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Interactions under hydrostatic pressure of a
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Interactions of a mild steel with liquid aluminium alloys have been studied in a pressure
range of 0.1 to 350 MPa, and a temperature range from solidus to 750 °C, close to the squeeze
casting process conditions. After having carried out the synthesis of previous surveys at
atmospheric pressure, the influence of dipping parameters, and especially pressure, along
with alloying elements on the intermetallic layer formation and on the mechanical strength
of samples have been considered. These results must contribute to the improvement of the
processing of steel reinforced aluminium matrix composites by squeeze casting process.

1. Introduction

For automotive applications, properties such as the
rigidity, strength, heat resistance, wear resistance and
fatigue resistance at high temperature are needed.
The use of aluminium matrix composites (AIMC)
should be a good means to achieve such properties [1].

In the case of AIMC, reinforcement could be ce-
ramic (Al, O3, C, SiC ...} or metallic (e.g. carbon
steels, stainless steels) [1-14]. Actually, ceramics are
more refractory, rigid and light than metals. Neverthe-
less, due to their brittleness and weak wetting by
liquid aluminium, AIMC reinforced with ceramic are
difficult to process [ 15] and present a typical decrease
of toughness [13, 14]. The use of ductile reinforcement
such as carbon steels or stainless steels limits this
disadvantage, improves mechanical properties and de-
creases costs [1,4, 13, 14]. AIMC mechanicals proper-
ties depend on the matrix, the reinforcement and the
interface. Without reaction, the physical and mechan-
ical natures of the bond between matrix and rein-
forcement determine the mechanical properties of
composite [16]. If reactions take place, properties
(thickness, morphology) depend on the compounds
formed and the adhesion at interfaces [16].

Liquid aluminium strongly reacts with iron and
forms brittle intermetallic compounds at the reinforce-
ment—matrix interface (Fig. 1) [17-36] part of which
is dissolved in the matrix. To warrant mechanical
strength of ferrous alloy reinforced AIMC, it is neces-
sary to form a continuous metallurgical bond between
matrix and reinforcement, and to limit the thickness
and the dissolution of the intermetallic layer.

The squeeze casting (SC) process [37] is a suitable
process for AIMC processing [1, 2,4, 10, 11, 13, 14].
A known amount of liquid alloy is cast in a metallic
die and squeezed until complete solidification of
the alloy. The casting temperature depends on the
liquidus and the solidification interval of the alloy. In
the case of aluminium alloys, casting temperature is
fixed between 10° and 100° above the liquidus. The
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casting pressure depends on the alloy and on the
drawing of the piece. In the case of an alloy with
a wide interval of solidification, the pressure is around
30 MPa, whereas for an alloy with a short interval of
solidification, the pressure is around 100 MPa. During
the process, the pressure forces the metal to pour into
the die. It avoids porosity, and improves the contact
metal — die coating — die, increasing the solidification
rate. Therefore pieces manufactured by SC process
have no defects due to shrinkage cavities and/or gas
porosity and have a fine microstructure. In the case of
AIMC processing, the reinforcement (preform or in-
sert) is set into the die before the casting. Process
parameters (casting pressure, casting temperature, re-
inforcement temperature, die and piston temperature)
are adjusted [38, 39]. The contact time between the
reinforcement and the matrix up to complete solidifi-
cation is around 18s [7]. On the other hand, trans-
formation temperatures of compounds depend on
pressure [40-45]. With a few exceptions such as sili-
con, germanium, and bismuth, melting temperatures
increase with the pressure increase. These variations
have consequences on phase equilibria. For instance,
Petitet [45] showed that the increase of the pressure
(from 0.1 to 400 MPa) shifts the eutectic point, and the
solid solubility of silicon in aluminium of a modified
eutectic aluminium-silicon alloy (AS12UN) towards
more rich silicon concentrations.

Eutectic

T. =
C, =

569 +3.5x 1072 P (1)
12 +3.7x1073P 2)

where T.(°C) is the eutectic temperature, C, (wt %) is
the eutectic concentration, and P is the pressure (MPa).

Solid solubility of silicon in aluminium
csM 1.9 +745x107% P (3)

where C$/4! (wt %) is the solid solubility of silicon in
aluminium. This shift may explain the improvement
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Figure 1 Intermetalliclayers after dipping a mild steel in a commer-
cial aluminium—copper alloy. 700 °C, 150 MPa, 600 s.

of the ductility without any loss of strength of alumi-
nium-—silicon alloys manufactured by the SC process
[41]. Petitet also noticed that the liquidus temper-
ature changes as a function of the pressure

T, = 575—57x1072P (P <50MPa) (4)
T, = 568 +58x107"2P (P>50MPa) (5)

where T,(°C) is the liquidus of the alloy.

After a review of recent works on Al-Fe inter-
actions, new results about the interaction of a mild
steel with liquid aluminium alloys in conditions of SC
process will be described.

2. Interactions of iron with liquid
aluminium

2.1. Fe-Al intermetallic compounds
Intermetallic compounds have a well defined crystal
structure, but exist within an extended composition
range [46]. The iron—aluminium equilibrium diagram
developed by Hansen [48], indicates three stable in-
termetallic compounds ({FeAl,, n\Fe,Als and 8FcAl;)
in conditions close to the SC process temperatures
(solidus 800°C). At 49wt % aluminium, the (FeAl,
compound appears. Bradley [49] suggested that the
structure was probably monoclinic. The intermetallic
compound mFe,Als, is produced by a congruent
melting reaction at 1173°C and 55 wt % aluminium
{19]. Heumann [27] and Schubert [50] showed that
this compound is orthorhombic with the ¢ axis stati-
stically occupied with aluminium atoms; remaining
sites being vacant. Boundaries of the nFe,Als
compound given as a compromise by Hansen [48]
range from 53 to 56 wt% aluminium. At 1159°C,
a petitectic reaction between the melt and nke,Als
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produces 0FcAl;. The composition ranges from 56 to
57.5 wt % aluminium and the structure is monoclinic.
Recently Griger [51, 52] confirmed the structure of
these compounds, but showed that the peritectic
reaction suggested by Hansen was in fact an eutectic
reaction (1148 + 1°C and 573+ 05wt %
aluminium). The OFeAl; composition ranges from
578 +£0.3 to 61.4+02wt% aluminium, whereas
between 56.0 £ 0.2 and 57.8 £ 0.3, mFe,Als and
OFeAl; coexist. Apart from the above three
intermetallic compounds, at least two other are
reported in this range of temperature. Fe,Al; is
reported to exist and to be stable, although no
crystallographic evidence has been confirmed [29],
However, FeAlg has been recognized as metastable
and has an orthorhombic structure [53].

2.2. The growth of Intermetallics during
reactions of solid iron with liquid
aluminium

Liquid aluminium perfectly wets iron without oxida-

tion [54]. Two phenomena simultaneously take place

at the interface: the dissolution of iron into liquid
aluminium and the formation and growth of an alloy
layer made of intermetallic compounds by the migra-
tion of molten aluminium into iron [1]. The layer is
mainly made of nFe,Als adjacent to iron 6FeAl;
adjacent to liquid aluminium [18-37]. It is known,
that the growth direction of nFe, Als coincides with
the direction of the ¢ axis of orthorhombic cells ex-
plaining the rapid growth of the layer and the

tongue-like shape of the nFe, Als—iron interface [27]

(Fig. 1). In some cases, porosity is observed in

nFe,Als [19, 55]. The growth rate of the intermetallic

layer depends on the growth rate of the two com-
pounds and on the dissolution rate of 6FeAl;.

2.2.1. The dissolution does not take place
in the case of iron saturated molten
aluminium

The intermetallic layer growth rate is limited by the

diffusion of reacting species through the intermetallic

layer and not by interface chemical reactions

[1, 36, 56]. Consequently, the rate is inversely propor-

tional to the interlayer thickness x(m)

dx k,
dt — x ©)
where k, is the parabolic growth rate constant

(m2?s71) and ¢(s) the contact time. The intermetallic

layer thickness increases in accordance with the para-

bolic law (initial conditions: x =0 att =0

x = (2kyt) )

k, obeys a simple Arrhenius-type relationship.
Dybkov [57, 58] established a more complex model
taking into account not only rates of the diffusional
transport of reacting species through growing layers but
also rates of chemical reactions taking place at interfaces.
Heumann [27], by measuring the specific maximum



diffusion distance using pure iron and iron saturated
aluminium for times up to 16min at 715°, 846° and
944 °C, was able to show a linear relationship between
the thickness of the intermetallic layer produced, and the
square root of the time (k, ~1x107m?s™* at
715°C). An Arrhenius plot of this data was linear and
yielded an activation energy of 54.8kJmol ™! attri-
buted to the interdiffusion coefficient of nFe,Als.

2.2.2. Dissolution takes place in the case
of pure liquid aluminium

Because liquid aluminium is always saturated by iron
at the 8FeAl;—molten aluminium interface [36], the
dissolution of 6F¢Aly, is limited by the iron transport (the
diffusion and/or the convection) in molten aluminium
[59]. Yeremenko pointed out the effect of the dissolution
on the intermetallic layer growth [34, 35]. Experimental
studies were performed by the rotating disc technique.
Using the parabolic law for one intermetallic layer
growth and the Nernst theory for the dissolution of
metals in liquid metals, an equation describing the
diffusion controlled growth of the intermetallic layer
in case of pure aluminium has been derived

de _ ky CEVK _Ks, ®)
& T % Tend ATV

where CF*/(kgm™3) is the saturation concentration
ofiron in molten aluminium, K (m?s 1) is the dissolu-
tion rate constant, S(m?) is the specimen surface area,
V(m?) is the melt volume, p;, (kgm~?) is the specific
mass of nFe,Als and ¢ is the mass fraction of iron
in nFe,Als. The following data were used for calcu-
lations at 700°C: CP/#'=60+3kgm 3, K =
(38 +0.1)x 1073 m?s ™ %; pjn, = (4.1 + 0.1) x 103kgm~3;
and ¢ = 0.453. The thickness—time relationship was in
accordance with experimental data. However, Eggeler
[22] proved that the iron enrichment occurs not only
with the dissolution, but also by separating little par-
ticles of intermetallic layer.

2.3. The effects of alloying additions on
the intermetallic layer

The intermetallic layer formed between ferrous alloys
(carbon steel, low alloyed steel, cast iron) and pure
molten aluminium is mainly composed of nke,Al;
near the insert and 6FeAl; near aluminium, and has
a tongue-like mFe,Als—insert interface [18-20,22,
28, 32]. Interesting results were obtained by Uchida
[33] who dipped a low carbon steel into iron-
saturated aluminium alloy 3.2wt% of iron) for
times ranging from 1 to 30s at 730°C. The inter-
metallic layer is composed of the two well known
compounds. The increase of the intermetallic layer
thickness with the dipping time is divided into two
parabolic growth steps. He considered that the
growth of the intermetallic layer was controlled by an
internal diffusion of aluminium through 6FeAl; in the
first step (times < 10s) and through nFe,Als in the
second step (times > 10s). Niinomi [32] dipped
commercially pure iron, iron—silicon, iron—chromium,

iron—nickel, iron-manganese, iron-copper and
iron—carbon alloys (2-3 wt % of alloying elements)
nto molten aluminium at 700°, 750° and 800 °C for
various times. Alloying additions, and specially
silicon, nickel, and copper, reduce the intermetallic
layer thickness. In the case of carbon, the ferrous
alloy—aluminium interface is not tongue-like. Silicon,
chromium, nickel, manganese and copper are present
in the intermetallic layer and silicon was enriched at
the ferrous alloy—intermetallic interface and at the
intermetallic-aluminium interface. He suggested that
a ternary Fe—Al]-Si compound might be formed in the
Si-rich region but the existence of the compound is not
confirmed. Komatsu [28] showed that a high silicon
layer was formed when the silicon content in Fe-Si
alloys was higher than a certain limit (about 3 wt % of
Si). He determined the solubility limit of silicon in
a columnar layer to be ~ 2-3 wt % of silicon. The
absence of carbon in the intermetallic layer could be
readily understood because carbon cannot diffuse
through iron-aluminium intermetallics, presumably
due to a low solubility in such compounds [19]. Colin
[54] showed that lamellar graphite in grey cast iron
had a more efficient effect on the intermetallic layer
thickness than cementite in low carbon steel, because
lamellar graphite forms a tridimensional array and
acts as a diffusional barrier.

The influence of alloying additions in aluminium on
interactions of ferrous alloys with liquid aluminium
alloys has been described [19]. Silicon is the most
important element of addition. It is known that silicon
as an addition to molten aluminium strongly reduces
the intermetallic layer thickness [23, 26, 28, 30, 31, 34, 37].
Nicholls [31] assumed, that silicon atoms occupied
structural vacancies of nFe, Al; which has good diffu-
sion facilities [27, 50]. Eggeler [23] confirmed these
results in reactions between a low alloyed steel and
pure aluminium melt and a 2 wt % silicon-containing
aluminium melt at 780° and 792 °C. The velocity of the
iron enrichment is the same for both cases, whereas
the intermetallic layer growth is much faster with pure
ajuminium melt. Silicon is found to be incorporated in
the intermetallic layer. From these results, Eggeler
[23] claimed that silicon acts on the solid state side.
Other authors take the view that intermetallic com-
pounds Al-Fe-Si are formed, growing more slowly
than nFe,Als. Uchida [33] reported that in 2.5wt %
silicon-containing aluminium the intermetallic layer
was composed of nFe,Als, 6FeAl; and aAlFeSi;
whereas in an 8 wt % silicon containing aluminium, the
intermetallic layer is composed only of the outermost
intermetallic compound aAlFeSi. He observed that
the wetting force between steel sheets and pure molten
aluminium was as high as 400 mJ m™~2, but that be-
tween steel sheets and molten aluminium containing
8wt% of silicon in which the growth of the
intermetallic layer was not always detected, was about
50 mJ m ™2 He considered that «AlFeSi has inhibition
effects on the reaction between steel sheets and
molten aluminium-silicon alloys. However, Komatsu
[28] made weight loss studies with different alumi-
nium-—silicon alloys and reported that silicon does not
inhibit the intermetallic layer growth, but accelerated
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TABLE I Chemical composition of ASI0G and AUSGT used as the matrix in this study

Material  Element Si Fe Cu Mn Mg Ni Zn Pb+Sn Na Ti Others
wt %

AS10G minimum 9.000 0.300 0.003 0.080
maximum 10.0 0.14 0.20 0.040 0.400 0.020 0.040 0.020 0.012 0.130 0.100
(4) 0300 0.010 0.010 0.010 0.020 0.010 0.010 0.010 0.001 0.010

AU5SGT  minimum 0.120 43 0.250 0.170
maximum 0.130  0.230 4.9 0.090 0.350 0.040 0.090 0.020 0.230
(4) 0400  0.020 0.1 0.010 0.020 0.010 0.010 0.010 0.020

its dissolution into liquid aluminium. Jones [36] ar-
gued that silicon accelerates the iron solubility into
aluminium, as follows from the Al-Fe—Si system re-
ported by Riviin [60].

2.4. Mechanical aspects of the interface

In the case of ferrous alloy reinforced AIMC, inter-
facial reactions between the reinforcement and the
matrix often take place during the elaboration
I1,2-5,12,13, 16, 26, 61-637. Best results are observed
when a continuous intermetallic layer is formed at the
reinforcement—matrix interface [26]. It is known that
Fe—Al intermetallic compounds are brittle. According
to Nishida [44], H, microhardness of mFe,Al;s
ranges from 870 to 1020, (nFe,Als + 0FeAl;) from
670 to 870 and OFeAl; from 670 to 780. Due to
their brittleness, the formed intermetallic layer frac-
tures at small strain. Chemical reactions at interfa-
ces tend to degrade basic properties of the reinforce-
ment and to increase residual stresses at composite
interfaces [16]. For these reasons, it appears necessary
to limit the thickness of the intermetallic layer. Never-
theless, there is no theoretical model joining the lon-
gitudinal strength of these composites to a critical
thickness of the brittle layer as with brittle fibre—rein-
forced metal matrix composites [62]. Giirtler [26]
reported that the tensile and the shear strength of test
pieces manufactured by the Al-Fin process were im-
proved by reducing the intermetallic layer and ranged
respectively from 59 to 119MPa and from 39 to
59 MPa. Dybkov [20] showed, that mechanical tensile
properties of aluminium alloys/stainless steel pipes
and these of the starting melt materials appeared to be
the same. The rupture of bimetallic pieces always
appeared in the aluminium part. Direct measurement
of the interface strength is obtained by the pullout test.
Kelly [17] extensively used the pullout test to deter-
mine the stress transfer from the matrix to the fibre
around the fibre ends: Using a simple shear lag ana-
lysis, he determined the shear strength of the interface
(for a perfectly plastic matrix) as

Gfd
L= 9
W = 5 o)

where [.(m) is the critical length of the fibre, d(m) is the
diameter of the fibre, 1;(MPa) is the shear strength of
the interface and o;(MPa) the stress exerted on the
fibre. By embedding various lengths of the fibre (I) into
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the matrix, the quantity //d can be varied, and [, estab-
lished as the length at which the failure mode changes
from pullout fibre fracture. This was criticized by
Metcalfe [16], mainly because the stress distribution
within the specimen is more complex than that as-
sumed by the shear lag analysis.

Except for a few papers [1-5, 13, 14, 63], the major
part of the work on interactions of ferrous alloys with
liquid aluminium alloys has been performed at atmo-
spheric pressure. If the SC process is known to im-
prove mechanical properties of parts of aluminium
alloys [38], possibilities and conditions for manu-
facturing ferrous alloy reinforced AIMC are less well
known. The objective of this present work is to study
the influence of pressure on the nature, the kinetic and
the mechanical strength of intermetallic interfaces by
a series of experimental observations.

3. Experimental methods

A classical mild steel (XC18) was used as an
insert (0.16-0.22 wt % C, 0.40-0.70 wt % Mn, 0.15—
0.35 wt % Si, 0.40 wt % Cr, 0.40 wt % Ni, 0.10 wt %
Mo and 0.035 wt % P). Inserts had a diameter of
2 mm and a straightened length of 17 mm. The com-
position of the two commercial aluminium alloys used
as a matrix, AS10G and AUSGT, are shown in
Table I. The first is a casting alloy and has a short
interval of solidification (560—-590 °C), whereas the sec-
ond is a forging alloy and has a wide interval of
solidification (540-650°C). Matrix samples were cy-
lindrical (8 x 8 mm). On the other hand, pure iron
(99.9985 wt %) and pure aluminium (99 wt %) sam-
ples were also used as an experimental reference. For
the study of aluminium-silicon alloys, 2, 4, 5, 6, 8 and
10 wt % silicon were alloyed to the aluminium. Sam-
ples were normalized, ground, polished and cleaned
before dipping.

Dipping tests were carried out in a high pressure
vessel (0.1-350 MPa) containing a furnace (20-800 °C)
as shown in Fig. 2. A dipping device enables two
materials to be brought into contact. A thermocouple
(K} is placed inside the insert and enables the temper-
ature next to the contact zone to be detected. Dipping
conditions are presented in Table IL. Differential ther-
mic analysis measurements were performed to deter-
mine the variation of liquidus temperatures (590 °C
for AS10G and 650°C for AUSGT) as a function of
the pressure. The liquidus temperature of AS10G
and AUSGT increases as a function of the pressure
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Figure 2 (a) Schematic diagram of the high pressure dipping device
used in this work. {b) One part of the cross-section of the high
pressure dipping device. (1) high pressure vessel, (2) binder,
(3) breech, (4) water cooling, (5) dipping device, (6) high pressure
resistive gauge, (7) valve, (8) feed through, (9) thermocouple of regula-
tion, (10) thermocouple of measurement, (11) hydraulic double
effect jack, (12} joint, (13) plug, (14) buffer, (15) furnace, (16) cru-
cible, (17) matrix, (18) insert.

(0.1-350 MPa) according to a linear relationship
AS10G: T; = 589+ 62x1072P (10)
AUSGT: T, = 648+ 74%x107%P (11)

where 7T is the liquidus temperature (°C), and
P(MPa) the pressure. Matrix samples were set into
a boron nitride crucible and insert samples screwed on
the dipping device. Inserts were dipped under pressure
(argon) at a constant rate (Smms~') and a constant
depth (7 mm) into the melt. The bath temperature was
monitored by a K thermocouple { £+ 5 °C). The dip-
ping pressure was measured by a high pressure resis-
tive gauge ( + 1 MPa). Samples were solidified under
pressure (5°s7!). Some of them were submitted to
a solution heat-treatment (AS10G: 525°C for 12 h,
mild water quenched at 160°C for 6 h; AU5SGT:
540°C for 10h, mild water quenched at 180°C for
12 h). Bimetallic samples obtained were cut at right
angles to the insert, and polished up to 1 pm. They
were observed by scanning electron microscopy
(SEM, backscattered electrons). The intermetallic
layer thicknesses were measured by image processing.
Analysis of the chemical compositions of intermetal-
lics were performed near the centre of each one with

TABLE II Dipping conditions

Insert mild steel (XC18)

Matrix AS10G AU5SGT
Pressure (MPa) 0.1, 50, 150, 300

Temperature (°C) 600, 700 570, 650, 750

Time (s) 18, 120, 600

TABLE III Composition measured by EDA (wt %) of the two
layers between pure aluminium/iron or mild steel. Dipping condi-
tions: 700 °C, 150 MPa, 600sec

Layer I (near insert) Layer II (near matrix)

Specimens Al Fe Al Fe
Aluminium-Iron 55 45 61 39
Aluminiuvm-mild 57 43 61 39
steel

Pure iron—pure liquid aluminium, mild steel—pure liquid aluminium
and mild steel-liquid aluminium silicon alloys were dipped under
150 MPa during 18, 120 and 600 s at 700 °C.

a SEM using energy dispersive analysis (EDA). Con-
centration profiles and concentration measurements
in the reaction zone were recorded using a CAMECA-
Camebax KMX microanalyser. Vickers microhardness
measurements were made. Pullout tests were carried
out on an Instron device with a traction rate of
0.02 cm min~! and a stress ranging from 0 to 981 N.
Bimetallic samples were normalized and the bottom
polished to observe pullout insert.

4. Results and discussion
4.1. The effects of alloying elements on
intermetallics under pressure
After dipping pure iron into pure aluminium melt
under pressure, at conditions mentioned above, the
intermetallic layer consists of two compounds which
are the same than those obtained at atmospheric pres-
sure: nFe,Als (layer I) near to the iron insert, and
8FeAl;s.(layer II) near to the matrix (Table III). Only
the thickness of the nFe, Al5 compound increases with
time which is in accordance with Uchida’s assumptions
[33]. Intermetallic needles are observed in the matrix
and its composition is close to 8Fe, Al;. They are due
to the precipitation of dissolved iron into the matrix,
but also by the separation of little particles of the
OFeAl;. Their morphology depends on the cooling
rate [22]. Because of these phenomena, the parabolic
time relationship is not observed. In all cases, alu-
minium is not detected in the insert (iron or mild steel).
All the diffusing aluminium may be consumed at the
insert—intermetallic layer interface by the formation of
nFe, Als. The use of a mild steel as an insert does not
affect the formation of intermetallics, but decreases the
thickness of the layer as one can observe in Fig. 3.
The use of AUSGT as matrix above the liquidus
does not affect sensitively the nature of intermetallic
compounds (Table IV, Fig. 4a), but decreases the in-
termetallic layer thickness (Fig. 3). Copper is present,
at less than 1 wt % in the chemical composition of the
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Figure 3 Relation between thickness of the intermetallic layer and
dipping time independent of pressure. (1 Al-Fe 700 °C; B Al-mild
steel 700°C; A AUSGT-mild steel 700°C; A AUSGT-mild steel
650°C; O AS10G-mild steel 700 °C; @ AS10G—mild steel 600 °C.

TABLE IV Composition measured by EDA (wt %) of the two
layers between AUSGT and a mild steel

Layer I (near insert) Layer II (near

matrix)

AUSGT/Mild steel Al Fe Cu Al Fe Cu
750°C, 150 MPa, i
600s 589 433. <1 636 386 <l

750°C, 150 MPa,
185, heat treated 56 44 0 48 13 38
570°C, 150 MPa,
600s S5 45 0 55 14 31

two compounds, and may explain the decrease of the
measured intermetallic layer thickness. When experi-
ments are carried out at atmospheric pressure, poros-
ity is present in nFe,Als as one can observe in
Fig. 4b. If the temperature is below the liquidus
(Fig. 5), the intermetallic adjacent to the insert (layer
I) does not show the typical tongue-like interface and
its composition is close to nFe,Als and 6FeAl;. On
the other hand, the intermetallic adjacent to AUSGT
(layer II) shows a rich concentration in copper
(Table V). Its composition is close to BCu,FeAl,
[65,66]. These experiments have only been performed
at 600s. Nevertheless, a heat treatment carried on
bimetallic samples dipped above the liquidus during
18s (Fig. 6a) generates the formation of, probably
a BCu,FeAl, compound (layer 1) (Fig.6b) by the
diffusion of copper during the solution heat treatment
from the matrix into 6FcAls.

In the case of AS10G, the formation of nFe,Al; is
never observed. For short times, little pits of inter-
metallics are present at surface of the mild steel, and
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Figure 4 Intermetallic layers after dipping XC18 insert in AUSGT
alloy, 750°C, 600s. (a) 300 MPa; (b) 0.1 MPa.

quantitative analysis is not available. Nevertheless,
silicon is present in the composition of the intermetal-
lic layer. These pits grow with time to form a conti-
nuous layer. Microanalysis measurements have been
carried out‘on samples dipped for 600 s. Compositions
measured are in accordance with the ternary Al-Fe—
Si system as developed by Stefaniay [67]. Under pres-
sure (Fig. 7a), the intermetallic layer is formed by two
intermetallic compounds: 8AlFeSi adjacent to the in-
sert (layer 1) and «AlFeSi adjacent (layer II) to
AS10G. At atmospheric pressure (Fig. 7b), the inter-



Figure 5 Intermetallic layers after dipping XC18 insert in AUSGT
alloy, 570°C, 6005, 50 MPa.

TABLE V Composition (wt%) measured by microanalysis
measurements of intermetallic layers between a commercial alumi-
nium-silicon alloy and a mild steel

Atmospheric pressure Under pressure

(300 MPa)
ASI0G/XC18 Al Fe Si. Al Fe i
Layer I 551 441 38 522 446 48
Layer II 586 331 117 559 334 122
Layer II1 592 271 174

metallic layer is formed by three intermetallic com-
pounds: OA1FeSi adjacent to the insert (layer I), then
aAlFeSi (layerIl), and then PAIFeSi adjacent to
AS10G (layer 111). In both cases, silicon-rich precipi-
tates are detected in BAlFeSi [28, 557 and the forma-
tion of aluminium-silicon eutectic is observed around
the intermetallic layer. There is some indication [69]
that primary silicon or eutectic in aluminium-—silicon
eutectic alloys nucleate preferentially on the surfaces
of reinforcements (carbon, alumina and silicon car-
bide). Similar observations have been made where
magnesium or zinc are the primary phases [13, 69]. In
particular, the formation of aluminium-zinc eutectic
around reinforcements has been observed in the case
of elaboration of continuous steel fibres reinforced
with AIMC by the SC process and generates a natural
protection of fibres [13]. Results are compared with
those obtained with aluminium-silicon alloys.

4.1.1. Alloys containing less than 4 wt %

in silicon
The intermetallic layer is formed by two compounds,
and compositions of the intermetallic layer corres-
pond to compositions of NFe, Als(Si) and 0FeAl,(Si)

Figure 6 Intermetallic layers after dipping XC18 insert in AUSGT
alloy, 750°C, 185, 50 MPa. (a) not heat treated; (b) heat treated.

from the ternary Al-Fe-Si system developed by
Stefaniay [67]. The silicon concentration measured by
EDA is about 3 wt % in both compounds. Experi-
mental results confirm the assumption of Nicholls
[31] and Eggeler [22], who supposed that silicon
changes diffusion conditions into nFe,Als. For those
silicon concentrations, changes in the iron solubility
[60] and in the viscosity [68] are negligible. The
presence of silicon only results in a slower solid state
growth. ‘
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Figure 7 Intermetallic layers after dipping XC18 insert in AUSGT
alloy. 700°C, 600s. (a) 300 MPa; (b) 0.1 MPa.

4.1.2. Alloys containing more than 4 wt %
in silicon

The composition of the two intermetallic compounds
are close to those observed at the same conditions
with AS10G. The increase of silicon concentration
into the alloy reduces the thickness of the layer. Two
reasons could explain this phenomenon: first, formed
ternary intermetallic compounds grow more slowly
than nFe,Als [23, 30]; second, silicon accelerates the
iron dissolution by increasing the iron solubility into
the melt ( ~ 2wt % in pure aluminium and =~ 7.5 wt %
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in an aluminium-silicon alloy containing 10 wt % of
silicon at 700°C) [28, 37, 60]. Nevertheless, our re-
sults and previous work show that silicon inhibits
reactions of ferrous alloys with liquid aluminium-—sili-
con alloys which could be explained by the formation
of aAlFeSi [34] and by the increase of the activation
coefficient of aluminium into iron [70].

4.2. The influence of pressure

It is known that pressure decreases the diffusion pro-
cess in solids if the activation volume is positive or
equal to zero [56]. Nevertheless, this behaviour is
weak [71-74] and depends on solid morphology
(mono- or polycrystalline, microstructure) [71]. Our
experimental conditions do not allow us to detect the
evolution of the diffusion process through the inter-
metallic layer. On the other hand, the dissolution phe-
nomenon complicates the exact knowledge of the inter-
metallic layer growth. In accordance with our observa-
tions, the application of a pressure up to 300 MPa does
not significantly affect the intermetallic layer growth.

Transformation temperatures of compounds de-
pend on pressure. These variations have consequences
on phase equilibria as shown in the liquidus temper-
atures [45] and the interaction of a mild steel with
liqguid AS10G. This system is different because the
melting point of silicon decreases as a function of
the increasing pressure [40-45). Phase equilibria
of the Al-Fe-Si system [67] are shifted by increasing
the pressure towards rich silicon concentration. Con-
sequently, the outermost layer is less rich in silicon
and BAIFeSi does not appear. This assumption is
confirmed by the important peak of silicon observed
in the matrix at the intermetallic layer—AS10G inter-
face (Fig. 8a and b).

Furthermore, the pressure has mechanical effects on
the mechanical strength of samples. First, the pressure
increases mechanical properties of matrix [39,41].
Particularly, the shrinkage around the insert is sup-
pressed by a frettaging effect. Second, a pressure of
50 MPa allows us to avoid porosity into nFe,Als
(Fig. 5a and b) probably because the dipping tem-
perature is above the brittle-ductile temperature
transition (= 2/3 of the melting point of the inter-
metallic i.e. 550°C) of nFe,Als [64].

4.3. Mechanical strength of samples
Microhardness measurements of nFe,Als, 960 +
60 H,, are in accordance with previous works [44]
and confirm the brittleness of this compound.
Measurements on other intermetallics are not avail-
able because their thickness is too low.

Pullout tests have been performed on representative
samples (Table VI). The formation, even located, of an
intermetallic layer between matrix and insert increases
the pullout strength. Indeed, the worst results are
obtained with oxidized inserts before dipping.

4.3.1. AUSGT matrix
The intermetallic layer is continuous and less thick
than in the case of aluminium matrix. For samples



TABLE VI Pullout tests

Oxidized insert

Non-oxidized insert

Pressure (MPa) 0.1 50
AS10G-XC18; Pull out Pullout
700°C, 185 (=~550N) (~550N)
AUSGT-XC18; Pull out Pullout
750°C, 185 ( =550N) (=550N)

0.1 50
Pullout Pullout
(~800N) (=800N)
Pullout Fracture

( ~800N) (~980N)

(a)

Figure 8 Concentration profile of silicon in the intermetallic layers,
700°C, 600s. (a) 300 MPa; (b) 0.1 MPa.

dipped at atmospheric pressure, the pullout of the
insert is due to the shrinkage of the matrix around
the intermetallic layer. Insert fractures are observed in
the case of samples dipped under pressure because
there is no shrinkage around the intermetallic layer.

4.3.2. AS10G matrix

A great decrease of the intermetallic layer thickness
is observed. Nevertheless, the layer is not continuous
and causes insert pullout because of insert—-matrix
debonding.

5. Conclusions

This work simultaneously analyses the effect of the
manufacturing parameters and alloying additions on
the morphology, the nature and the formation of the
intermetallic layer between iron and liquid aluminium
in the SC process conditions. Results show that alumi-
nium alloying additions have a great influence on the
interactions of a mild steel with liquid aluminium
alloys. In the case of copper, the nature of intermetallic
compounds depends on the dipping temperature and
on the heat treatment, whereas in the case of silicon, it
depends on the silicon concentration in the aluminium
alloy and on the dipping pressure. We have deter-
mined the SC process conditions involving the forma-
tion of a continuous intermetallic layer between a
mild steel and a commercial aluminium—copper alloy,
allowing a good pullout strength to our specimens. It
is not the case with a commercial aluminium—silicon
alloy because silicon inhibits reactions between fer-
rous alloys and liquid aluminium alloys.
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