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Metal matrix composites (MMC) have a wide range of applications in today’s
world, due to their high strength to weight ratio. In the present work, alu-
minium alloy LM25 and fly ash are selected as matrix and reinforced materi-
als, respectively. Fly ash is a waste product in thermal power plants. Its ease
availability in low cost can be converted into useful product. MMC of alumin-
ium alloy LM25—with 5 and 7.5% wt. fly ash composite is made by stir cast-
ing. The composite mechanical properties are compared with aluminium al-
loy. The chemical composition of aluminium alloy and its composite are stud-
ied by optical emission spectroscopy. The mechanical properties such as ten-
sile strength, elongation and hardness are obtained by employing UTM and
Brinell hardness tester. The specimens’ microstructure and phase analysis
are studied using an optical microscope and XRD. A segregation of fly ash is
found in the grain boundaries in the microstructure. The mechanical proper-
ties show significant enhancement from the base metal. The various defects
present in the casting are studied with the help of radiography technique.

Key words: fly ash composite, stir casting, mechanical properties, micro-
structure analysis, radiographic testing.
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IIHOCTH [0 Baru MAalOTh INMHUPOKUU CIEKTP 3aCTOCYBaHb B CydyacHOMY CBiTi. ¥
IaHiii poOOTi B SKOCTI MATPUYHOTO i HMOCHUJIIOBAJIBLHOTO MaTepisjaiB obOpaHO
amoMminiitoBuii cron LM25 i 301y BuHOCY. 30J1a BUHOCY € BiIXOIOM TEIJIOBUX
ejeKkTpocTaHIiii. Ii Jerka qocTynHicTb Ta HUBHKA BAPTICTH [JOBBOJISAE IEPETBO-
putu ii y KopucHuii npoaykT. MerajsoMaTpudyHi KOMIIOSUTU AJIOMiHiIOBOTO
crony LM25 i3 51 7,5% mac. 3011 BUHOCY BUT'OTOBJISJINCS METOJOI0 JUTTH i3
nepeminryBaHHaM. MexaHiuHi BJIaCTUBOCTiI KOMIIOBUTY OJIM3bKi 10 BJIaCcTHUBOC-
Tell ajoMiHilioBoro cromy. XeMiuHUM CKJIa aJloMiHilIOBOTO CTOIY Ta KOMIIO-
BUTY MOOCJiI:KEeHO MeTodaMH OITHKO-eMiciiiHoi cmeKTpockomii. MexaniuHi
BJIACTHBOCTI, a caMe MiITHiCTh Ha pO3PUB, IIOJOBXKEHHSA Ta TBePIiCTh, BU3HAUE-
HO MeTonoio Bpimennda. HociimkeHHsa MiKpOCTPYKTypu Ta (hasoBa aHajisa
3pasKiB ITPOBEIEHO 3a JOIIOMOTOI0 OINTHUYHOTO MiKPOCKOIA Ta PEHTI'eHiBChKOI
aHajisu. BusBieHo cerperairiio 30Ju BUHOCY y MesKax 3epeH. MexaHiuHi Biac-
TUBOCTi CYTTE€BO IOJIINIIYIOTHCA V TOPiBHAHHI 3 6a3oBuM MeTasioM. ledekTu,
HasBHi y BUJINBKY, BUBUEHO 3a JOIIOMOI0OI0 PeHTI'eHorpadii.

KarouoBi cioBa: 30JbHUI KOMIIO3UT, JUTTS 3 IEpeMilTyBaHHAM, MexXaHiuHi
BJIACTHUBOCTI, MiKPOCTPYKTYpHA aHaji3a, peHTreHorpadiuni gocaigxenus.

(Received December 31, 2020; in final version, January 4, 2022)

1.INTRODUCTION

Macroscopic combination of two or more materials is called as compo-
site. One of the major materials being metal and the other one, usually a
non-metal, is called metal matrix composite (MMC). In the past few
years, MMCs have gained more famous because of their low density,
high strength, high stiffness, damping capacity, good wear resistance,
better fatigue resistance and lower creep rate compared to conventional
alloys [1, 2]. Aluminium matrix ceramic reinforcement composites have
attracted increasing attention due to their combined properties such as
high specific strength, high stiffness, low thermal expansion coefficient
and superior dimensional stability at elevated temperatures as com-
pared to the monolithic materials. This has led to it being an important
material for the automotive and aerospace industries [3—5]. There are
many ways to fabricate metal composite including powder metallurgy,
pressure infiltration, casting, diffusion bonding and spray co-
deposition. After considering cost and ease of fabrication, stir casting
method was chosen. Stir casting is a process in which dispersed phases
like ceramics are incorporated in the molten metal matrix of metal (Fig.
1). They are then mechanically stirred, followed by solidification. The
stirring action leads to improvement in the distribution of fly ash and
its wettability. Content of dispersed phase in MMC via stir casting is
limited to 30% [6]. The distribution of the dispersed phase in the matrix
must be homogeneous. There might be segregation because of the differ-
ence in density which might lead to the formation of clusters.



INFLUENCE OF FLY ASH ON MICROSTRUCTURE 661

Motor

< -————— Rolling Rod

Impellers

Fig. 1. Schematic diagram of the stirrer.

Fly ash is a by-product of thermal power plants which is not used
conventionally and thought of as a waste by-product. It is used as a re-
inforcement material in this study. In India, 110 million tons of fly ash
is generated every year [7]. In general, fly ash consists of silicon oxide,
alumina, and iron oxide as major constituents and oxides of Mg, Ca,
Na, K, etc. as minor constituents. Fly ash particles are mostly spherical
in shape and range from less than 1 to 100 um. Due to fly ash being a
waste by-product, they are available for very low cost. In addition, fly
ash is a non-shrink material. They have great workability, high stiff-
ness and low thermal expansion coefficient.

Aluminium matrix is strengthened by the addition of hard and brittle
fly ash particles. Due to fly ash being low cost and abundantly available,
it helps in overcoming the cost barrier in the widespread application of
aluminium in automotive and small engine applications. Additionally,
greenhouse gases are minimized using fly ash which substitutes alumin-
ium in the production of aluminium alloys. Aluminium alloy fly ash
composites are a potential material for highway and runway signs, slid-
ing tracks for windows and doors, automotive parts, industrial furni-
ture, machine cover, frames and ducts and similar places [8].

TABLE 1. Chemical composition of fly ash [18].

Oxi- . . Loss of
des SlOz A1203 Fe203 CaO MgO TlOz NaZO KzO SOg ignition

Yo

wi 57.1 27.1 4 2.1 1.2 1.2 0.22 2.2 0.1 1.3
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The fly ash reinforced composite has been studied for different sys-
tems, such as Al-fly ash [6, 9-11], Al-4.5% Cu—fly ash [1], AA6063—
fly ash [2], AA6061—fly ash [12], A535—fly ash [13], A16061—fly ash
[14], AA6061-Al:0s—fly ash [15], Al-3Cu—8.5Si—fly ash [16], Al-
12Si—fly ash [10] and A535—SiC—fly ash [13]. With an increase in fly
ash hardness, tensile and compressive strength of MMC is improved [1,
7, 17]. However, these mechanical properties decrease when fly ash be-
comes more than 20% wt. [7]. The commercial LM25 alloy of alumini-
um is used in chemical and automobile industries. The effect of fly ash
in LM25 is not studied much. Present work concentrates on the influ-
ence of fly ash in LM25 Al alloy. In addition, the sound casting was in-
spected through radiographic testing.

2. EXPERIMENTAL DETAILS

Aluminium LM25 alloy was melted in graphite crucible. In induction
furnace, 16 kW of power was supplied to melt LM25. After LM25 was
melted completely and converted to a liquid state, fly ash was added
with 3 different compositions such as 0, 5 and 7.5% wt. More content
of fly ash was not chosen in order to maintain the corrosion resistance
[10] of the composite. A three-bladed impeller made of mild steel driv-
en by an electrical motor acts as a stirrer which is dipped into the melt.
During the stirring process, the fly ash was added in batches to ensure
homogeneous mixing. The schematic diagram of a mechanical impeller
dipped in molten metal is shown in Fig. 2. After enough mixing, the
melt was poured into the cleaned cylindrical-shaped mild steel die. Its
chemical composition is mentioned in Table 1. In Optical Emission
Spectrometer (OES), the specimen is vaporized with the testing probe
by a spark of an arc discharge to determine its composition. Shimadzu
OES-5500 spectrometer was used to find out the composition of LM25
alloy and its composites. An optical microscope was used to study the

TABLE 2. Chemical analysis of commercial and fly ash reinforced LM25 Al
alloy (in % wt.).

Fly

ash Cu Mg Si Fe Mn Ni Zn Pb Ti Sn Al

0 0.14 0.60 7.33 0.50 0.15 0.03 0.08 0.05 0.02 0.02 90.18

5 0.14 0.58 8.12 0.62 0.15 0.04 0.09 0.05 0.08 0.04 90.20

7.5 0.15 0.32 8.30 1.00 0.17 0.09 0.09 0.04 0.02 0.01 89.58
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Fig. 2. Tensile specimen’s dimensions.

microstructure of the base metal and its composite materials. Hydro-
fluoric acid was used as etchant with 0.5% concentration. The micro-
structures of all these samples were taken at 200X magnifications.

As shown in Figure 2, the ensile specimen was prepared with 50 mm
gauge length and 11.28 mm diameter. The tensile test was conducted
using a computerized tensile testing machine. Hardness measurements
were carried out on the base metal and composite samples by using a
Brinell Hardness Machine with ball indenter. The average value of
three measurements was reported. Radiography test (Dandong Zhong
Yi NDT Co., Ltd., China) was performed to detect and determine the
distribution of pores inside the tensile sample.

Tescan SBH VEGAS3 model SEM was employed to measure the parti-
cle size of fly ash. Presence of various phases of fly ash, LM25 alloy
and fly ash reinforced Al alloy composite was identified with the help
of XRD (MiniFlex Rigaku, Japan).

3. RESULTS AND DISCUSSION

The chemical composition of LM25 and fly ash reinforced LM25 com-
posite determined by OES is shown in Table 2. The Si and Fe content
increases with the addition of fly ash content. That implies, fly ash was
getting indeed incorporated in the matrix.

Fig. 3. Optical microstructures of LM25 Al alloy (a), 5% fly ash reinforced
LM25 Al Alloy composite (b), 7.5 wt.% fly ash reinforced LM25 Al alloy com-
posite using HF as the etchant (c).
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Fig. 4. SEM image of fly ash.

Figure 3 shows the microstructure of commercial LM25 Al alloy and
fly ash reinforced composites using hydrofluoric acid as an etchant.
The microstructure reveals the presence of a-Al and Al-Si eutectic
phases as per hypoeutectic Al-Si system. In addition to porosity, non-
uniform distribution of fly ash is observed in MMC. The agglomerated
fly ash particles are seen at the grain boundaries of 5—-7.5% wt. fly ash
reinforced composites. Gikunoo et al. [13] reported a similar finding
that non-uniform distribution of fly ash likes to segregate in grain
boundaries and promotes porosity. Rajan et al. [19] mentioned that for
uniform distribution fly ash, it must be surface treated in acid solution
by employing ultrasonic vibration and heat-treated before adding in
liquid metal.

As per intercept method, the grain sizes of the microstructure (Fig.
3) are 6.7, 8.4, and 8.6 for LM 25 alloy, 5 and 7.5% wt. reinforced fly
ash composite, respectively. The fly ash acts as a grain refiner and does
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Fig. 5. XRD pattern of fly ash.
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Fig. 6. XRD pattern of 0, 5 and 7.5% wt. of fly ash reinforced LM25 Al alloy.

not show much difference in grain size between 5 and 7.5% wt. fly ash
reinforced composite. This might be one of the reasons for better me-
chanical properties.

Figure 4 shows the SEM image of fly ash particles. It indicates that
fly ash has a wide range size distribution (6—80 um) in irregular shapes
and agglomeration. These agglomerates promote porosity in MMC.

The XRD pattern of as-received fly ash and cast fly ash reinforced
LM25 Al alloy are shown in Figs. 5 and 6, respectively. The major con-
tent of fly ash is SiO; and Al;Os; which is revealed in the XRD pattern.
Presence of Fe:Os peaks suppressed with low phase fraction and noises
due to impurities. As mentioned by Al-Fe—Mg—Si phase diagram [19],
Al +Si + Al;FeSi + Al;FeMgsSis phases are expected in the XRD pattern
of LM25 alloy and MMC. Due to low phase fraction, ternary and qua-
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Fig.7. Tensile strength and elongation with respect to fly ash content in
LM25 alloy.
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Fig. 8. Hardness of the specimens with respect to the increase in the fly ash
content.

ternary intermediate phases are not observed in XRD and also in the
microstructure. Figure 6 shows that the intensity of Si peak is in-
creased with the addition of the fly ash content in Al alloy. It may be
due to the interfacial reaction between fly ash and aluminium matrix
as mentioned by Rajan et al. [20] and Zahi and Daud [21]. Hence, the
probability for the formation of iron intermetallic is very low in MMC.
As mentioned by Rajan et al. [20], the possible interfacial reactions of
fly ash with the matrix are

2A1(1) + Mg(l) + 2Si0; (s) ™ MgA1204 Ok 2Si(s), (1)
3Mg(1) + 4.A1203 s ™ 3MgA1204 Oha 2A1(1). (2)
The XRD pattern did not reveal the presence of MgAl:O4 due to poor

quantity. Tensile strength and elongation trend of specimens are
shown in Fig. 7. The tensile strength of MMC is higher than LM25 al-

—

"’"”R 7

Fig. 9. Tensile specimens after testing.
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a b c

Fig. 10. Radiography image of LM25 Al alloy (a), 5% wt. fly ash reinforced
MMC (b), 7.5% wt. fly ash reinforced MMC (¢).

loy and it also increases with fly ash content. The tensile strength de-
creases after 5% wt. because of loss in interfacial bonding between the
reinforced particles (fly ash) and matrix phase (LM25). It should be
noted that the tensile strength is still higher in 7.5% wt. than in pure
LM25. It is mainly due to the interaction of dislocations and fly ash. It
can be inferred from the graph that the above phenomenon occurs be-
cause of the agglomeration of particles in the grain boundary.

In addition, the strength of fly ash reinforced composite is increased
due to reduction in grain size as per the Hall-Petch equation [22]

c=co+Kd'?, (3)

where o is the strength of the alloy, oo is a material constant which
gives resistance to dislocation movement, K is strengthening coeffi-
cient and d is grain size. The broken-up tensile pieces are shown in Fig.
9. The controversial tensile test result of 7.5% wt. fly ash composite
further analysed using radiography test.

Hardness of each phase is different. Figure 8 shows the hardness of
base materials and its composites. The trend of the hardness is very
similar to tensile strength of the specimens. It shows that the addition
of fly ash increases the hardness when compared to Al alloy. The de-
crease in hardness and tensile strength of 7.5% wt. fly ash reinforced
composite must be cross verified with defects.

Figure 10, a shows the LM25 alloy (0% wt. fly ash) radiography im-
age which is free from defects. Figure 10, b, ¢ shows radiography im-
ages of 5 and 7.5% wt. fly ash reinforced Al alloy composites, respec-
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tively. The spherical and irregular sports are observed throughout the
sample. A dark spherical sport indicates the presence of gas porosity.
Normally, the gas porosity in casting is formed due to insufficient size
of sprue or and poor mould preparation, i.e., too fine, too wet or low
permeability sand usage. However, LM25 alloy, i.e., absence of fly ash
does not have gas porosity which is clearly seen in Fig. 10, a. It indi-
cates that fly ash introduces the gas porosity in the composite. An ir-
regular dark spot in radiography images indicates the agglomeration
of fly ash, which is not observed uniformly. It is mainly due to untreat-
ed fly ash and low RPM of stirrers. In the x-ray radiography images, it
can be seen that the irregularly shaped black spots multiply with an
increase in fly ash content. This leads to a conclusion that porosity dis-
tribution and an agglomerated fly ash particle reduces the mechanical
properties such as tensile and hardness of 7.5% wt. fly ash reinforced
MMC.

4. CONCLUSIONS

Fly ash can turn industrial waste into industrial wealth. Its usage in
the composite can solve the problem of storing and disposal of fly ash.
Influence of fly ash in LM 25 was studied in terms of its mechanical and
metallurgical analysis in addition to radiography testing. Increase in
fly ash content in LM25 alloy increases in tensile strength and hard-
ness compared to the base metal. The untreated fly ash in MMC ag-
glomerates and adversely promotes porosity. Present work indicates
that

—surface treatment of fly ash is necessary to avoid agglomeration in
MMC,

— sound casting must be verified by NDT Co. before optimizing fly
ash content vs. properties,

— the mechanical properties of LM25 Al alloy improved by addition
of fly ash.
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