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Abstract

The interface characteristics of aluminum/cast iron bimetals produced by compound casting were investigated. Aluminum
melt was poured into molds, at 700 °C and 750 °'C, around cylindrical cast iron bars having melt-to-solid volume ratios
(V./V) of 3, 5 and 8, respectively. Microscopic observations showed that a reaction layer may form at the interface. This
layer is composed of Fe,Al, intermetallic which has been formed initially at the notches of the insert’s surface after making
contact with the molten metal. The thickness of the interaction layer varied from Sum, for the sample produced at 700 C
and 3V /V, up to 20um for the sample poured at 750 °C and 8 V, /V. Microstructural analysis showed that increasing of
the temperature and the melt-to-solid (m/s) volume ratio leads to the formation of a thicker and more uniform intermetallic
layer. Microhardness of the Fe,Al; compound was measured 824 HV. A mechanism is suggested for the nucleation and
growth of this intermetallic layer and also encapsulation of the flake graphite at the interface of two metals. It seems that
the thermal and chemical situation at the interface of two metals, leads to an acceptable wettability of the graphite by

molten aluminum.
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1. Introduction

Using aluminum/cast iron (Al/C.1.) couples is a
matter of interest in automotive industries because of
the high strength/weight ratio of aluminum. There
have been reports on using the cast iron cores in order
to reinforce the aluminum made pistons [1,2].
Furthermore, cast iron has become a suitable liner to
place in the aluminum alloy cylinder blocks, in order
to provide the wear resistance needed in the area [3].
Numerous ways such as diffusion bonding [4-12],
friction stir welding [13-19], laser beam welding [20-
22], brazing [23,24] and other mechanical welding
methods [25-28] have been developed to produce
metallic couples. Factors like shape, geometry and
size of the bimetal, differences in characteristics of the
selected metals, special equipment and tooling are
restrictions of using aforementioned methods [29,30].
However, there are some interests in casting, as a
suitable technique for bimetals production, which
provides the ability of joining metals regardless of the
size and complexity of the geometry.

Compound casting is a method for producing
various components in which a metallic melt is
poured into or around a solid metal to form an
acceptable bonding at the interface [31-33].
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Therefore, it would be important to study the interface
structure and characteristics of two metals and the
effects of various parameters on the interface.
Entering the mold cavity, the molten metal has a high
amount of thermal energy, which can provide the
activation energy for the consequent interactions at
both sides of the melt/insert interface. Accordingly,
any changes in the casting temperature and the
liquid/solid ratio can alter the condition at the
interface [34-39]. Previous investigations on the
aluminum/brass (Al/Brass) by authors, proved the
effectiveness of the wvariation of the pouring
temperature and melt-to-solid (m/s) volume ration on
the characteristics of the interface between two metals
[39]. As the solidification process begins, because of
the interactions between two metals in the presence of
thermal energy in use, intermetallic compounds can
be formed [12]. In the case of Fe-Al system, these
compounds are brittle and have the ability to
deteriorate the mechanical properties of the interface.
Apart from that, the wettability of graphite flakes with
molten aluminum can be a challenge. Omrani et.al
explain that the contact angle between aluminum and
graphite is high enough to be an obstacle and hinder
the process [40-41].

The aim of the present research is to evaluate and
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study the characteristics of Al/cast iron couples’
interface in various pouring temperatures and m/s
volume ratios.

2. Experimental

Six grey cast iron bars, with 20 mm in diameter
and 200 mm in height, were used as inserts. The
composition of the insert bars is given in Table 1. The
surfaces of the bars were processed by polishing them
up to a 1500-grit and degreasing before inserting them
into position within the molds. The gating system was
designed in such a way to fill all cavities
simultaneously (Fig. 1).

Table 1. Chemical composition of the cast iron inserts used
in this work (wt.%)

C Si S P Mn
3.55 2.24 0.04 0.1 0.36
Ni Cr Mo Fe
0.04 0.07 0.01 93.34

60 mim

150 mm

Figure 1. Schematic drawing of gating system

Commercially pure aluminum (99.9%) was
poured into two CO, sodium silicate sand mold
cavities with 40, 49 and 60 mm diameters cylinder,
respectively, first at 700°C followed by the second
pouring at 750°C. Cast iron bars were situated in the
center of each cavity.

After solidification, the bimetal cast bars were
sectioned transversely through the bond, and the main
part of each sample was selected for further
investigations. Cross sections were numbered as
shown in Table 2, and then they were prepared by
grinding with 2500-grit paper and polished with
0.1um alumina powders. The surfaces were etched by
Nital solution.

Microstructural analysis of the samples were
conducted using an optical microscope and Vega
[ITescan scanning electron microscope (SEM)

equipped with energy-dispersive spectroscopy (EDS).
Finally, micro-hardness measurements were taken
using a MHV-100Z-SCTMC hardness tester.

Table 2. Experimental samples investigated in this work

Sample No. teil(;zrrialiﬁre M/S Volume Ratio
C700-3 700°C 3
C700-5 700°C 5
C700-8 700°C 8
C750-3 750°C 3
C750-5 750°C 5
C750-8 750°C 8

Figure 2. Cross sections of samples produced at 700 C

3. Results and discussion

The microstructure of the sample C700-3 is
presented in Fig 3.a. It seems that the heat content of
the molten metal was not enough, in this case, to
dissolve the prominent points of the insert’s surface.
Therefore, no discernible interaction products were
found at the interface. However, the interface seems
quite flawless and a mechanical bond has possibly
been formed between the two metals; wetting of the
solid surface by molten metal is required for such a
condition. Unlike the other cases, for instance Al/ Cu
bimetal [30], no clear effects of aluminum oxide films
were detected at the interface of two metals. This
might be a result of reduction characteristics of
graphite in the cast iron structure.

With an increase in the melt/solid volume ratio
(V,/V,), some compounds are formed at the interface
(Fig 3.b and c¢). Continuity of this layer increases with
the increase of V_/V, and its average width changes
from 8.5 pm, in sample C700-5, up to 13.5 pm in
sample C700-8. Interestingly, while the thermal
energy of the melt led to dissolving of the so called
prominent points at the solid surface, the graphite is
holding its position and encapsulated by the new
intermetallic phase.

Fig. 4 shows the interface of the samples produced
at 750°C with different m/s volume ratios. Clearly, the
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thickness of the intermetallic layer is increased in
comparison to the samples produced at the lower
temperature. The average thickness of this layer alters
from 14 um, in sample C750-3, to 15.5 and 19.5 um
in sample C750-5 and sample C750-8, respectively.

Interface

C700-3

Aluminium
Intermetallic Compound

C700-5

(b)

ntermetallic Compound at iterface

C700-8

(C)

Figure 3. Optical micrographs of the interface layer in
samples produced at 700°C with m/s volume
ratios of a)3, b)5 and ¢) 8

\luminium

Intermatellic Compound 100 pm

(a)

netallic Compounds

(b)

Intermetallic Compound

Aluminium

25 pm

Figure 4. Optical micrographs of the interface layer in
samples produced at 750 “C with m/s volume
ratios of a) 3, b) 5 and ¢) 8

The corrugated nature of the interface (Fig 4.c) can be
explained by the surface melting, the constitutional
under-cooling caused by insert’s elements entering the
melt and the formation mechanism of the intermetallic
layer. Referring to the graphite position in Figs. 3 and
4, it can be seen that the melt/solid interface is moved
toward the cast iron bar while their positions are
intact. So, it is obvious that the formation of this layer
is dominated by dissolving the iron from the insert
into the molten aluminum.

The intermetallic layer, formed at the interface of
two alloys, can be seen in Fig. 5. EDS analysis of this
layer shows a composition of 69.98 at. % Al and 30.01
at. % Fe (Fig. 6) which is identical to Fe,Al,
composition. In the binary Fe-Al system, FeAl3,
FeAl, and FeAl as well as Fe,Al; are the stable
intermetallic compounds at the temperatures below
750°C [42]. FeAl,, FeAl, and FeAl compounds were
not observed in any temperatures and m/s volume
ratios in the present study. Probably, these three
phases cannot grow to the visible thicknesses within
this experimental conditions. Elemental distribution
map for the interface of the sample C750-8 is
presented in Fig. 7. Intensity of aluminum peak
quickly falls to zero near the cast iron insert, while
intensity of Fe peak increases in the solidified
aluminum. The thickness of the reaction layer is about
27 um including the region where both Al and Fe exist
simultaneously.

Fig. 8 shows the SEM image of sample A700-3.
Despite the fact that there is no visible evidence of
any compound layer in Fig. 3, there are particles with
average diameter of 5 um grown at the areas with

.\-7

100 um

Figure 5. SEM micrographs of sample A750-8 produced at

750 °C and m/s volume ratio of 8
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Figure 6. EDS analysis of intermetallic layer in Fig. 5

Figure 7. Elemental distribution map at the interface of
sample C750-8

L

20 um

SEM MAG: 2.50 kx
HV: 20.0kV
VAC: Hivac

DET: BSE Deteclor
DATE: 11421113
Device: TS5136MM

Vega @Tescan
Digital Microscopy Imaging

Figure 8. SEM micrograph of sample A700-3 interface;
Fe,Al; particles can be seen at the interface

higher surface roughness than nearby regions. It
seems that the intermetallic layer, observed in the
samples produced at the higher temperatures and m/s
volume ratios, are formed by the growing, joining and
overlapping of these particles. Similar observations
are reported in literatures [43-44].

As the melt enters into mold cavity, it begins to
dissolve insert’s surface. The effect of pouring
temperature and m/s volume ratio is presented in
Fig. 9. As it is expected, surface melting is mostly
occurred in the lower parts of the inserts due to the
higher temperature of the melt at the initial moments
of filling. There is no sign of the surface melting in the
middle and upper parts of sample C700-3 and sample
C700-5 as is indicated in Fig. 9. However, it seems
that the thermal energy of melt was not sufficient to
dissolve more than 1 mm of the solid’s surface in
almost all cases. Similar observations are reported for
the Al/Brass couples [39].

diameter

Figure 9. Diagram
solidification process

of insert after  the

When the solid cast iron comes in contact with the
molten aluminum, it starts to dissolve and form a Fe-
Al intermetallic layer. Firstly, melt has to wet the
surface of C.I. insert in order to form a sound and
uniform interface. Despite conducting surface
preparation of the inserts before putting them in the
mold, they still may have notches which impede melt
from touching their concaved ends (Fig. 10.b). This
gap between the melt and the bottom of notches is
possibly filled with the gases and should be
eliminated in some way (Fig. 10.c). As the process
continues, the prominent points start to dissolve into
the molten metal and, the size of notches changes
(Fig. 10.d and e). Finally, melt succeeds contacting
the bottom of notch and aforementioned gases
disappear from the interfacial area (Fig. 10.f).
Therefore, wetting between melt and insert occurs
successfully. Moreover, this leads to emergence of Fe
rich regions, right behind the interface, which are
suitable sites for the formation of intermetallic
compound. The gas may either escape out, while the
melt is coming up in the mold, or entrapped in the
melt and/or participate in dissolving and also possible
compound formation in the interface. Based on the
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Figure 10. Schematic picture of intermetallic layer
formation at the interface of Al-C.1.
a)lnserts’ surface in touch with the molten
aluminum
b)Air gap between the melt and the solid surface
c)Melting of bulge areas and dissolvation of
insert’s surface into Al melt
d)Complete wetting of solid surface
e)Fe,Al; nucleates at the indents of surface
Pldentical growth of the nucleases
g) oining of the indents
h) - 1) Overlapping and formation of a uniform
intermetallic layer at the interface

previous studies, formation of Fe,Al; and FeAl,
intermetallic are expected as an interfacial reaction
product [45-46], but, only Fe,Al, was clearly
observed at the interface. From the thermodynamic
point of view, formation of FeAl, is more possible
because of the lower Gibbs energy of formation. In
contrary to the thermodynamic principles, results
proved the existence of Fe,Al, at the interface of two
metals. Crystallographic defects in Al structure,
leading to the high growth rate of Fe,Al phase, is the
main reason of appearing this phase instead of FeAl,

as Shahverdi et al. are asserted [45]. Vast numbers of
vacancies along the axis of this phase with the
orthorhombic structure offered a rapid diffusion path
along [001] direction [47]. In other words, kinetics
overcomes thermodynamics.

Apart from that, regarding the existence of Si in
the composition of cast iron inserts, Yin et al. have
discussed the Si’s role in reducing the activation
energy of Fe,Al , and decreasing the growth rate of
FeAl [48]. Some other works have also reported the
formation of Fe,Al, at the interface of Fe/Al in lower
temperatures [47, 49-50]. Initial particles of Fe,Al,
nucleate at the indents (Fig. 10.g). This compound
forms by the conventional way, i.e. nucleation and
growth through the following reaction:

2Fe, + 5Al = Fe Al

Where the reactants are in liquid state in the
vicinity of the insert and the product is in the solid
form. In the next step, the nucleuses grow and join
together by further precipitation from the melt and
also diffusion of the Fe atoms toward this phase (Fig.
10.h). By combination of these new formed phases,
further growth and overlapping of individual indents,
a corrugated intermetallic layer forms (Figs. 10.1 and
J)- It is worth to mention that Si prevents this phase
from a completely preferential growth occupying
vacancies in the c-axis of Fe,Al, structure [48]. With
an increase in the solidification time, this layer can be
more uniform and thicker. Moreover, interactions like
the Fe transformation between the molten metal and
the solid insert affect the solidification and the
corrugation nature of the interfacial layer [45].

Fig.11 shows the schematics of graphite
encapsulation by aluminum at the interface of two

Cast Iron

Figure 11. Schematic picture of graphite’s encapsulation at
the interface of Al-C.1.
a) Solvation of the insert’s surface in touch with
the molten aluminum
b) Melt touches the graphite and tries to
surround it
¢) Further solvation of the inserts surface
extends graphite s interface with the molten Al
d) Solidification of the melt and encapsulation

of the graphite at the interface
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metals. In the process of solvation of solid surface,
elements form the cast iron enters the melt (Fig. 11.a).
By decreasing the thickness of the insert, melt reaches
to graphite at some points of insert’s surface and
surrounds it (Fig. 11.b, c). In order to getting wet by
the melt, the surface tension between the graphite and
the molten metal needs to be reduced [40-41].
Probably, this problem has been tackled by the
preheating of the graphite flakes by the molten metal
before getting touched by melt (before the state of Fig.
11.b), together with the dissolvation of the insert’s
elements into the melt. Finally, getting trapped in the
melt, graphite appears at the interfacial layer by the
end of the solidification process (Fig. 11.d).

Microhardness test was applied to the interfacial
layer. The result shows a hardness of 834VHN for the
Fe,Al intermetallic layer.

4. Conclusions

1-Some of the effective production parameters of
the Al/cast iron bimetal including, melt/solid volume
ratio and pouring temperature were studied.
Increasing the m/s volume ratio, from 3 to 8, and the
pouring temperature from 700 °C to 750 °C led to the
surface melting of inserts and formation of the
interface layers with the thicknesses varied from 5 to
20 pm.

2-The thickness of the affected zone is changing
from bottom to the top of casting. The effect of this
parameter has to be noticed and evaluated during
production of certain castings. However it would be
possible to control the thickness of the affected zone
by changing various production parameters such as
geometry of castings, the direction of molding and
pouring and designing special system for locally
cooling of the castings.

3-The interface was formed without any serious
defects. Such result is not always the case in
production of dissimilar bimetals by casting process
and need more attention. This may be the result of
presence of graphite at the interface.

4-An intermetallic layer of Fe,Al, was detected at
the interface of two metals. While formation of FeAl,
is more possible because of the lower Gibbs energy of
formation, results proved the existence of Fe,Al at
the interface of two metals.

5-By increasing the pouring temperature and the
melt/solid volume ratio, the thickness and uniformity
of interface layer were increased. Microhardness
analysis shows a hardness of 834VHN for this layer.
Decreasing the thickness of interface layer would
possibly help reaching to a better compound product.
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