the melt to be avoided. L1 + FeAls + NiAl 3 <+ FeNiAlg
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of the sublayers were distinctly different (see the next
section).

Microhardness, HY,, was found to be 2.0 GPa for
the Fe-Ni alloy base, 9.3 GPa for the intermetallic layer
and 0.5 GPafor the aluminium matrix. The relative error
of its measurement was around 10%.

Layer cracking appears to be a result of a few causes.
The first is the difference in thermal expansion coeffi-
cients of interacting phases. The coefficient of thermal
expansion is 28 x 10 m m~! K~ for aluminium,
119x 10" m m~1 K~ for iron, 134 x 106 m m~!
FeA13 K~1 for nickel and 152 x 1075 m m~1 K1 for FeAls
[5]. Due to this difference, significant lateral displace-

Al ment of the phases occurs if the temperature changes.
Fe, mass % + As in massive specimens these are not free either to
FeAl; move relative to each other or to bend, great mechan-

ical stresses arisen cause brittle intermetallic layers to

crack. Clearly, the cracks due to this cause occur mainly

during cooling the Al/(Fe-Ni) specimens from the ex-
10 periment temperature to room temperature.

FeNiAl 5 . .

e The second is the volume effect associated with the
formation of an intermetallic compound. In most cases,
the volume of reaction products formed is not equal

Ni, mass %

Al + FeNlAlg

)_Al + NiAL

Al 10 20 30 40 to the volume of reactants used. For example, in the
Ni, mass % case of FeA] the relative volume decrease is about
) 3%. Note that the cracks due to volume changes occur

in the course of layer growth.
Figure 2 Projection of the liquidus surface on the concentration triangle Though often invoked. the Kirkendall effect (see for
and distribution of the phase fields in the solid state for Al-rich Al-Fe-Ni example [8]) appears to ’ lav aninsianificant role 'f'an

in crack occurrence. The flow of vacancies due to this

effect seems to be negligible to cause the appearance
Its range of homogeneity extends from about 3 to 11of macroscopic cracks or voids in growing intermetal-
at% Fe and from 7 to 17 at% Ni [7]. At 638, the lic layers. This question was discussed in more detail

eutectic reaction elsewhere [9].
The intermetallic layer, 9& 10 um thick, at the in-
L, < (Al) + NiAl3 + FeNiAlg terface between a 75 mass% Fe-25 mass% Ni alloy

and the aluminium melt, saturated with the alloy con-
takes place (see Fig. 2a). On cooling down the liduid ~ stituents, is one-phase (Fig. 3b). Elongated crystals of
(96.72 at% Al, 0.105 at% Fe, 3.174 at% Ni), the eutecticanother phase, seen in the microstructure, were evi-
mixture consisting of the aluminium solid solutiohl), ~ dently formed from the melt during cooling. Micro-

NiAl 3 and FeNiA} is formed. hardness value is 2.5 GPa for the alloy base, 7.6 GPafor
the intermetallic layer and 0.7 GPa for the aluminium
matrix.

3.2. Morphology, microhardness and phase Two intermetallic layers are observed between a
composition of intermetallic layers in 50 mass% Fe-50 mass% Ni alloy and the aluminium
the case of saturated aluminium melts melt, saturated with the alloy constituents (Fig. 3c). The

3.2.1. Morphology and microhardness layer adjacentto the alloy base is only about8 thick.

Typical microstructures of the alloy-aluminium transi- The much thicker layer bordering with the aluminium
tion zones of the Al/(Fe-Ni) specimens obtained un-matrix tends to destroy. Its microhardness is 6.2 GPa.
der the same conditions (temperatute700°C, dip-  The microhardness of the alloy base is 2.1 GPa and that
ping time= 3600 sec, saturated aluminium melts) areof the aluminium matrix is 0.7 GPa.

shown in Fig. 3. The intermetallic layer, 810 m A tendency to destroying is more pronounced in the
thick, grown between a 90 mass% Fe-10 mass% N¢ase of an intermetallic layer between a 25 mass%
alloy and the aluminium melt, saturated with the al-Fe-75 mass% Ni alloy and the aluminium melt, satu-
loy constituents, seems to be one-phase (Fig. 3a). At gated with the alloy constituents (Fig. 3d). As seen, rel-
more close examination, however, it could be noticedatively large intermetallic grains were separated from
that its crystals were not uniform in colour, some of the alloy base and passed into the liquid phase. Mi-
them being a little darker than the others. Wherever the€rohardness values are 2.3 GPa for the alloy base, 5.3
cracks were not too numerous, two separate sublayefsPa for the intermetallic grains and 0.7 GPa for the
could be distinguished. The sublayer adjacent to th&@luminium matrix.

alloy base was a little lighter in colour than that border- Unlike to preceding cases, the broad fine-grained
ing with the aluminium matrix. Chemical compositions two-phase zone, 2 mm thick, is formed at the interface
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Figure 3 Backscattered electron compositional image of the transition zone between a Fe-Ni alloy and the aluminium melt, saturated with the alloy
constituents. Dipping time= 3600 sec. The content of iron in Fe-Ni alloys is expressed in mass%.

between a 20 mass% Fe-80 mass% Ni alloy and théorm a framework whose pores are filled with another

saturated aluminium melt (Fig. 3e). The same appliephase. Clearly, no microhardness measurements could
to a 15 mass% Fe-85 mass% Ni alloy, the thickness dlbe carried out in two-phase zones due to the irregular
the two-phase zone being 1.7 mm. One of the phaseshape of indentations. Microhardness is 2.4 GPa for the
is dominant in the two-phase zone. Its fine crystal20 mass% Fe-80 mass% Ni alloy base and 0.57 GPa for
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the aluminium matrix. In the case of a 15 mass% Femass% Fe and 0.86 mass% Niwere added to aluminium
85 mass% Ni alloy, corresponding values are 2.1 GP# obtain the saturated melt. Thus, about half of these
and 0.74 GPa. quintities could be retained in the supersaturated Al
As seen in Fig. 3f, the most complicated microstruc-solid solution during cooling down the aluminium melt.
ture is formed between a 10 mass% Fe-90 mass% Nsome of the elongated crystals, seen in the aluminium
alloy and the aluminium melt saturated with the al- matrix (Fig. 3b), were found to be the Fefdhase while
loy constituents. The compact one-phase intermetallithe others the R\l ; phase.
layer adjacent to the alloy base is aboudr@ thick. The The ternary FeNiAJ compound is dominant at the
next layer, 2Qt 5 um thick, is also compact. Then, the interface between a 50 mass% Fe-50 mass% Ni al-
broad (around 30@:m) two-phase zone is observed. loy and the aluminium melt, saturated with the alloy
Microhardness value is 1.9 GPa for the alloy base andonstituents (see Fig. 3c). TheJA¢; compound only
0.88 GPa for the aluminium matrix. Intermetallic layers exists as a very thin layer (around.n).
were too thin to measure their microhardness. The chemical composition of FeNiffanged across
the layer thickness from 81.5 at% (67.9 mass%) Al,
14.5 at% (24.9 mass%) Fe and 4.0 at% (7.2 mass%) Ni
. . to 83.6 at% (70.5 mass%) Al, 8.7 at% (16.0 mass%)
3.2.2. Chemical composition _ Fe and 7.7 at% (13.5 mass%) Ni. These values agree
EPMA measurements were carried out in the alloyajrly well with the data known from the Al-Fe-Ni
aluminium transition zone at a certain step in theternary phase diagram. The chemical composition of
direction normal to layer interfaces. The results ob-tne FgAl, layer was 77.7 at% (62.3 mass%) Al, 14.7
tained in the case of a 90 mass% Fe-10 mass% Ni allotoy, (24.4 mass%) Fe and 7.6 at% (13.3 mass%) Niata
are presentedin Table |. Itis seenthat, firstly, aluminiumgistance of 2¢m away from the alloy-FAl; interface
only slightly, if at all, dissolves in the alloy base whose gnd 79.7 at% (65.1 mass%) Al, 13.6 at% (22.9 mass%)
composition remains to be close to the initial nominalge and 6.7 at% (12.0 mass%) Ni at a distance pfi2
value. Secondly, two phases can be distinguisheda\,\,ay from the FgAl-FeNiAlg interface.
differing by the contents of aluminium and nickel, the pgesidesthe FeNiAlcompound layer, seenin Fig. 3d,
content of iron being approximately the same in both.\yo more phases were revealed at the interface be-
The chemical composition of the first phase borderingyyeen a 25 mass% Fe-75 mass% Ni alloy and the alu-
with the alloy base well corresponds to the compositionyinjum melt, saturated with the alloy constituents. At
of the FeA compound, in which 5+0.5 at% Ni 5 smaller dipping time of 900 sec, cracking was not so
is dissolved. The chemical composition of the Seconcbronounced as at 3600 sec, and the layers adjacent to
phase is close to the upper Al limit of the homogeneityihe ll0y base could be investigated by EPMA. The first
range of the FgAl; compound, in which much less Nit measurement was carried out at a distance of@b
(0.7to 1.4 at%) is dissolved. Hence, Feahd FeAl7  away from the alloy-intermetallic interface, while the
appears to be two different, though very closely relatedgther measurements were made at a step of.thFo-

phases. _ wards the aluminium matrix. The following set of alu-
Note that, of 2.5 mass% Fe and 0.28 mass% Niaddeghinjum, iron and nickel contents (at%) was obtained

initially to aluminium in order to obtain the saturated (camebax SX50):
meltat 700C, only 0.41 mass% (0.20 at%) Fe and 0.05
mass% (0.03 at%) Ni is retained in an aluminium solid
solution during cooling down the aluminium melt. The Al 66.4 67.5 67.7 70.4 75.6 75.6 81.3 82.0 82.9
remaining iron and nickel react with aluminiumtoform Fe 7.5 8.1 95 92 69 66 54 60 7.1
a eutectic and intermetallic grains distributed at randonNi 26.1 24.4 22.8 20.4 17.5 17.8 13.3 12.0 10.0
in the aluminium matrix.
Inthe case of a 75 mass% Fe-25 mass% Ni alloy (sat-
urated aluminium melt, dipping time 3600 and 900 sec), Itis seen thatthe first four points are close to the com-
no formation of FeAd was observed. The intermetal- position of a ternary solid solution based on the NiAl
lic layer consisted of the BAl; phase. Its composition compound (33.3 at% Ni, 66.7 at% Al). However, such a
ranged from 76.2to 79.8 at% Al, the content of Ni beingphase does not exist according to the Al-Ni and Al-Fe-
2.5t0 4.8 at%. Ni equilibrium phase diagrams, the Ni-enriched phase
No noticeable Al content was detected in the al-next to NiAlz being NbAl3z [5—7]. As the Al content
loy base at a distance of 5 to 50n away from the in the intermetallic layer under consideration far ex-
intermetallic-alloy interface. It is not, however, evi- ceeds the upper limit of the homogeneity range of the
dence for the lack of Al solubility in this and other Fe-Ni Ni,Alz phase (63.7 at% Al [1] or 63.0 at% Al [7]), the
alloys investigated. Rather, all the aluminium atomsphase grown can hardly be regarded agANj. The
diffusing through the bulk of growing compound lay- next two points clearly belong to the NiAAphase, in
ers, are spent in the formation of these layers [9]. Nowhich about 7 at% Fe is dissolved. The last three points
aluminium atoms are therefore available for the forma-are in accordance with the composition FeNiAl
tion of a solid solution in the Fe-Ni alloy base (for more  This specimen was remeasured with the help of an-
detail, see for example Ref. 9). other microanalyser (Superprobe 733). Similar results
The contents of iron and nickel in the aluminium were obtained. For example, five measurements in the
solid solution were around 1.30 mass% (0.63 at%) FéNiAl ; layer at a step of 1.am gave the following con-
and 0.47 mass% (0.22 at%) Ni. Note that initially 2.5tents of the elements (at%):
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TABLE | Data of electron probe microanalysis of the transition zone between a 90 mass% Fe-10 mass% Ni alloy and aluminium, saturated with
the alloy constituents at 70Q. Dipping time= 3600 sec

Content
Distance from the Al Fe Ni Basic
alloy-intermetallic - - - chemical
interface,um Phase mass% at% mass% at% mass% at% formula
-10 Fe-Ni alloy 0.02 0.04 89.5 90.0 10.5 10.0
10 Intermetallic 58.3 74.5 324 20.0 9.3 55 FeAl
20 58.7 74.9 31.0 19.1 10.3 6.0
30 59.1 75.2 31.4 19.3 9.5 55
40 63.2 78.1 34.3 20.5 2.5 1.4 Fd7
50 64.5 79.1 33.0 19.5 25 1.4
60 65.0 79.3 33.8 20.0 1.2 0.7
70 65.4 79.7 32.8 19.3 1.8 1.0
90 Al matrix 99.54 99.78 0.41 0.20 0.05 0.02
Al 63.5 66.8 67.0 67.6 67.7 ¥
Fe 7.3 8.9 9.0 8.1 8.8 ! K 10% Fe
Ni 29.2 24.3 24.0 24.3 235 &% : A ‘ :
. **"3‘ ;
. “t Sk
re
Therefore, no systematic instrumental error was possi: ‘e T . '
A - W _,‘ ) N &

ble. Thus, nine measurements carried out in the NiAl
layer produce an average Al content of 67.2 at%, with
the limiting values being 63.5 to 70.4 at%.

The broad two-phase zones, formed at the interus
face between a 20 mass% Fe-80 mass% Ni alloy ol
a 15 mass% Fe-85 mass% Ni alloy and the saturate(®=
aluminium melts (Fig. 3e), consisted mainly of the
FeNiAlg compound and aluminium solid solutions. The
NiAl 3 inclusions were relatively seldom. The com- §
position of FeNiAp grains changed from 80.6 at%
(65.7 mass%) Al, 2.2 at% (3.7 mass%) Fe and 17.2
at% (30.6 mass%) Nito 84.0 at% (70.9 mass%) Al, 3.5

at% (6.0 mass%) Fe and 12.5 at% (23.1 mass%) Ni ; -
The content of nickel in the aluminium solid solutions " Iy [ .8 - 10% Fe
was up to 3 at% (6.5 mass%), while that of iron did not ¢ o g

exceed 0.2 at% (0.4 mass%).

The phase with a composition more close to NiAl
rather than to NiAlz has also been found at the in-
terface between a 10 mass% Fe-90 mass% Ni alloy
and the aluminium melt, saturated with the alloy con-
stituents, Table Il. This phase formed a thin compact
layer with even interfaces, adjacent to the Fe-Ni alloy ™
base (see Fig. 3f). In this connection it seems relevani*s
to remind that, in investigating the Al-Ni binary phase
diagram, the formula NiAl not NiAl3, was first as-
cribed to a phase enriched in nickel compared to kAl |
(see Refs. [1] and [2]). That might probably be due to &

definitely cause a shift of intermetallic phase composi-
tion to higher Al content (NiAl3 — NiAl ), as is seen  Figure 4 Optical micrograph of the transition zone between a 25 mass%
from our data. Indeed, if the Fe content in the NIAl Fe-75mass% Ni alloy and aluminium. Initial liquid phase: (a) aluminium
layer is around & 1 at%, then the Al content varies r_nelt_, saturated with the alloy constituents, (b) pure aluminium. Magni-
across its thickness from 63.5 to 70.4 at%. However, ification x270.

the Fe content lowers down to 3 or 4 at%, the Al con-

tentis 63.6 to 64.6 at%. The latter values are relativelyout to show whether the crystal structures of Niahd
close to the upper Al limit of the homogeneity range Ni,Al3 were the same or different. Most likely, under
of the NbAl 3 phase. The other elements might perhapsion-equilibrium conditions the NiAlphase forms first,
produce a more pronounced effect. Clearly, this explaespecially if a third component is present. As the sys-
nation is purely speculative. Unfortunately, due to smalltem tends to equilibrium, it transforms into the,Nli 3
layer thicknesses, no structural studies could be carrieghase. Clearly, in reaction couples investigated the
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TABLE |l Data of electron probe microanalysis of the transition zone between a 10 mass% Fe-90 mass% Ni alloy and aluminium, saturated with

the alloy constituents at 70Q. Dipping time= 3600 sec

Content
Al Fe Ni
Phase Place of measurement mass% at% mass% at% mass% at%
Fe-Ni alloy At a distance df=50 um away
from the intermetallic-alloy interface 0.03 0.06 9.5 9.9 90.5 90.0
| =10um 0.05 0.12 9.6 10.0 90.3 89.8
| =5um 0.00 0.00 10.1 10.5 89.9 89.5
Thin intermetallic layer In the middle of this layer; 44.6 63.6 5.9 4.0 49.5 324
NiAl 2 near the three points, 1om away 45.7 64.6 4.7 3.2 49.6 32.2
Fe-Ni alloy base, Fig. 3f from each other 454 64.3 4.5 3.1 50.1 32.6
Next one-phase Across this layer at a step 58.0 75.0 1.9 1.2 40.1 23.8
intermetallic layer NiAg of 3 um towards Al 58.7 75.5 3.3 2.0 38.0 225
60.1 76.5 4.5 2.8 354 20.7
61.2 77.4 1.8 11 37.0 21.5
61.5 77.6 2.7 17 35.8 20.7
62.6 78.4 3.9 2.3 335 19.3
FeNiAlg grains of the In the two-phase zone at a step 68.8 82.6 6.0 35 25.2 13.9
two-phase zone of 3@m towards Al 67.8 82.0 6.5 3.8 25.7 14.2
70.7 83.9 6.0 35 23.3 12.6
66.8 81.2 9.2 5.4 24.0 13.4
72.0 84.7 6.8 3.9 21.2 11.4
67.3 81.6 7.3 4.3 25.4 14.1
69.9 83.3 6.6 3.8 235 12.9
67.7 81.8 9.1 5.3 23.2 12.9
Al matrix At a distance of =50 um
(solid solution) away from the two-phase zone 92.1 96.2 0.0 0.0 7.9 3.8
| =100um 92.6 96.5 0.2 0.1 7.2 3.4
| =150um 93.1 96.7 0.2 0.1 6.7 3.2

intermetallic layer-growth conditions were far from the Ni and 25 mass% Fe-75 mass% Ni alloys. In both sets
equilibrium state. the dipping time was 900 sec at 7@ However, in the
In contrast to the pure NiAlphase, the ternary solid first set the saturated aluminium melts were used, while
solution based on this phase exhibits a considerabla the second the pure liquid aluminium was employed.
range of homogeneity. Its composition was found toln the latter case the Fe-Ni specimen was rotated at an
vary in growing intermetallic layers from 73.4 at% angular speed of 24.0 rad sédo ensure its relatively
(56.3 mass%) Al, 7.5 at% (11.9 mass%) Fe and 19.tapid dissolution in liquid aluminium [1]. In the first set
at% (31.8 mass%) Nito 79.7 at% (64.5 mass%) Al, 2.6of experiments the total thickness of intermetallic lay-
at% (4.4 mass%) Fe and 17.7 at% (31.1 mass%) Ni. ers formed at interfaces was three to five times greater
The composition of the FeNiAlgrains present in than in the second, as shown in Fig. 4 for a 25 mass%
this specimen varied within the homogeneity range ofFe-75 mass% Ni alloy.
the FeNiAb phase from 81.2 at% (66.8 mass%) Al, 5.4 As seen in Fig. 4a, three layers (NpAINiAl3z and
at% (9.3 mass%) Fe and 13.4 at% (23.9 mass%) Ni t&-eNiAlg) are present in the case of the saturated melt,
84.6 at% (72.0 mass%) Al, 3.9 at% (6.8 mass%) Fevhereas only two of them (NiAland FeNiA}) survive
and 11.5 at% (21.2 mass%) Ni. Of 8.1 mass% Ni andunder conditions of simultaneous dissolution in liquid
0.51 mass% Fe added initially to aluminium in orderaluminium (Fig. 4b), the total thickness of the layers
to obtain the saturated melt at 7@) up to 7.2 mass% being around 3Q«m and 10um, respectively. When
(3.4 at%) Ni and 0.2 mass% (0.1 at%) Fe are retainethe pure liquid aluminium was employed, the content
in an aluminium solid solution formed during coling of aluminium in the NiAg layer was close to the
down this melt to room temperature. lower Al limit of the homogeneity range of the ternary
solid solution based on the NifAbhase (73.4 at% or
3.3. The effect of dissolution on the 56.3 mass%). The FeNidllayer contained 87.7 at%
intermetallic layer formation (77.0 mass%) Al, 4.6 at% (8.3 mass%) Fe and 7.7 at%
To show the influence of dissolution of the Fe-Ni al- (14.7 mass%) Ni. The value 87.7 at% (77.0 mass%)
loy base into liquid aluminium on the layer forma- is the upper Al limit of the homogeneity range of the
tion, two sets of experiments were carried out usingFeNiAlg phase present as a separate layer in reaction
75 mass% Fe-25 mass% Ni, 50 mass% Fe-50 mass@ouples.
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The total thickness of the BAl; and FeNiAb in-  growing layers in the following ranges:
termetallic layers at the interface between a 50 mass%
Fe-50 mass% Ni alloy and aluminium was 25 tq.30 1. FeAk: 73.7 to 75.5 at%,
in the case of the saturated melt and 10 tub2under 2. FeAl;: 76.2 to 79.8 at%,
conditions of simultaneous dissolution in pure liquid 3. FeNiAly: 80.6 to 87.7 at%,
aluminium. In the latter case the Al content (76.7 at%) 4. NiAl,: 63.5 to 70.4 at%,
in the FeAl; layer was close to the lower Al limit of 5. NiAlj: 73.4 to 79.7 at%.
the homogeneity range of the JA48; phase, while that
in the FeNiAb layer varied from 82.3 to 87.7 at%. The Fe: Ni ratio of the intermetallic phases present
It is noteworthy that the intermetallic layer formed at in growing layers is strongly dependent upon the com-
the interface between a 75 mass% Fe-25 mass% Ni aposition of initial Fe-Ni alloys. In some cases, this ratio
loy and pure aluminium exhibited a composition rangeexceeds the limits predicted from the Al-Fe-Ni equilib-
covering the ranges of homogeneity of both the BeAl rium diagram.
and FeAl; phases. Three EPMA measurements across Dissolution of the Fe-Ni alloy base into pure liquid
its thickness (10 to 12m) at a step of 3vm gave the aluminium causes a great decrease (a few times) of the

following contents (at%): thicknesses of intermetallic layers compared to the case
of the saturated melt (in the absence of dissolution). Be-
Al 73.7 78.3 80.2 sides, eventhe number of growing layers can be altered.
Fe 19.3 19.2 17.3 In studying the intermetallic layer-growth kinetics, the
Ni 7.0 25 2.5 degree of saturation of a liquid metal with the alloy

constituents should therefore be taken into account.

In the case of the saturated melt (in the absence

of dissolution) the intermetallic layer thickness was
55+ 5 um, while its composition varied from 76.2 at% References _
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