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Liquid Metallurgical M ethod

RESEARCH

A modified impeller mixing coupled with chill cagtitechnique was used for the preparation of
Al-Fe composite. The electrolytic grade iron ponoie300mesh size was dispersed in the melt
of commercially pure aluminum. The iron contenthe composite varied from 1.67 to 11.2
wt%. The presence of iron in the composite imprdtedultimate tensile strength, 0.2% proof
stress and the hardness. The ductility showeddkerae effect with increase of the iron content
in the matrix. The results from microstructure skdvthe presence of second phase particles at
the grain boundaries of aluminum-rich phase as vesllwithin the grain itself which was
confirmed by EPMA line as well as XRD analysis.sEheomposite have also been subjected to
wear and friction testing at different operatingrameters. The XRD analysis was used to
analyze the wear debris.
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1. INTRODUCTION to formation of meta-stable intermetallic phases
[17]. Formation of this intermetallic depends on

The global energy crisis and depleting energy processing route and selected parameter used in the

resources as well as stringent requirements of thdabrication.

quality of a product necessitated the development

of lightweight energy efficient materials to be dse Al-Fe intermetallics composite are of considerable

in automotive industries [1-6]. The development of importance because iron is invariantly presentnas a

metal matrix composite with the dispersion of impurity. Further these impurities are able to form

second phase particle had been catalyzed by thdifferent types of intermetallics [18-20]. In prese

need for structural materials with high strengtd an work, Al-Fe composite are being produced by

stiffness to enhance the wear resistance [7-10]. liquid metallurgical route and elevated mechanical,
structural and tribological properties.

Dispersoids exits in the form of

particulates/fibers/whiskers, introduced into

metal/alloy matrix either in the solids or in the 2. PREPARATION OF Al-Fe

liquid state whereby advantages of both matrix and COMPOSITE

reinforcements are obtained [11-15]. Currently

titanium base alloys are used for aerospace? ] Selection of materials and procedure for

application at elevated temperature [16]. But at th preparation

some places dispersion strengthened Al-base

composite are being used for elevated temperaturgommercially pure aluminum (99.8%), electrolytic

structural application up to 3%0. Such composite jron powder of 50um size was selected for the

provides high strength at elevated temperature dugyreparation of Al-Fe composites with different
compositions.
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Figure 1. EDAX monograph of Al-6.23%Fe composite
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Figure 2. EDAX monograph of Al-11.2%Fe composite

electric heated muffle furnace. It was also addition of the particulate into the melt was
equipped with a bottom pouring attachment, which facilitated by vortex created by stirring action.

could be closed or opened by graphite stopper

with a lever system. A steel mould was placed Mixing was done for a period of 60 seconds. The
beneath the furnace to cast the molten metal. Inemulsion was poured into the chilled cylindricaluico

the top cover suitable opening was provided toplaced beneath the crucible. The same procedure was
charge materials and insert thermocouples. Theadopted for different compositions. Cylindrical toas
temperature of the furnace could be controlled of length 20cm and dia.2cm were obtained.

with an accuracy of about %5. Metallic bath

temperature was measured continuously by2.2 Evaluation of as-cast Propertiesof the
chromel/alumel thermocouple. The agitator system  Composite

could be raised or lowered with the help of the

hanger and steel frame structure. After adjustingThe wet chemical analysis was used to determine the
the mixer in a central position and required height percentage of iron in the bulk. The EDAX analysis
from the bottom of the crucible, the motor was was done as a confirmation test to iron presence.
bolted and locked while mixing of melt. Three-

blade impeller was used for effective mixing. This EPMA has been used to trace the presence of iron
design provides very high rates of shear and onlywhich is either present at the grain boundary thiwi
axial and radial flow currents are utilized for the grain of the composite. X-ray diffraction arsiy
mixing without any significant vortex formation was carried out for phase analysis.

due to the presence of baffles. The Al-Fe

composites were prepared employing liquid The metallographic specimens were prepared using
metallurgical route. The required amount of standard technique and studied under SEM for differ
commercial pure aluminum was charged into thefeature present. The densities of the composite wer
crucible and aluminum was heated to a determined using Archimedie’s principle. The hasine
temperature 20C above its melting point i.e. of the entire composite was measured using a \icker
662°C. A mechanical stirrer was inserted into the hardness testing machine. The hardness was measured
melt, and agitation was started at a speed of'35 s using Vickers hardness instrument Leitz Welzlaa at
The 50pm-size electrolytic grade iron powder |oad of 5Kg. At least 3 indentations have beenrtdée
was charged into the melt during stirring and the each point. Tensile testing of all the Al-Fe cosifgo
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was performed stress along with percentage elamgati 3. RESULT AND DISCUSSION
and reductions in area were computed from thetsesul

3.1 Chemical Analysis
2.3 Wear test

Volumetric method is one of the most versatile
Pin-on-disc machine was used for evaluating the weatechniques for the determination of element present
and friction properties under dry sliding condition at the microscopic level. In Al-Fe composites, iron
The cylindrical test pin of 8mm diameter and 40mm is the minor constituent phase. Its percentage is
length were used against a hardened steel diseOof 1 determined by using the volumetric titration
mm diameter. Tribological testing was conducted atmethod.
varying sliding distances, applied loads and dgjdin
velocities. In this experiment, the velocities were Specimens from different sections were used to find
varied from 0.732m/sec to 3.82 m/sec and the loadsut the uniformity of dispersion and results are
were varying from 1Kg to 5Kg force. tabulated in Table 1.

Table 1 Chemical composition and Physical properties eFéalcomposites

Composite wt.% wt.% Al Density Density
Fe (Theoretical) gm/cc (Experimental) g/cc
Al-1.67% Fe 1.67 Remainder 2.79 2.63
Al-3.36% Fe 3.36 -do- 2.84 2.65
Al-6.23%Fe 6.23 -do- 2.96 2.79
Al-11.2%Fe 11.2 -do- 3.28 3.08

Further to confirm the presence of iron in the The mechanical properties of the composites are
composites, energy depressive X-ray analysistabulated in Table 2. There is slight increasehin t
(EDAX) was also used. Figure 1 and 2 shows theultimate tensile strength (142 to 184MPa) 0.2% off-
EDAX monographs of composite with two tensile stress (59 to 83MPa) as the iron content
different compositions. In these monographs largerincreased from 1.67 to 11.2% wt in the composite,
peaks correspond to aluminum and smaller ones t@roviding a strengthening effect. However
iron. It confirms the presence of iron in the Al-Fe percentage elongation decreased from 32 to 17 with
composite. The results were also confirmed withincrease in the iron from 1.67 to 11.2wt. %.
EPMA and EDAX analysis.

Table 2 also shows the hardness values for all the
3.2 Physical analysis four composites with different compositions.

Hardness of the composites increases from 95 to
Tables 1 show the physical properties of the 179 with increase in iron from 1.67 to 11.2%. The
different Al-Fe composites. It is observed from the mechanical properties of cast aluminum are
table that the density increased from 2.79 to 398 adversely affected by the presence of iron as large
the iron content varied from 6.32 to 11.2%. primary or pseudo-primary crystals [21, 22]

Table 2 Mechanical properties of the Al-Fe composite

S.No. Composite VHN UTS(MPa) 0.2%PS(M Pa) % elongation
1 Al-1.67% Fe 95 142 59 32
2 Al-3.36% Fe 131 153 70 30
1 Al-6.23%Fe 163 159 74 27
2 Al-11.2%Fe 179 184 83 17
3.3 Metallographic Analysis elongated form. These elongated forms appear in

the needle shape at higher magnification and at
Figure 3a to 3d show the optical micrographs of the higher percentage of iron content. The needle
composites with 1.67 to 11.2%Fe at different shape intermetallic increases with increasing iron
magnifications. These figures clearly reveal the content. All the composites were also studied
presence of larger amount of second phaseunder SEM for further investigation the
particles. These second phase particle exist in thenicrostructures.
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Figure 3. Optical micrographs of (a) Al-1.67%Fe (b) Al-3.36&b
(c) Al-6.23%Fe (d) Al-11.2% Fe composite

Figure 4a to 4d shows the SEM micrographs of allpercentage. XRD monographs for different
the composites. At the lower magnification, cluster compositions are shown in Figure 5a to 5d for all
of Al-Fe intermetallics were seen, but at the high composition of the selected composite materiats. |
magnification, needle shape intermetallics werethese curves large peaks correspond to major phase
clearly visible. XRD analysis was conducted for all aluminum and smaller one corresponds to EeAl
the four compositions produced with different iron [23, 24].
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Figure 4. SEM micrographs of (a) Al-1.67%Fe (b) Al-3.36%Fe
(c) Al-6.23%Fe (d) Al- 11.2% Fe composite.

Tribology in industryVolume 33, No. 3, 2011. 131



N

a

Q@
a-Al

-ALFe
HAlFe
—ALO,

Angle (6)

a-Al

400+

ALO,

aafFe

100 g

T

o
4
5

()
LL
©

<

O T T T T T T T T T T T T T T
30 35 40 45 50 55 60
Angle (6)

65

500+

a-Al

] b
400
300
g g
> b )
S 200+ “
] o«
100+ <
I & &
O IZ‘ Tﬁml T T ?I T T ITz
30 35 40 45 50 55 60 65
Angle ()
1000+ <
d
800+
600+ o
N iy
5 g 7
8 400+ < o z
<—( o]
2001 2% | & 3 |ez o
< I o u,
<
o | | \

30 35 40 45 50 55 60 65
Angle (6)

Figure5. XRD graph of (a) Al-1.67%Fe (b) Al-3.36%Fe (c) 823%Fe
(d) Al-11.2% Fe composite, showing presence of keAl

3.4 Wear studies

It is seen that the initial running-in period is
followed by steady state wear for all the

The variation of bulk wear with sliding distance composites. The bulk wear continuously
was studied at different combination of loads anddecreases with increase in iron content. Steady
velocities. Figure 6 shows results for a teststate wear is observed after initial running-in
conducted at 0. 37 MPa load and 0.772 m/s slidingperiod of 500-1000m in almost all the case

velocity.
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Figure 6. Variation of bulk wears with sliding

distance at 3 kg load and 0.772 m/s sliding vejocit
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for as-cast Al-Fe composites

irrespective of load or sliding velocity used. Al-
11.2 %Fe showed lower bulk wear among all the
composite which may be due to higher amount of
hard phase formation increasing the overall
hardness of the composite material. The relation
found here is in accordance with the pattern for
most metallic materials derived theoretically as
well as observed experimentally [23,24].
However, at higher combination of load and
sliding velocity bulk wear is higher for all four
composite.

The studies conducted to see the effect of applied
load on wear rate revelled that wear rate
increased continuously with load in a linear
manner irrespective of the sliding velocity[25,26]
used as it is evident from Figure 7 at a particular
velocity.
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Figure 8 shows the variation of wear rate with
sliding velocity at 1kg load. Like other aluminium
alloys/composite, Al-Fe composite showed an
initial decrease in wear rate followed by a sharp
increase in wear rate after attaining minima inmwea
rate for all the composites at different loads. But
all the case wear rate decrease with increasern ir
content for all combination of loads and sliding
velocities used [27,28].

0.50

—m— Al-1.67 %Fe v "4
04571 —e— AI-3.36 % Fe i
L ::: AR v 4 X20  Amm 0581 MSMEMANITB
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Figure 8. Variation of wear ate with sliding
velocity at 1 kg load for Al-Fe composites

Figure 9 a and b shows the SEM study of the wear
track of Al-11.2 wt% Fe at a different load. Wear
debris are also examined with SEM. Debris of Al-
Fe composite at a distance of about 1430m shows =
mainly oxidative nature and wear track is smooth
with thin oxide layer, however at a distance of
about 40000m debris comprised of different oxides
with metallic particle and wear track was observed
with thick oxide layer with deeper track as shown
in Figure 9b. The mechanistic approach is
changed with change the velocity and load. In this
case the sliding distance was kept constant i.e.,
4000m.
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Figure 10. SEM micrographs of wear tracks
of Al-11.2 wt. % Fe composite for 0.772 m/s
sliding velocity and different loads
of (a) 2.0 kg and (b) 5.0 kg.

SEM images of the transverse section of the worn
surface showed that the buildup of oxide layer
depending on sliding distance, composition, applied
load and sliding velocity. In mild wear region afte
large sliding distance cracking and spalling ofdexi
layer is observed on the wear track which turng int
deep groove after large sliding distance for aH Al
Fe composite. The higher percentage of oxide layer
is formed in sample with lower iron content in
comparison to the samples of higher Fe-content.
The oxidation of the worn surface depends upon the
hardness of the materials. The hardness of the
materials varies with iron content in the materials
Al-11.2% Fe shows the maximum hardness and
they have capability to sustain the load. This
increases the bulk hardness of composite from 95 to
179 VHN with iron percentage increase from 1.67
to 11.2, hence improving the wear resistance of
composites with increase in percentage iron for all

The oxide film is broken at the higher velocity and case irrespective of load and sliding velocity.
load and deep grove and elimination of surface is

observed as shown in Figure 11a and 11b.

X35 500ym 0567 MSMEMANITB

X35
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Figure 11. SEM micrographs of wear tracks of
debris of Al-11.2 wt. % Fe composite for 3.24 m/s
sliding velocity and different loads of (a) 2.0 &ad
(b) 5.0 kg.
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XRD examination of wear debris shows the
diffraction peaks corresponding to coexisting
aluminum and alumina, different oxide of iron as
well as the peaks of iron as shown in Figure 12.
The main peak of the alumina are found at
37.6(hkl: 213) and 37°8hkl: 109) and the different
oxides of the iron at 33.18 and 35.4%he peak of
the iron is present at 44.5[29-30].
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Figure 12. XRD plot of wear debris of Al-11.2 wt.
% Fe composite at 0.772 m/s sliding velocity and
2.0 kg load.

3.5 Friction studies

The character of friction variation with sliding at
the specific load (i.e. 10N) is illustrated in Higu
13. The Figure show is graphically representation
of the results obtained from the friction experimen
at a fixed load and sliding velocity. It is evident

Tribology in industryVolume 33, No. 3, 2011.



from the Figure 13 the friction coefficient

drastically decreases during the running in period.
the friction

During the steady state period

coefficient is being stabilized. The friction belav

also varies with applied load.
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Figure 13. Friction coefficient variation of Al-Fe
composite during sliding time at fixed specific
loads (i.e 10N) and sliding speeds (4000m)

The average value of the friction coefficient at
normal load is shown in Figure 14. In accordance

with the figure the increase of the

coefficient corresponds to increase the normal.load

friction

Coefficient of Friction

Coefficient of Friction

The increase rate is especially evident for load s

change from 15 to 30 N.

0.0 ] —m—Al-11.2e
90 —e— Al-6.23e v
0.85 —A— Al-3.36e —
| —w—Al-1.67e — .
0.80 v
c
o 1 v/ /o
g 075 °
L 0.70
5 0.65 / .
'S 0.60 /
= 4 v
T 0.55 “ o .
8 1 /
0.50 /_
i o/
0.45 - .
T T T T T T
10 20 30 40 50
Load(N)

Figure 14. Coefficient of friction vs. applied load

for Al-Fe composite at 0.932m/sec

Diagrams in Figure 15 show the dependence of the
steady-state friction coefficient on the sliding
speed, for various loads in dry sliding conditions.
The nature of the dependence, in all the tested
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Fe composite at different applied loads:
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composite materials, manifests as decrease of the Figure 16. Worn surface of the Al-Fe composite
tested in dry lubricated sliding condition for 50 N
speed [31]. The degree of change is especiallyof applied load and 0.26 m/s of sliding speed dyrin

friction coefficient with increase of the

prominent in the region of lower values of speeds.
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The worn surfaces of the samples from the SEM[3]
examination are shown in Figure 16. The worn
surfaces of the Al-11.2 wt% Fe samples were
noticed to be smoother than those of the Al-1.67 vvt[4]
%Fe. Generally, the parallel ploughing grooves and
scratches can be seen over all the surfaces in the
direction of sliding. These grooves and scratches
resulted from the ploughing action of asperities on[5]
the counter disc of significantly higher hardness.

It can be noticed from the figure that for all the
contact loads, the friction coefficient of Al-
11.2%Fe is found to be low in comparsion to the[ 1
other the composites. Al-11.2 wt% Fe showed
higher hardness and from the metallographic
observation indicated is uniformly distribution of
FeAl; within the composite. The iron internetallic
has higher hardness and also bear the maximum
load. Therefore it acts as lubricant in the materia  [7]

4. CONCLUSION [8]
The Al-Fe composite is prepared from liquid
metallurgical methods. It can be observed from the
present investigation that iron could be succelysful
and uniformly distributed in aluminum using
impeller mixing chill casting technique. UTS,
0.2%PS and VHN increased with increase the
volume fraction of the iron in the matrix. The Al-

[9]

11.2%Fe composite showed higher percentage of10]Mohan S.

elongation while compared to Al-6.23% Fe.
Finally the increase in iron content in the matrix
supports the formation of different type of
intermetallic. This intermetallic increased with
volume fraction of iron in the matrix. Wear rate
with sliding distance showed almost linear
relationship for fixed load and sliding velocities.
Wear rate of the composite materials initially
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