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Abstract. The present work is aimed to explore the microstructural and mechanical characteristics of coal-ﬂy
ash reinforced iron metal-matrix composites (IMMCs), synthesized through powder metallurgy technique. Coalﬂy ash wt%, compacting load and sintering temperature were considered as the input variables, whereas sintered
density and microhardness of the composites were taken as the output responses. Flowability and compressibility of the starting materials were demonstrated using Hausner ratio and Carr’s index. Decorous morphological, crystallographic and elemental characteristics of the starting materials and IMMCs were deliberated
using Scanning electron microscopy, X-ray diffraction and Energy-dispersiveX-ray spectroscopy investigations
respectively. A signiﬁcant improvement in the microhardness of IMMCs by 50% and drop in density by 35%
were found at 15 wt% as compared to 0 wt% reinforcement. The substantial increase in the microhardness
eventually resulted in an increase in their speciﬁc microhardness by a factor of two. Signiﬁcant improvements in
the microhardness of IMMCs at 15 wt % of reinforcement, compacted at 10 ton and sintered at 1150°C were
found to be prompted by the strengthening mechanisms like load transfer, Hall–Petch effect and Taylor
strengthening. The analytically calculated microhardness in the light of strengthening mechanisms was found
smaller than the corresponding experimental values as a function of wt % of reinforcement. Further, statistical
analysis of the obtained results was carried out using response surface methodology.
Keywords. Metal-matrix composites; coal-ﬂy ash; powder metallurgy; microhardness; strengthening
mechanisms; sintered density.

1. Introduction
Coal-ﬂy ash reinforcements are being used abundantly in
fabricating various engineering materials like bricks,
cement and metal-matrix composites (MMCs). Speciﬁcally,
low weight MMCs are being fabricated by reinforcing
inexpensive coal-ﬂy ash successfully to enhance their
mechanical and tribological properties [1]. Such materials
are being used extensively in aerospace, automobile, aviation, marine, sports and power industries. Coal-ﬂy ash
mostly contains spherical particles of SiO2, Al2O3, Fe2O3
and TiO2 with varying particle size ranges from 1 lm to
100 lm. The coal-ﬂy ash is a mixture of dense and hollow
particles which are generally termed as precipitator and
cenosphere, respectively [2–4]. Precipitator particle reinforcement is commonly used for inducing favourable
mechanical properties such as hardness, stiffness, wear
resistance, etc. in relatively soft metal matrices. As per
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ASTM C618, Indian coal-ﬂy ash falls in the F-category
which contains at least 70 % SiO2 and Al2O3. Contribution
of SiO2 particles in F coal-ﬂy ash is more than 50%, hence
used to strengthen the MMCs through excellent loadbearing mechanisms [5–7].
The resultant properties of MMCs primarily depend on
the type, amount and distribution of the reinforcement
into the matrix. Owing to the poor wettability and low
density of ceramic reinforcements as compared to the
matrices, liquid state fabrication method of MMC results
in their non-uniform distribution in the matrix. To
overcome these problems, the powder metallurgy (PM)
technique is broadly used as a solid-state method to
fabricate denser, precise, high strength MMCs. The upper
limits of the reinforcements which can be accommodated
into the metal-matrix using PM and stir casting process
are 50% and 30%, respectively [8–11]. This signiﬁes that
using PM uniform dispersion and a higher amount of the
reinforcements leads to a wider scope of tailoring the
properties of MMCs.
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Recently, Sahoo et al [12] synthesized MMCs through
PM technique to study the effects of TiB2 reinforcement on
stainless steel (AISI 304) matrix. The effect of vol. % of
reinforcement and sintering parameters on densiﬁcation,
hardness and deformation of the MMCs were evaluated
using microhardness and nanoindentation techniques. A
signiﬁcant enhancement in hardness, elastic modulus and
strength of the MMCs was explained based on uniform
distribution of 4 vol. % of reinforcement at sintering temperature of 1100°C. Abdollahi et al [13] optimized PM
parameters being used to fabricate parts from Iron and grey
cast iron powders. Effects of cast iron powder percentage,
compaction pressure, sintering temperature and time were
investigated on the density, transverse rupture strength and
hardness of the sintered samples. It was concluded that iron
jet-milled grey cast iron powder is more economical for
producing PM parts with diverse properties. Zhang et al
[14] presented the effect of the amount of graphite and
sintering temperature on microstructural and mechanical
properties of iron. It has been found that the increased
amount of graphite from 5 to 20% and sintering temperature from 600°C to 1100°C resulted in signiﬁcant
improvement of mechanical properties. The hardness
enhancement took place due to the lattice distortion resulted by the formation of Fe3C at an increased amount of
graphite and high sintering temperatures. Sharma et al [15]
characterized the iron-alumina MMCs for structural and
mechanical behaviour studies. Iron with 5wt % alumina
powders were ball milled and compacted at 10, 12.5 and 15
KN loads and annealed at 900, 1000 and 1100°C for one
hour respectively. Density and hardness of fabricated
specimens were evaluated and discussed based on the welldispersed dense nano iron-aluminate evolved in the
microstructure of the MMCs. A signiﬁcant enhancement in
density from 4.7 to 5.51 g/cm3 and hardness from 63 to 94
HRH has been witnessed. Gupta et al [16] investigated the
sintering and hardness behaviour of Fe-Al2O3 nano-composite synthesized by PM route. Sintering of the green
compacts was carried out in inert atmosphere at temperatures 900 to 1100°C for 1 to 3 hours. Dense nanophase of
iron-aluminate formed due to reactive sintering between the
powders was detected using Scanning electron microscopy
(SEM) and X-ray diffraction (XRD). Sahoo et al [17]
presented the mechanical properties and wear behaviour of
MMC fabricated by the hot-pressed method using stainless
steel as a matrix and TiB2 as reinforcement. The contributions of different strengthening mechanisms in improving the properties of MMCs were quantiﬁed. Guo and
Rohatgi [18] characterized the aluminium-coal-ﬂy ash
powder compacting process. Both precipitator and cenosphere particles were reinforced in the range of 5–20 wt. %
to aluminium powder. Compaction was carried out in the
range of 138 to 414 MPa. Green strength, green hardness,
green density, spring back and densiﬁcation parameters
were studied as a function of compacting load and coal-ﬂy
ash wt.%. It has been reported that on increasing
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compacting load the green strength, green density and
spring back exhibited increasing trends. Whereas the
increased wt. % of coal-ﬂy ash resulted in the reduction of
green strength, green density, spring back and hardness of
the compacted samples. Rajan et al [19] carried out the
microstructural, electrical, thermal and tribological study of
copper-coal-ﬂy ash composites prepared by PM technique.
The increased hardness and wear resistance has been found
in the Cu-coal-ﬂy ash composite as compared to the copper
matrix. The optimum amount of coal-ﬂy ash was found as 9
% as far as improvement in hardness and uniform distribution of reinforcement in the matrix is concerned. Beyond
this amount of reinforcement, a decrease in electrical and
thermal conductivity of the composite was reported.
However, the coefﬁcient of friction was not affected on
enhanced coal-ﬂy ash reinforcement, but the decrease in
speciﬁc wear rates of the composite was found.
From the cited literature, it is evident that different metal
matrices such as aluminium, steels etc. were reinforced
with Al2O3, SiC and coal-ﬂy ash to fabricate the MMCs.
However, an insigniﬁcant number of research papers were
found wherein reinforcement of inexpensive coal-ﬂy ash to
the pure iron matrix was used to fabricate MMCs. Therefore, the objective of the present work is to manifest the
usefulness of inexpensive coal-ﬂy ash as reinforcement to
the iron matrix to enhance the mechanical properties of
IMMCs fabricated thereof. The resultant properties of
IMMC are discussed in the light of various strengthening
mechanisms as a function of varying wt % of reinforcements. Further, statistical authentications of results of input
variables are being carried out by RSM techniques using
Design Expert 10 software.

2. Materials and methods
The commercially available atomized iron powder of purity
99.5% purchased from Sigma Aldrich Bangalore, India was
used as matrix. Coal-ﬂy ash introduced as reinforcement to
the iron matrix was collected from Rajpura thermal power
plant situated in Patiala district of Punjab, India. Design
Expert 10 software was used for the Design of experiments
(DoE). Bulk density and tap density of iron powder and
coal-ﬂy ash were calculated to exhibit their ﬂowability and
compressibility through Hausner ratio and Carr’s index.
Coal-ﬂy ash was mixed with iron powder at different
contents of 0, 7.5 and 15 wt% using a planetary ball milling
machine. Tungsten carbide balls having diameter 10 mm
(powder to ball ratio 1:10) was used as milling medium and
machine was operated at 200 rpm for one hour. Subsequently, pallets were prepared from the mixed powders at
different compacting pressure of 5, 7.5 and 10 tons;
respectively. The prepared pallets were further sintered at
temperatures of 950°C, 1050°C and 1150°C in a tubular
furnace for one hour under inert environment. The sintered

Sådhanå (2020)45:167

Page 3 of 13

densities of pallets were calculated as per ISO 3369:1975
using Archimedes method and using equation (2). X-ray
diffraction (PANanalytical X’Pert PRO, MPD, Netherlands) having a wavelength (k) 1.54 Å operated at 40 mA,
45 kV was performed for structural characterization of
starting powders as well as sintered pallets. Data were
recorded in the range of 20 to 80° with a step size of 0.02°
and a scan speed of 2°/min. Field emission scanning electron microscopy (FESEM) (FEI Quanta FEG-450) was used
to demonstrate the morphology of starting materials and
pallets. Elemental analysis of the starting materials was
carried out using Energy-dispersive X-ray spectroscopy
(EDS). Microhardness of prepared composites was recorded using Vickers microhardness (Wilson instrument,
Model 401/402 MVD, UK) operated at a load 50 g for a
dwell time of 10 sec. To authenticate the effects of various
input parameters on the responses: couture, surface and
perturbation graphs were plotted using RSM. Analysis of
variance and regression models were also derived for each
response. The contribution of various strengthening mechanisms involved in improved microhardness of composites
was exhibited. The density reduction and enhanced
microhardness of the composite were discussed and analysed statistically in the light of microstructural evolution
and various strengthening mechanisms.

3. Results and discussions
3.1 Elemental and compositional analysis
of the starting materials
An EDS technique was used to identify the elemental
composition of starting powder samples. EDS of iron
powder has depicted 99.5% Fe content. On the contrary,
coal-ﬂy ash found to be composed of multi-components
such as SiO2, Al2O3, Fe2O3, TiO2 and K2O as shown in
table 1. SiO2, Al2O3 and Fe2O3 are key elements of the
coal-ﬂy ash which is completely in agreement with our
XRD ﬁndings.

3.2 Flowability and compressibility evaluation
of the starting powders
In the powder metallurgy techniques, the ﬂowability of
powder plays an important role in compacting the powder
with minimal porosity at a given pressure and temperature.
The bulk and tap densities of the powders largely depend on
Table 1. Constituents of the coal-ﬂy ash.
Compound

SiO2

Al2O3

Fe2O3

TiO2

K2O

Percentage (%)

58.34

33.88

3.03

2.12

2.12

167

the size and shape of the particles and inﬂuence the
ﬂowability of the powders. Hausner ratio and Carr’s index
are often used to exhibit the ﬂowability and the compressibility of powder-like materials [20]. Hausner ratio is
the ratio of tap density to the bulk density and always
remains C 1. Its value C 1.25 is the indication of poor
ﬂowability of the powder. Carr’s index is also known as
compressibility index and is expressed as given in table 2.
The powders exhibiting Carr’s index C 25 is the indication
of poor ﬂowability and the values B 15 is considered as
good ﬂowability. The iron powder and coal-ﬂy ash were
undertaken to manifest their suitability for powder metallurgy through calculating their Hausner ratio and Carr’s
index. These starting materials exhibited good ﬂowability
and compressibility as the numerical values of Hausner
ratio and Carr’s index well in ranges as depicted in table 2
[21].

3.3 Morphology of the starting materials
and the composites
FESEM micrographs of as-received iron powder, coal-ﬂy
ash and sintered pallets of IMMCs with different amounts
of coal-ﬂy ash are depicted in ﬁgures 1(a-e). Figures 1 (a-b)
illustrate the dense and spherical shaped iron and coal-ﬂy
ash particles. The particles size of as received coal-ﬂy ash is
not uniform and ranges from 75 lm to 100 lm. Generally,
the spherical morphology is advantageous to synthesise
MMCs as far as powder mixing, compaction and solid-state
sintering are concerned. Figures 1(c-e) depicts the micrographs of the pallets reinforced with different amounts of
coal-ﬂy ash. Few black dots are also being observed in the
micrograph, exhibiting the porosity of IMMCs. Whereas,
the coal-ﬂy ash reinforced IMMCs, exhibits varying
amounts of white spots conﬁrm the proper dispersion of
coal-ﬂy ash surrounded by dense iron matrix. As the coalﬂy ash content increases, more and more white spots have
been detected in FESEM micrographs. A key observation is
that the increased amount of reinforcement resulted in
reduced inter-particle distance of the coal-ﬂy ash particulates. This will certainly contribute to the enhanced
microhardness of the prepared IMMCs by hindering the
movement of dislocations during deformation of the matrix
[17, 22].

3.4 Microstructural analysis of the starting
materials and the composites
Figures 2 (a) is exhibiting the XRD patterns of coal-ﬂy ash
and as-prepared pallets of IMMCs reinforced with 0, 7.5
and 15 wt % coal-ﬂy ash. XRD spectra of coal-ﬂy ash
illustrate a multi-component system comprising distinct
phases such as SiO2, Al2O3, Fe2O3 and mullite [6]. Sintered
pallet with 0 wt % coal-ﬂy ash exhibits the cubic crystal
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Table 2. Hausner ratio and Carr’s index of the starting materials.
Material
Iron powder
Coal-ﬂy ash

Bulk density (PB)
3.35 g/cm3
0.70 g/cm3

Tap density (PT)
3.80 g/cm3
0.77 g/cm3

Hausner ratio = ðPT =PB Þ



B
Carr’s index = 100 1  P
P

1.13
1.10

12
10

T

Figure 1. FESEM micrographs of: (a) iron powder, (b) coal-ﬂy ash, (c) IMMC 0 wt% coal-ﬂy ash, (d) IMMC 7.5 wt% coal-ﬂy ash and
(e) IMMC 15 wt% coal-ﬂy ash.

Figure 2. X-ray diffraction patterns: (a) 0 wt% coal-ﬂy ash reinforced composite, coal-ﬂy ash particulates, 7.5 wt% coal-ﬂy ash
reinforced composite, 15 wt% coal-ﬂy ash reinforced composite and (b) shifting and broadening of peaks as a result of reinforcement.
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structure, which is in agreement with JCPDS card number
89-7194. Two peaks reﬂected in the pattern at 44.67° and
65.02° correspond to (110) and (200) planes respectively
alike to the pure iron and indicate that there is no formation
of the secondary phase. However, peak corresponds to
(110) plane found to be more intense which means that
crystallographic direction of (110) plane increases with the
sintering temperature.
The XRD spectra of the IMMCs with coal-ﬂy ash contents of 7.5 and 15 wt % are also shown in ﬁgure 2 (a). In
both sintered pallets combined spectra of pure iron powder
and coal-ﬂy ash have been observed without the formation
of the third phase. However, all peaks corresponding to
coal-ﬂy ash are difﬁcult to distinguish from backgrounds
due to higher crystallinity of the iron phase. Shifting and
broadening of peaks exhibited in ﬁgure 2 (b) is conﬁrming
the strain induced in the structure of the matrix resulting
from the incorporation of coal-ﬂy ash. The average grain
size for all pallets was calculated by using Scherrer’s
equation as shown in equation (1) [23]:
D¼

0:9k
b cos h

ð1Þ

where D, k, b and h are grain size, wavelength of incident X-rays, full width at half maximum (FWHM) and
Bragg’s angle; respectively. The average grain sizes of the
matrix phase as a function of coal-ﬂy ash wt% are summarized in table 3. Here, broadening and shifting of the
peaks as a function of increased wt % of coal-ﬂy ash might
be contributing to the enhanced strength and microhardness
of the composites.

3.5 Evaluation of density of the composite
The density of the as-sintered pallets was calculated using
Archimedes principle. The weight of pallets was measured
on a digital weighing machine both in air and in distilled
water and densities were calculated as per equation (2)[24]:
qc ¼

Weight of composite in air
1
Weight of composite in air  Weight of composite in water

ð2Þ
where qc is the density of composite and 1 is the density
of water in g/cm3. A marginal enhancement in the sintered

Table 3. Varying grain sizes of the matrix as a function of wt %
coal-ﬂy ash.
Sl. no.

Coal-ﬂy ash wt%

Grain size (nm)

1
2
3

0.0
7.5
15.0

55
36
33
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densities of pallets was found, as a function of the compacting pressure and the sintering temperature. However, a
signiﬁcant drop in the sintered densities of pallets was
witnessed as a function of increased coal-ﬂy ash wt%. A
quantitative effect of various input variables on responses is
given in table 4. The evident reason for this drop in the
density of composite is the huge difference in the densities
of iron (7.87 g/cm3) and coal-ﬂy ash (2 g/cm3) [10, 25]. The
signiﬁcant reduction in the density of the composite
material is often prime requirement to establish the composite. A maximum 35 % reduction in the density has been
found at 15 wt % of reinforcement.

3.6 Evaluation of the microhardness
Increased microhardness of the composite as a function
of the input variables was measured using a Vickers
microhardness (Wilson instrument, Model 401/402
MVD, UK) testing instrument. Before the measurement,
the as-sintered composite pallets were polished as per
standard procedures; subsequently,a load of 50 g was
indented for 10 sec. Average of ﬁve such indentations on
different parts of the pallets by the diamond pyramid was
considered for calculating the microhardness value. It
has been found that with the increased compacting
pressure and sintering temperature, the microhardness of
the pallets enhanced marginally. But, a signiﬁcant
enhancement in microhardness by 50 % was recorded at
15 wt % of reinforcement as compared to the 0 wt % of
reinforcement as shown in table 4. Therefore, coal-ﬂy
ash wt % is found to be a dominating factor affecting the
microhardness of IMMCs. In addition to the presence of
hard ceramic particles like SiO2 and Al2O3, various
strengthening mechanisms might also be responsible for
the increased pallets hardness.

3.7 Strengthening mechanisms
The enhancement in microhardness of MMCs cannot be
understood completely based merely on the morphology,
chemical compositions and mechanical properties of
matrix and reinforcement materials. Particularly in the
case of micrometric scaled particulate-reinforced MMCs,
three strengthening mechanisms known as Load transfer
strengthening (Lt), Hall–Petch effect (Hp) and Taylor’s
strengthening mechanism (Ty) predominate to be operative in the microstructure of the matrix [26]. These
mechanisms signiﬁcantly affect the microhardness of the
composite through improvement in the yield strength
(ry). These strengthening mechanisms and their contribution towards improved microhardness of IMMCs have
been theoretically asserted, graphically represented and
compared with experimental values in the subsequent
sections [27].

167

Page 6 of 13

Sådhanå (2020)45:167

Table 4. Input parameters and responses.
Sl. no.

Coal-ﬂy ash wt% (g)

Compacting load (Ton)

Sintering temperature(oC)

Sintered density(g/cm3)

Microhardness (Hv)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

7.5
7.5
7.5
7.5
0
7.5
7.5
0
0
15
15
7.5
15
7.5
7.5
0
15

5
10
7.5
5
5
7.5
10
7.5
7.5
10
5
7.5
7.5
7.5
7.5
10
7.5

1150
950
1050
950
1050
1050
1150
950
1150
1050
1050
1050
1150
1050
1050
1050
950

5.48
5.77
5.87
5.18
6.85
5.79
5.84
6.96
7.58
5.11
4.74
5.83
5.05
5.71
5.76
7.36
4.71

137
132
135
137
110
140
166
116
124
161
160
142
168
149
153
134
145

3.7a Load transfer strengthening (Lt): On inclusion of the
second hard phase to the soft matrix the bonding between
reinforcement particulates and matrix improves the strength
of a composite by activating the phenomenon of load
transfer. Hence, the load transfer from the soft matrix phase
is easily executed to harder reinforcement particles during
plastic deformation of the material caused by the applied
load during hardness measurements. The agglomeration
free uniform distribution of coal-ﬂy ash in the iron matrix is
evident from ﬁgures 1 (d-e). This is exhibiting the
favourable conditions of stronger and clear interfaces
between the matrix phase and the reinforcement particulates [28]. In this work, the existence of more than 70% of
hard and strong SiO2 and Al2O3 particles in coal-ﬂy ash are
resulting in increased strength and hardness of the IMMCs.
With the increased amounts of reinforcement, the microhardness of the IMMCs exhibiting signiﬁcant improvements owing to the load transfer strengthening mechanism
is presented as per the modiﬁed equation (3):
DHvLt ﬃ 2:8DrLt ﬃ 0:5Vp rm

ð3Þ

where DHvLt, DrLt, Vp,rm are an improvement of Vickers
microhardness of composite, yield strength due to load
transfer, the volume percentage of reinforcement and yield
strength of matrix; respectively. It is a clear observation
from ﬁgures 1 (d-e), that an enhanced amount of reinforcement eventually reduces their interparticle spacing.
This is going to share more loads with the harder reinforcement particles as compared to the softer matrix. The
graphical representation of the effect of load transfer
mechanism is shown in ﬁgure 3 (a).Wherein, the load
transfer mechanism is exhibiting a very steep effect with
increased reinforcement from 0 wt % to 7.5 wt %.

However, from 7.5 wt % to 15 wt % reinforcement the
steepness got reduced [29].
3.7b Hall–Petch effect (Hp): Hall–Petch effect is another
signiﬁcant strengthening mechanism which is comprehensively accepted for the strengthening of metals, alloys and
composites. As per this effect, during recrystallization, the
inhibited grain growth in polycrystalline material cause the
grain reﬁnement and increased number of grain boundaries
[30]. Thus, exponentially increased grain boundaries create
more constraints for the dislocations motion during plastic
deformation caused by the applied force of indentation.
This renders higher stress generation and concentration in
the material structure and the material behaves harder and
stronger. The increase in hardness can be evaluated as per
the relation shown in equation (4) [31]:
KHP
DHvHp ﬃ 2:8DrHP ﬃ pﬃﬃﬃﬃ
D

ð4Þ

where DHvHp, DrHP, KHP and D are an increase in Vickers
microhardness, change in yield strength, material constant
and mean grain size; respectively. Coal-ﬂy ash particulates
reinforced to the iron matrix serves as nucleation sites
during recrystallization. Thus, the increased amounts of
reinforcement might be enhancing the number of grains in
the matrix of IMMCs, which multiplies the grain boundaries and creating hurdles for free movement to the dislocations during plastic deformation resulted while
indentation [32, 33].
The relation between grain reﬁnement of the matrix
phase extracted from the XRD data and the corresponding
variations in microhardness of IMMCs as a function of
reinforcement amounts is graphically shown in ﬁgure 3 (b).
Wherein,a steep decrease in grain size and the
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Figure 3. Effect of reinforcement amount: (a) microhardness as a function of Load transfer and Taylor strengthening and (b) on grain
size and microhardness.

corresponding increase in microhardness is witnessed during the enhancement ofreinforcement from 0 to 7.5 wt %.
Further, the intensity of reduction in grain size and
enhancement in microhardness is reduced with reinforcements increased from 7.5 to 15 wt %. It can be inferred, that
the Hall–Petch effect is playing a signiﬁcant role in making
the IMMCs stronger and harder through grain reﬁnements
[34].
3.7c Taylor’s strengthening mechanism (Ty): To accommodate the signiﬁcant difference in coefﬁcient of thermal
expansions (CTE) of reinforcement and matrix materials,
geometrically necessary dislocations appear in the vicinity
of reinforcement particles of the MMCs. Further, the dislocations density enhances as a function of increased
amount and reduced size of the reinforcements [35]. In the
present study, the coefﬁcient of thermal expansion (CTE)
of iron-matrix phase (12910-6/K) is almost double of coalﬂy ash (6.1910-6/K). The above conditions are pointing
towards Taylor’s strengthening mechanism which might be
active in the microstructure of composites. As per the
established empirical relation between yield strength (ry)
and microhardness of a material, the improvement in the
microhardness (DHvTy) of the composite can be manifested
vide the following modiﬁed equation (5)[36]:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
12DaDTVp
DHvTy ﬃ 2:8DrTy ﬃ bGmb
ð5Þ
bdpð1  VpÞ
where b, Gm and b are material speciﬁc constants i.e.
strengthening coefﬁcient, shear modulus and burgers vector
of the matrix respectively. Da and DT are differences in the
coefﬁcient of thermal expansion between matrix and reinforcement material and processing temperatures respectively. The terms dp and Vp represents the average particle
size and volume % of reinforcement respectively. Hv is an

enhancement in the Vickers microhardness of composite
and DrTy is the improvement in yield strength imparted by
Taylor’s strengthening. Hence, during sintering of IMMCs,
this mismatch of CTE is generating geometrically necessary dislocations in the vicinity of reinforcement particles
to release the thermal stresses [37–39]. The dislocation
densities enhancement is taking place primarily due to the
enhanced amounts reinforcement. Figure 3(a) indicates
almost liner contribution of the reinforcement to the
improvement of microhardness of IMMCs [26].
Increased reinforcement not only generates dislocations
but also creates restrictions on the free movement of the
dislocations as a result of reduced grain size of matrix and
inter-particulate distance of the reinforcement [40]. Since
the composites synthesised in this work exhibiting a signiﬁcant increase in microhardness on increased reinforcement, hence it can be inferred that the above phenomenon
might be active in the microstructure of the IMMCs [41]. A
quantitative effect of various input variables on responses is
given in table 4. Further, the contribution of each
strengthening mechanisms (Lt, Hp and Ty) in improving the
microhardness (DHv) of IMMCs are manifested by modiﬁed summation model as shown in equation (6) [42, 43]:


DHv ﬃ 2:8 rm þ DrTy þ DrHp þ DrLt

ð6Þ

To appraise the contribution of Ty, Hp and Lt in
improving microhardness of the IMMCs, the computations
were carried out using equations (3), (4), (5) and (6) and
input variables as given in table 4. The results revealed that
at 0 wt % of reinforcement only Hall Petch effect was
active in improving the microhardness of the matrix (Hvm).
At 7.5 wt % of reinforcement, the increased Hp effect was
followed by Lt and Taylor Strengthening. Hp followed by Lt
and Ty mechanisms were found at maximum 15 wt %
reinforcement, 10-ton compaction load and 1150°C
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sintering temperature [26, 27]. Whereas, Lt found to be the
dominating strengthening mechanism followed by Hp and
Ty imparting signiﬁcant improvements in microhardness of
the IMMCs through improved yield strength. Further, the
calculated values of microhardness were compared with the
experimental (HvEx) values. The experimental values were
found signiﬁcantly higher than the theoretical values except
at 0 wt % of reinforcement. Synergistically strengthening
mechanisms exhibiting increased microhardness of IMMCs
as a function of wt % of reinforcement, which is well in line
with the established research results. The possible reasons
behind the changing trends of strengthening mechanisms
are the constant particle size (75–100 lm) and varying wt
% of the reinforcement [44]. The increased amount of
reinforcement from 0 wt % to 7.5 wt % provided more
number of nucleation sites in the matrix to grow more
grains during sintering. As per table 3, the grain size of the
matrix phase got reﬁned from 55 nm to 36 nm and the
presence of reinforcement particles also started sharing
some load from matrix i.e., the Hp dominated Lt [29].
However, the difference between CTEs of reinforcement
and matrix material is not sufﬁciently high and the amount
of reinforcement is not sufﬁcient i.e., Ty has a limited
contribution. With further increase of reinforcement from
7.5 wt % to 15 wt % nucleation sites increased and grain
size reﬁned only from 36 nm to 33 nm. As per ﬁgures 1(de), the increased wt % of reinforcement signiﬁcantly
reduced the distance between its particles which enabled
them to bear more load form the matrix i.e., Lt supersedes
the Hp. Now the composite has sufﬁcient amount of reinforcement which also enable the Ty got increased [42].
During the comparison, the experimental values of microhardness were found higher than that of theoretically calculated. The possible reason may be as follows: one due to
other possible strengthening mechanisms active in
microstructure the IMMCs, secondly generation and accumulation of inhomogeneous dislocation behind the micrometric sized particulates [45]. Contribution of each
strengthening mechanism along with the comparison of
calculated and experimental values of microhardness of the
IMMCs as a function of wt % of reinforcement is shown
graphically in ﬁgure 4.

3.8 Statistical analysis
3.8a Statistical analysis of the density: In the statistical
analysis of density, the F-value of the model has been found
112.35 which imply that the developed model is signiﬁcant.
The modiﬁed ANOVA table for the sintered density is
presented in table 5. Among the input parameters A, B, C,
AB, and AC, parameter A, i.e., coal-ﬂy ash wt % found to
be the most dominant factor affecting the sintered density.
Lack of Fit F-value of 0.0617 implies that it is non-signiﬁcant relative to the pure error which advocates the
expected signiﬁcance of the model. Statistical values of R2
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Figure 4. Comparison of theoretical and experimental microhardness and contribution of strengthening mechanisms in the
IMMCs.

and R2 (adj.) were found to be 0.99 and 0.98, respectively.
The closeness of these values advocates the adequacy of the
regression model developed. It also discards any possibility
for further increase in the degree of the developed regression model. The developed model is sufﬁcient enough to
capture the variance in the observed experimental data. The
regression model for the sintered density extracted from the
analysis is given in equation (7):
qc ¼ 5:76  1:14  A þ 0:23  B þ 0:17  C

ð7Þ

The sintered density of the composites is signiﬁcantly
inﬂuenced by coal-ﬂy ash wt. % in an inverse fashion. An
overall reduction in composite density can also be attributed to the combined effect of porosity of the matrix and
the lower density of the reinforcement [46]. The data
obtained for sintered densities were also found uniformly
distributed around the straight line as depicted in ﬁgure 5(a). The predicted and actual values of the sintered
densities were found scattered randomly and do not follow
a speciﬁc trend as shown by ﬁgure 5(b). The random distribution of the obtained data discards any possibilities of
pre-biasing while experimentation. Increasing compact
load is enhancing the sintering density through the
increased green density. As the applied load during compaction of powders result in reduced porosity by reducing
the interparticle distances of matrix and reinforcement as
well. The experimental value of the sintered density of a
sample with 0 wt % reinforcement achieved is 96.3 % of
the theoretical density of matrix at maximum compacting
load of 10 tons and 1150°C sintering temperature; respectively. Whereas, a minimum sintered density of 64.1 % of
the theoretical density of pure iron is found at compacting
load of 5 tons and 950°C sintering temperature at 15 wt %
of the reinforcement.
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Table 5. Modiﬁed ANOVA table for the sintered density.
Source of variation
Regression
A (Coal-ﬂy ash wt%)
B (Compacting load)
C (Sintering temperature)
Residual error
Lack of Fit
Pure Error
Total

Sum of squares

Degree of freedom

Mean square

F value

P-value

11.77
10.44
0.42
0.22
0.08
0.066
0.015
11.85

9
1
1
1
7
3
4
16

1.31
10.44
0.42
0.22
0.012
0.022
3.820E-003

112.35
897.39
35.97
19.00

\ 0.0001
\ 0.0001
0.0005
0.0033

5.77

0.0617

Figure 5. Plots for the sintered density: (a) normal probability plot, (b) predicted vs. actual and (c) perturbation plot.

The starting materials exhibited the expected compaction
behaviours and resulted in signiﬁcant densiﬁcation during
sintering, hence complementing the ﬂowability results as
given in table 2. Further, ﬁndings are being manifested by
the surface plots in ﬁgures 6(b-c). In this graphical representations, the effect of coal-ﬂy ash wt % is pertinent
indicating the maximum density found at minimum wt% of

coal-ﬂy ash and vice-versa as shown in ﬁgure 6(b) [47].
The combined effects of the sintering temperature and the
compacting load on the density are exhibited in ﬁgure6(c).
Though, the effect of the coal-ﬂy ash wt % is more signiﬁcant as compared to the sintering temperature and the
compacting load. However, enhancement in sintered density with the increased temperature conﬁrms the diffusion

Figure 6. Plots for the sintered density: (a) contour for compacting load and coal-ﬂy ash content, (b) surface plot for compacting load
and coal-ﬂy ash content, (c) surface plot for sintering temperature and compacting load.
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Table 6. Modiﬁed ANOVA table for microhardness.
Source of variation
Regression
A (Coal-ﬂy ash wt %)
B (Compacting load)
C (Sintering temperature)
Residual error
Lack of ﬁt
Pure error
Total
R2 = 0.94, R2(adj.) = 0.88

Sum of squares

Degree of freedom

Mean square

4038.69
2701.13
301.13
480.50
217.55
10.75
206.80
4256.24

9
1
1
1
7
3
4
16

448.74
2701.13
301.13
480.50
31.08
3.58
51.70

F value

P-value

14.44
86.91
9.66
15.46

0.0010
\ 0.0001
0.0171
0.0057

0.069

0.9734

Signiﬁcant

not signiﬁcant

Figure 7. Plots for the microhardness: (a) normal probability, (b) predicted vs. actual and (c) perturbation.

of matrix particles. It can be deduced that the diffusion of
the matrix particles reduced the porosity and coal-ﬂy ash
particles got mechanically locked. Hence, it can be inferred
that the sintered density improves with the increased
compacting load and the sintering temperature. On the
other hand, the sintered density declines signiﬁcantly with
increasing coal-ﬂy ash wt %. This is one of the prerequisite
inherent properties of composites inculcating the higher
speciﬁc mechanical properties [48].
3.8b Statistical analysis of microhardness: From the
ANOVA table 6, it can be deduced that the coal-ﬂy ash wt.
% is the most prominent input parameter as it bears maximum F-value of 86.91. Since F-value of the model is
14.44, which renders the signiﬁcance of the model. The
values close to each other are complementing the signiﬁcance of the model. The normal probability plot of residuals
of microhardness is shown in ﬁgure 7(a). This is indicating
the suitability of the data to be analysed further. The scattered data along the straight line in ﬁgure7(b) is showing
enough scattered data around the straight line without following any speciﬁc trend. The scattering and location of the
data in the vicinity of the straight line further advocating
the usefulness of the data. The contribution of each input
variable in affecting the microhardness of IMMCs is

depicted in the form of a regression equation (8) as given
below:
Hv ¼ 143:80 þ 18:38  A þ 6:13  B þ 7:75  C

ð8Þ

In addition to the statistical signiﬁcance of coal-ﬂy ash
reinforcement, the overall effect of the various input variables on the microhardness is depicted graphically in ﬁgures 8(a-d). With the increase in compaction loads, the
microhardness increases at lower wt % of coal-ﬂy ash
whereas, at higher levels of coal-ﬂy ash no signiﬁcant effect
is witnessed as shown in ﬁgure 8(b). Minimum microhardness is found at the minimum load and vice-versa.
The coal-ﬂy ash wt % is found to be the dominant input
variable affecting the microhardness of IMMCs i.e., on
increasing the wt. % the microhardness increases almost
linearly. The plot shown in ﬁgure 8(c) is showing a combined effect of sintering temperature and wt% of coal-ﬂy
ash on the microhardness. It can be observed that with an
increase in the sintering temperature, the microhardness
also increases. This is evident that sufﬁcient diffusion
among the matrix particles has taken place during solidstate sintering. Whereas, the effect of coal-ﬂy ash wt% is
similar as discussed for ﬁgure 8(b). A combined effect of
the sintering temperature and the compacting load on the
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Figure 8. Exhibiting combined effects of input variables on hardness: (a) contour plot showing the effect of compacting load and coalﬂy ash wt %, (b) surface plot showing the effect of compacting load and coal-ﬂy ash wt %, (c) surface plot showing the effect of sintering
temperature and coal-ﬂy ash wt% and (d) surface plot showing the effect of sintering temperature and compacting load.

microhardness is another important concern which needs to
be explained based on the surface plot as shown in ﬁgure 8(d). The maximum value of the microhardness is
found at maximum sintering temperature and compacting
load i.e., 1150°C and 10 tons, respectively [49].

II.

III.

4. Conclusions
The successful synthesization of iron metal-matrix composites (IMMCs) through powder metallurgy method has
been demonstrated through uniform distribution, structural
stability and interface bonding of the reinforcement with
the matrix. The following speciﬁc conclusions have been
drawn from the characterizations of IMMCs followed by
their statistical analysis:
I. The FESEM analysis exhibited the uniform distribution of coal-ﬂy ash particles in the iron matrix with
clear interfaces. This entails the suitability of the

IV.

V.

VI.

reinforcement and the matrix combination for fabricating IMMCs using powder metallurgy techniques.
There was no evidence regarding the formation of
new phases or compounds found in the XRD peaks,
which implies that the sintering temperature ranges
between 950°C and 1150°C.
There were no chemical reactions observed between
the matrix and the reinforcement which indicates the
optimal temperature range for IMMCs fabrication.
The maximum 15 wt % coal-ﬂy ash ampliﬁed the
microhardness of IMMCs by 50 % and reduced the
density by 35 % as compared to 0 wt % coal- ﬂy ash.
Among the input variables, coal-ﬂy ash wt.% found
to be the most dominating input variable inﬂuencing
the density and the microhardness of IMMCs.
With an increase in wt % of reinforcement, the
contribution of strengthening mechanisms responsible for enhanced microhardness changed from Hall–
Petch effect at 0wt% to Load-transfer followed by
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Hall–Petch effect and Taylor strengthening at 15 wt
% of reinforcement.
VII. The experimentally observed microhardness of
IMMCs was found signiﬁcantly higher than that of
the corresponding analytically calculated.
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