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Iron components processed through Powder Metallurgy (P/M) route have complex material
characteristics due to the presence of pores. The present research work attempts to investigate
the influence of porosity on the thermal conductivity of the sintered iron specimens. Green
iron compacts of various densities were obtained by applying various compaction pressures.
An electric muffle furnace with a capacity of 3.5kW was used for sintering the green com-
pacts. The specimens of the same density were utilized to conduct thermal conductivity ex-
periments. The Design Expert (DE) software has been used to design and conduct the thermal
conductivity experiment on specimens. The variations of heat flow through the preforms were
studied using ANSYS. Using MATLAB, a similar kind of study was also carried out, and the
results were compared. The test results reveal that the thermal conductivity of the P/M iron
increases with a decrease in porosity or increase in density.
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INTRODUCTION the sintered iron specimen. The generalized correlations
using DE and MATLAB software have also been developed
to evaluate the thermal conductivity of P/M iron at differ-

ent input parameters such as heat flux and density.

P/M iron components are gradually replacing the con-
ventional solid components in various industrial sectors

like structural, machinery industries, civil construction,
hoisting equipment, etc., due to their excellent metallur-
gical, mechanical, and thermal properties. Though the
P/M iron material has equivalent mechanical strength to
wrought material, the pores in the material adversely affect
the thermal behaviour of the material. The relative motion
of the components generates heat, and the components
must be able to dissipate the generated heat to the greater
extent in order to retain the normal working condition in
the actual applications. The present work aims to investi-
gate the influence of porosity on thermal conductivity of
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Vincent et al. [1] have investigated the influence of
porosity on the thermal conductivity of copper preforms
processed through the P/M route and reported that the ther-
mal conductivity of the material decreases with increase in
porosity. The infiltration pressure of the porous Al-12 wt. %
Si/SiC composites invariably increases the thermal conduc-
tivity due to an inherent reduction in porosity [2]. Influence
of pore size on thermal conductivity of porous wicks ana-
lyzed by Jiyuan et al. [3] has reported that the smaller pore
sizes of material invariably lower the thermal conductivity
of the material. Pia and Sanna [4] have investigated the
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dependency of pore size on thermal conductivity through
intermingled fractal units’ technique and it was observed
that for the same volume fraction of voids, the thermal con-
ductivity is found to decrease with a reduction in the size of
pores. The cooling rate of P/M steels is getting reduced with
an increase in porosity level and subsequently a decrease in
the material’s hardness [5].

Daninnger et al. [6] have studied the effect of porosity
variations on thermal expansion and thermal heat capacity
of sintered steels and reported that the variation in porosity
is found to have less effect on specific heat capacity of the
material and the alloy content and the temperature at which
the P/M steel is processed have some effects on specific
heat capacity. It has been investigated and reported that
the highly densified steel specimens are observed to have
high thermal conductivity [7]. Gojic et al. [8] have inves-
tigated the hardness and microstructure of the steel, and it
was found that the hardness has been increased by 200HV
when the bainitic structure is transformed into the marten-
sitic microstructure. Popovska et al. [9] have investigated
the properties of porous silicon carbide and concluded that
the high bridge density in the fiber network favours the
thermal conductivity. The thermal conductivity of sintered
metal powder compacts is found to have a lower thermal
conductivity than stainless steel, copper, and bronze, the
solid materials [10].

The investigation carried out by Tatar and Demir [11]
on the thermal conductivity and microstructure of P/M
Al O, particulate reinforced aluminium composites (Al/
AL, O;-MMC) has concluded that the thermal conductiv-
ity of porous alumina could be enhanced by adding more
amount of alumina powder. Zivcova et al. [12] have investi-
gated the thermal conductivity of porous alumina ceramics
prepared using starch as a pore-forming agent, and found
that the pore size plays a vital role in the thermal con-
ductivity of the material and it increases with a decrease
in size of the pore. Kurt and Ates [13] have studied the
effect of thermal conductivity on P/M processed materials
and found that the compacting pressure plays an import-
ant role in the green density of P/M materials; increasing
sintering temperature increases the green density of P/M
materials. They have also reported that the thermal con-
ductivity of the P/M steel samples increases with decreas-
ing porosity ratio. Matsuo [14] has studied the effect of
porosity on the thermal conductivity of nuclear graphite
and concluded that the percentage change in thermal con-
ductivity is approximately linear with the increase in open
porosity. Ondracek and Schulz [15] have observed the
porosity dependency on thermal conductivity of nuclear
fuel (uranium di oxide) and have proposed an equation to
calculate the thermal conductivity from the orientation of
the pores orientation, such as shape and size. It is reported
by the researchers that the thermal conductivity of crushed
salt decreases with increasing porosity and temperature,
and they have also reported in their results that the ther-
mal diffusivity and specific heat of the substance have less

dependence on the porosity [16]. Non-uniform pore size
distributions have led to the reduced thermal conductivity
of phase change materials [17]. The inclusion of porosity
in a hydrocarbon reservoir in an Enhanced Oil Recovery
(EOR) technique was found to increase the heat transfer to
the fluids stored in it [18]. The increment of porosity was
found to decrease the thermal conductivity of dry soil [19].
It was reported by the author in his research work that the
hydrated fluid flow over the porous plate has a significant
effect on the velocity, pressure, displacement, and stress,
and on the other hand, it has less effect on the temperature
[20]. Kandavel and Dhasarathy [21] have investigated the
influence of sintering temperature on thermal behaviour of
Cu-added iron materials. They have reported that the P/M
component sintered at higher temperature possesses high
thermal conductivity and at the same time, it increases the
hardness of the component also.

Thermal properties of P/M material depends on various
physical characteristics. Though, research work is going on
in this field, researchers found difficult to arrive one gen-
eralized modeling as a whole for the P/M material. Unlike
solid material, the behaviour of P/M material is a complex
phenomenon. It has a special character of varying density
and hardness, when it is subjected to any load. It is diffi-
cult to ascertain any common properties due to complexity.
As a whole, it is necessary to identify the research gap and
carryout the work in this field. P/M material never reaches
100% density, even it is subjected to high level compaction.
Particularly, in porous (P/M) material the porosity plays a
significant role in determining the thermal characteristics.
The porosity level is determined by the way of making the
component.

The present research work aims to study the influence
of porosity on thermal behaviour of P/M iron components.
Components of varying porosity level are achieved by vary-
ing the compaction pressure. Generalized correlations are
established to find the thermal conductivities for the spec-
imens of different porosity. By applying any input parame-
ters such as heat flux and density of the material. One could
be able to get the thermal conductivity of the specimen
without any analytical calculations.

SYSTEM DESCRIPTION

The pure Iron powder was accurately weighed to the
required quantity using 4 Decimal accuracy Shimadzu
digital balance (made in Japan). The powder is com-
pacted to the various densities by applying suitable com-
paction pressure on Universal Testing Machine (UTM,
capacity 1000kN) using suitable cylindrical die-punch set
with graphite as a lubricant. The green compacts of size
?50x7mm with various percentages of theoretical densi-
ties such as 69%, 78%, and 86% were obtained by applying
compaction loads 250, 350, and 500kN, respectively, during
compaction. A specially made ceramic coating had been
applied on the exposed surfaces of the green compacts to
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prevent oxidation during the sintering process. Well-dried-
coated green compacts were sintered in argon purged
3.5kW Mulffle furnace (capacity 1100°C) at a temperature
of 1050 +£10°C for a period of 30 minutes. The sintered
specimens were then polished in belt emery to remove the
oxides from the surface. The density of each specimen was
found using the Archimedes principle, and hardness for
the same specimen was identified using a Rock Well hard-
ness tester. An indigenously fabricated fixture was used to
conduct the thermal conductivity tests on the sintered iron
specimens with different percentage theoretical densities.
The sintered specimens of the same density were placed
on either side of the heater coil, and K-type thermocouples
were placed at four points on either side of the specimen,
i.e., in between the heater coil and the specimen and outer
side of the specimen to observe the heater coil temperature
and on the other side of the specimen corresponding to the
amount of heat conducted through the specimen.

The experimental setup is illustrated in Figure 1.
Insulating materials (glass wool pockets) were packed
around the heater coil specimens’ setup to avoid any form
of heat loss during the experiment. The entire set up was
placed inside an enclosure to eliminate the atmospheric
interference. The thermal conductivity experiment was
conducted at various set voltages such as 50, 60, 70, 80,
and 90V by controlling dimmerstat. The temperatures of
the thermocouples placed at the various positions were
observed from the digital display connected with the exper-
imental setup. All the temperature readings were noted only
after the attainment of steady-state conditions. The thermal
conductivity of each voltage setting for various densities of
the sintered iron specimens was calculated as per Fourier’s
law of heat conduction.

The experimental results were further analyzed using
DE and MATLAB software to predict the thermal con-
ductivity at any input parameters. The results of both the
software were compared tor assess the level of agreement
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Figure 1. Experimental setup.

with the experimental results. A generalized correlation has
been established to find the thermal conductivity of vari-
ous densities of iron specimens relating to the theoretical
density and heat flux using DE software. The experimen-
tal results were fed to ANSYS APDL software to study the
variation of temperature distribution across the specimen
surface of various densities of the sintered iron specimens.
The microstructures of the various densities of sintered
iron specimens have been captured using 1000X optical
microscope (Make: Japan, KYOWA, ME-LUX2) with image
analyzer and have been corroborated with the experimental
results.

RESULTS AND DISCUSSION

Solid iron components possess higher thermal conduc-
tivity compared to P/M iron components [10]. Though the
P/M components are inferior in some quality, they are com-
petitive in strength compared with the conventional solid
material. In the present work, the thermal behaviour of sin-
tered iron components has been investigated with the vari-
ation of density/hardness of iron specimens by conducting
thermal conductivity tests.

Influence of Porosity on Hardness and Thermal
Conductivity of the Sintered Iron Preforms

A set of the sintered iron preforms of equal density is
considered for the thermal conductivity test. The speci-
mens of equal density are placed as per the experimental
arrangement shown in Figure 1. Required numbers of ther-
mo-couple are provided at suitable positions to monitor
the temperatures of the specimen on either side. The tem-
peratures on either side of the specimen were noted, and
the average value temperatures and other values such as
the heat flux and the thermal conductivity of the sintered
preforms were also calculated using the Fouriers’ Law of
Conduction correlation (Eq. 1).

o qt
AR T (1)
VIH(p.
‘q represents heat flux in W since q= Q =M
m? A ux(d?)
4

where,

V= Voltage (V)

I = Current (A)

p.f = Power factor (%) = 0.86
d = Diameter (mm)

k, = Thermal conductivity if the specimen in %

T1 = Specimen temperature at coil side in °C

T2 = Specimen temperature at opposite side in °C

Based on the experimental tests, the values of hardness
and thermal conductivity of sintered iron preforms at vari-
ous densities are illustrated in Table 1. The bar chart shown
in Figure 2 illustrates the hardness value of the sintered iron
specimens at various densities. It is clearly evident from the
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figure that the specimen processed with high compaction
pressure is found to have higher hardness due to an increase
in the density of green compacts [5]. Higher compaction
pressure makes the green compacts with less number of
smaller size pores compared with the preforms made with
lower compaction pressure. The minimum hardness value
of 68.6 HRB is obtained for 69% theoretical density, and the
highest hardness of 84 HRB is obtained for 86% theoretical
density of the iron specimen.

Though the thermal conductivity of heat through the
metal is a natural phenomenon, the thermal conductiv-
ity of P/M metal depends on number of parameters such
as porosity, density, size, and shape of elemental pow-
ders, alloying elements, etc. The present investigation is
focussed on the influence of porosity/density on the ther-
mal conductivity of the sintered iron preforms. The various
levels of porosity/density of the specimens are achieved
during the compaction by applying the required level of
compaction pressure. However, some of the post sinter-
ing operations like upsetting, forging, etc., could also be
used for varying porosity or density of the sintered spec-
imen. Increasing the density of the P/M part is observed
to improve the thermal conductivity behaviour of the
P/M material [7]. The maximum thermal conductivity
(18.91W/m°C) of the sintered iron is exhibited by the 86%
theoretical density of the iron preform at the maximum
heat flux input (Table 1). This thermal conductivity value
for the 86% density of the material is 35% higher than that
of 69% density material and 23% greater than that of 78%

density material. Pores present in the P/M materials con-
tribute to the heat loss during the heat conduction, which
in turn leads to lower the thermal conductivity of P/M
material. Decreasing the pores or otherwise increasing the
density is found to increase the thermal conductivity of
the sintered P/M iron specimens [7].

Thermal Behaviour Modeling of the Sintered Iron
Preforms

The thermal behaviour modeling for various densities
of the sintered iron material has been generated using DE
and MATLAB software. The 3D modeling generated by the
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Figure 2. Bar chart of hardness for various densities of sin-
tered iron specimens.

Table 1. Comparison of thermal conductivity of sintered iron preforms using Design Expert and MATLAB software

%theoretical Rockwell Experimental input and output parameters

density of iron hardness Voltage Current Heatflux Thermal Conductivity (W/m °C)

preforms (HRB) V) (A) (W/m?) :

Experimental ANOVA Percentage MATLAB Percentage
Value Value Error Error
Value

69 68.6 50 0.160 1401.018 02.50 02.48 -00.80 02.75 10.19
60 0.194 2123.418 03.64 03.28 -09.89 03.56 -02.18
70 0.250 3283.636 06.06 05.48 -09.57 05.77 -04.69
80 0.280 4290.618 07.80 08.31 06.53 08.61 10.50
90 0.300 5253.818 12.20 11.81 -03.19 12.13 -00.49

78 76.2 50 0.160 1401.018 03.87 03.45 -10.85 03.79 -01.82
60 0.194 2123.418 05.00 04.63 -07.40 04.98 -00.22
70 0.250 3283.636 07.88 07.45 -05.45 07.82 -00.75
80 0.280 4290.618 11.88 10.81 -09.00 11.20 -05.72
90 0.300 5253.818 14.54 14.83 01.99 15.23 04.76

86 84 50 0.160 1401.018  05.21 04.65 -10.74 05.07 -02.58
60 0.194 2123.418 06.90 06.17 -10.47 06.60 -04.26
70 0.250 3283.636  09.12 09.54 04.60 09.98 09.50
80 0.280 4290.618 14.71 13.38 -09.04 13.81 -06.10
90 0.300 5253.818 18.91 17.85 -05.60 18.32 -03.06
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Figure 3. 3D models for thermal behaviour of sintered iron preforms, a) Design Expert, and b) MATLAB softwares.

software is illustrated in Figure 3. The 3D models devel-
oped by this software are useful for analyzing the thermal
conductivity at any given input parameters. The images
in Figure 3a and 3b are the 3D models developed by the
DE and MATLAB software, respectively. The colour vari-
ations towards the increasing input parameters show the
level of increased thermal conductivity of the material. It is
observed from the 3D images of both the software that the
thermal conductivity of the sintered iron is increasing lin-
early with respect to density of the material and the amount
of heat supplied [14]. The images developed by the software
are found to be similar in appearance.

A generalized correlation has been generated [15] from
the regression analysis by DE software to find the thermal

conductivity of various densities of the sintered iron speci-
mens and the generalized equation is given in Eq. 2.

k =(13.91364) - (0.34260 X) — (4.44915x107Y) +
(5.90984x107°XY) + (2.55674x10° X?) +
(4.21953 x 107 Y?)

)

where, k = Thermal conductivity in
X = Theoretical density in %

m°C
Y = Heat fluxin KZ
m

Using the generalized correlation given in Eq. 2, the
thermal conductivity of the sintered iron specimens could
be arrived at by mere substituting the input parameters
such as theoretical percentage density and heat flux [15].
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The regressive quadratic equations generated using
the DE software were used to get the numbers of response
parameter and were used in MATLAB. The equations were
subjected to computation using the subsequent program-
ming steps. The entire results which were obtained using
the computation were arranged into an array. Using the surf
command the values stored in the array were plotted in the
3D surface graph.

Figure 4 shows the images of heat flow distribution
across the specimen generated for the various densities of
the sintered iron preforms at the lowest and highest heat
supplied by ANSYS-APDL software. The input parameters
for determining the thermal conductivity of the sintered
iron specimens are fed in the software. The software has
generated the image illustrating the distribution of heat
flow across the specimen based on the density and heat
flux. The variation of colours and their intensity describe
the distribution of heat and the level of heat conduction in
the specimen. As the specimens are porous, the colour vari-
ations and their intensity are found to be scattered across
the specimen. Images are shown in Figure 4a illustrate the
heat flow pattern through the 69% theoretical density of the
sintered iron preforms. The heat conductivity at the low-
est density of specimen is found to be lower compared to
higher density specimens [1,2, 16]. This is due to the fact
that lowest density of specimen has higher porosity. The
heat distribution over the region is observed as random or
more scattered due to the presence of high degree of pores
in the specimen. The voids in the specimen are found to
scatter the heat and reduce the thermal conductivity of
the P/M material. The densified specimen is observed to
exhibit higher thermal conductivity due to the lesser num-
ber and smaller pores [3, 4]. Figure 4b and 4c show the
thermal conductivity of densified specimens. The distribu-
tion of colours and their intensities are found to be uniform
for 78% of densified specimens and more uniform for the
86% of densified specimens, as shown in Figure 4b and 4c.
The maximum densified specimen (86%) at the maximum
heat flux is found to have the highest thermal conductiv-
ity (18.91 W/m °C) in the entire experimental range. The
ANSYS image is also observed to prove this phenomenon
by showing the uniform distribution of yellow colour with
almost same intensity over the entire region of the speci-
men surface for the highest density and at the maximum
heat flux.

Comparison of Design Expert and MATLAB Values with
Experimental Results

Comparative charts have been made in order to inves-
tigate the closeness of software values such as ANOVA and
MATLAB with the experimental results at various input
voltage for three different percentage theoretical density
specimens. The cumulative comparison chart is shown in
Figure 5a-c.

Figure 5a shows the comparative plot for thermal
conductivity of 69% theoretical density specimen. The

maximum experimental value (12.20W/m °C) is exhib-
ited at the highest input power (90V). The corresponding
ANOVA and MATLAB values are 11.81 and 12.13 W/m °C
respectively. The percentage error found for the MATLAB
at this value is -00.59 and for ANOVA, it is -0.3.19. The val-
ues are indicating the closeness of software’s value with the
experimental. Similarly for 78% theoretical density spec-
imen, the comparative plot is made and shown in Figure
5b. The pores available in the specimen are lesser than the
69% density specimen. One can expect higher thermal con-
ductivity at the same higher input power (90V) from the
specimen. The highest experimental thermal conductiv-
ity exhibited at the highest input power is 14.54W/m °C.
The corresponding values of ANOVA and MATLAB are
14.83 and 15.23W/m °C respectively. The percentage errors
of these values with the experimental value are 01.99 and
4.76. The lower error values are indicating the closeness of
these values with the experimental value. The cumulative
thermal conductivity of both the experimental and soft-
ware plot for 86% density specimen is depicted in Figure
5c. Naturally, the thermal conductivity of the specimen is
found to be higher due to pores reduction. The specimen
is exhibiting the highest thermal conductivity (18.91W/m
°C) at the highest input power among the other two density
specimens. Using ANOVA and MATLAB, the thermal con-
ductivity of the specimen are 17.85 and 18.32W/m °C. The
corresponding error values calculated are -05.60 and -03.06
respectively. Though, the error values are lower in all the
cases irrespective of input power and specimen densities,
seem to be a perfect alignment of software’s value with the
experimental value. The following observations are made
from the plots that i) the trend is same for all the thermal
conductivity values, ii) the line of software value merge with
the experimental value, indicating the closeness of value. At
the outset, the software could be used to develop thermal
behaviour modeling for any P/M materials.

Using the mathematical models generated by regression
analysis (DE) and MATLAB software, the thermal conduc-
tivity of the specimen for various densities and heat inputs
has been calculated. The evaluated conductivity values
from this software are summarized in Table 1. The devia-
tion from the experimental values is given as a percentage
error in Table 1. The error values obtained from the math-
ematical models generated by regression analysis (DE) and
MATLAB software are compared and illustrated in Figure
6. It can be seen from Figure 6 that the deviations are poised
equally on either side of the nominal value (experimen-
tal value) for the values obtained from the mathematical
models. The same kind of wavy trend is also observed in
the plots. In both cases, the percentage error has not been
exceeded 11%. It shows that the values obtained from two
different modeling have good agreement with the experi-
mental values. It may be concluded that the DE software
and MATLAB could be used for predicting and analyzing
the thermal behaviour of porous P/M materials.
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Figure 7 shows the microstructures of the sintered iron
preforms prepared with various densities. Figure 7a and 7b
show the morphology of the 69% and 86% densified sin-
tered iron preforms, respectively. The ferritic microstruc-
ture is found in both cases of the iron preforms. Figure 7a
shows the surface morphology of the 69% theoretical per-
centage of iron specimen. It is observed from the images
that the grain sizes and pore sizes of the lower density
preforms are found to be bigger compared to the higher
density preforms. Numbers of pores are found to be more
and also bigger for the lower (69%) densified specimen.

(b)

Figure 7. Microstructures of various % theoretical densities of the sintered iron preforms, a) 69% and b) 86%.

The pores are non-uniform in size and randomly poised
in the ferritic matrix. The non-uniform size of pores has
led to reducing the thermal conductivity of the specimen
[17]. The percentage of pores present in the ferritic matrix
is about 16%, and the corresponding average pore size is
0.0576 pm?. Figure 7b shows the micro optical image of the
maximum densified iron specimen (86%). Little elongated
grain structure is observed for the well-densified preforms.
Uniformly distributed pores are seen in the image. The per-
centage of pores occupied in the ferritic matrix is about 7%,
and the corresponding average pore size is about 0.0288
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um?®. From the images of microstructure, it may be con-
cluded that the grain size, number of pores, and pore size
determine the thermal behaviour of P/M materials [3, 4].
Grains of smaller size with less number of pores are found
to conduct more heat than the grains of bigger size. The
P/M components processed with higher compaction pres-
sure or higher density are found to exhibit higher thermal
conductivity [7].

CONCLUSION

Based on the experimental work carried out on the sin-
tered iron preforms of various percentage theoretical den-
sities to investigate the influence of porosity on thermal
characteristics, the following conclusions could be drawn:
o The thermal conductivity of the sintered iron increases

with a decrease in porosity of the material.

o Increasing the density of sintered P/M iron material
improves the hardness and thermal behaviour.

o The sintered iron’s thermal conductivity depends on the
specimen’s heat flux.

o The higher percentage (16%) of pores, and pore size
(0.0576 um?) is found in the lower density (69%) P/M
iron specimen.

o The lower percentage of pores (7%) and pore size
(0.0288 pm?) is found in the higher the densified (84%)
specimen.

o Reduction in pores in the specimen results in the
enhancement of thermal conductivity.

o Bigger size grains are observed in the lower density
specimen and smaller size grains are observed in the
higher density iron specimen due to higher compaction
pressure.

o Ferrite grains are observed in the surface morphology
of iron specimens.

o The thermal conductivities obtained through regres-
sion analysis (DE) modeling and MATLAB software has
shown good agreement with the experimental results.

o The software DE and MATLAB could be used for the
sintered P/M iron to predict and analyze material’s ther-
mal conductivity.

o The ANSYS software could also be used for analyzing
the heat flow pattern across the sintered porous iron
material.
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