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Abstract: Powder Metallurgy (P/M) processing of materials to produce conventional P/M parts
involve the compaction of the pre-determined mass of individual elemental, mixed elemental metal
powders or alloy powders and or composite powders into green compacts and sintering them under
reducing atmosphere and or under other protective coatings, thus, after sintering producing
products after mild machining operations. Therefore, compaction represents one of the most
important stages in the production of engineering components using the P/M route. However, the
physical properties such as density and the stress distribution in the green compacts are determined
not only by the properties of the constituents of the powder or the powder blend, but, also by the
pressing modes and schedules. Thus, the present investigation pertains to generate experimental
data on the compaction behaviour of Fe-1.05% graphitesystems with two different iron particle size
ranges and two different powder masses in order to highlight the various aspects of compaction and
also testing out the already existing compaction equations and search for the new ones. Powder
blends of two different iron powder particle size ranges, namely, -106+53um and -150+106um
respectively were blended with the required amount of graphite powder of 3 — 5 um sizes for a
period of 32 hours. Compaction studies have been carried out for two different amounts of both
powder blends. The two amounts taken were 659 and 85g respectively. However, the main attempt
was made to record the load and the corresponding heights and the top punch displacements for
every two tons (0.02MN) of load which was applied in the steps of 0.02MN. Various equations for
compaction were attempted empirically and the already existing ones were also tested. Critical
analysis of the experimental data and the calculated parameters have resulted into several
compaction equations which were arrived at empirically. The regression coefficient ‘R*’ in each
case where compactions equations were empirically obtained was in very much close proximity to
unity. However, it has been also confirmed that the data of the present investigation were well
taken up by the earlier compactions equations, thus, validating them comprehensively.

Keywords: Compaction, compacts, constants, empirically, equations, graphite, particle size,
powder blends.

I. Introduction

It is universally established that compaction is a process of forming metal, nonmetals (oxides,
ceramics, composites etc.) individually or blended in required compaositions or alloy powder in to a solid mass
(compacts) of desired shape with adequate strength in order to withstand the ejection from the tools and
subsequent handling up to the completion of the sintering without breakage or damage. However, compaction of
metal or non- metal powders in dies is one among the most versatile methods for shaping
metal/alloy/ceramic/composite/blended mixtures powders and the same accounts for the bulk of the commercial
production. Further, it is accepted beyond any doubt that deformation is one among the major mechanisms of
densification with regards to production of high density parts. Both types of deformations such as elastic and
plastic are induced to the compacts. However, most of the elastic deformations are recovered, on the removal of
the imposed stress from the compact. But, the recently developed dynamic compaction process which exhibits
such characteristic features that differentiates it from the traditional powder metallurgy processes. Apart from
these, the dynamic compaction is technically carried out by the passage of an intense shock through the powder
mass required to be compacted. This shock wave can be generated by detonation of an explosive that surrounds
__________________________________________________________________________________________________________________________________|
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the powder mass [1]. The passage of shock wave through the powder particle generates intense plastic
deformation which occurs principally at the periphery of the powder particles.The combination of the plastic
deformation and the friction among the powder particles can lead to elevated temperatures producing localized
melting which promotes the formation of effective joints among the particles. Fig.1 shows the various stages of
compaction experienced by the powder particles during compaction operation.

Rearrangement of
powder particles

Elastic
Deformation

Plastic
Deformation

Strain Hardening

| Bulk Deformation |

Figure 1 Various Stages Occurring in Powder Compaction

1.1 Compaction Equations

Investigators over the past eighty years have devoted considerable efforts to the development of
empirical and theoretical compaction equations to describe the density pressure relationships for the compaction
of powders. Even though more than twenty different compaction equations have been proposed of which the
most widely used equations are attributed to Balshin[2], Heckel[3] and Kawakita[4] respectively. Some
experimental results of investigators have shown that Balshin equation isrelatively, too, insensitive to the
variation in pressure values at higher ranges and is also not valid in the compaction of ductile powders.
However, Heckel and Kawakita equations have shown their applicability to the compaction of both metallic and
non-metallic powders [5], but, it has been reported that the Heckel equation is quantitatively invalid at low
pressures. These equations are listed beneath:

Balshin Equation: In [p] = -Cy/D + Cj ------------------ (1)
Heckel Equation: In {1/ (1-D)} = C3 + Cy --------------- )
Kawakita Equation: {D/ (D-D,)} = Cs/P + Cg --------- (3)

Where ‘Cy’, ‘Cy’, ‘C3’, ‘Cy’, ‘Cs’, ‘Cg’ are constants. However, Ge Rongde [6] has developed a new compaction
equation not only with excellent accuracy and precision, but, also with the wide applicability. This equation is of
the form given below:

Log {In [(1-Do)/ (1-D)]}=Alog P + B ------------------ 4)

Where, A and B are empirically determined constants, D, is the relative density of the loose powder
and ‘D’ is the relative density of the compact. Conventional powder metallurgy processing of materials involve
the compaction of metal or alloy powder or composite blended powders or mixed elemental powders of pre-
determined mass into green preforms and sintering them under reducing atmosphere or neutral atmosphere as
the case may be and, thus, producing the sintered components to required dimensions by mild machining
operations. Therefore, the compaction, thus, represents one of the most of important stages in the production of
engineering components using the P/M route. However, the physical properties such as density and the stress
distribution in the green compacts are determined not only by the pressing schedules and the properties of the
constituents of the powders [7].Thus, the compressibility is one of the most important characteristics of the
metal powders since,and it affects the densification processes. Therefore, the compressibility is defined as the
ability of the powder to deform under the applied pressure, and, furtherit is defined as the ratio of the green
density of the compact to the apparent density of the given powder mass. However, higher values of
compression ratio require greater die depths, but, simultaneously induces several complications due to the
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powders introduction of friction between the powder and the die walls and also the internal friction of the
powder particles among themselves. Thus, it is reported that the compressibility is dependent on the particle
size, shape, porosity and surface properties and their chemical compositionsas well [8].

1.2 Some Other Aspects of Compaction

Various other compaction equations relating compaction pressure, green density and green strengths of
compacts are discussed in detail elsewhere [9, 10]. However, compaction equations for mono-size spherical
powders and their co-ordination number excellently well by J. X. Liu and T. J. Davies [11, 12] in a
comprehensive manner. Further a detailed description is available on the relationship between compacting
pressures, green densities and the green strengths of compacts used in thermal batteries can be referred
elsewhere [13].Apart from these, the properties of the compacts can be found out in the literature [7, 8, 14] and
the mechanical behaviour of powders during compaction and strengths of the compacts can also be referred
elsewhere [8, 12, 14-17, 19-21]. Numerical analysis of compaction, simulation and computer modelling of
compaction of powders are suitably described in detail elsewhere [13, 18-20]. Some other important aspects of
compaction such as die design, enhancement in compressibility of powders and other related phenomenon are
also described in the literature [9, 14, 22-25].Further the role of friction during compaction play a quite
significant roles and the same are discussed by other investigators [26, 27]. A new compaction equation for
powder materials is proposed by Shujie Li Paul, B. Khosrovabadi and Ben H. Kolster [28]. However, some
typical constitutive relationships are, too, found in the literature and the same can be referred elsewhere [29-32].
Viewing all the above complexities, it is, therefore, becomes highly pertinent to investigate the compaction
equations, test them and search for the new ones.

I1. Experimental Details

2.1 Materials Required and Their Characterization

Materials required to carry out the present investigation successfully were mainly iron powder of two
different sizes -106+53 and -150+106, and graphite powder as mixing element and also as lubricant,
indigenously designed, manufactured and heat treated die, punch bottom insert and a hollow cylindrical block in
order to carry out compaction experiments along with the 1.0MN capacity Universal Testing Machine (UTM).
Prior to carrying out the experimental work, the main ingredient iron powder was characterized for chemical
purity, apparent density, flow rate and compressibility. The apparent density is defined as the mass power unit
volume of loose or unpacked powder. This includes international pores but excludes external pores. This is
basically governed by chemical composition, particle shape, size and size distribution, method of manufacture
of metal powder as well as shape and surface conditions [9]. The chemical purity of the iron powder was found
to be 99.63% with 0.37% insoluble impurities. Table 1 provides the basic characteristics of iron powder as well
as the two powder blends corresponding to Fe-1.05% graphite powders with two different iron powder particle
size ranges, namely, -106+53um and -150+63um respectively.

Table 1Basic Characteristics of Iron Powder and Powder Blends

Sl Systems Investigated Apparent Flow Compressibility at a
No. Density, g/cc | Rate,Sec/100g pressure of 420+10 MPa
1 Iron 2.899 55.06 6.589
2 | Fe -1.05% graphite;-106+53um 2.685 47.86 6.367
3 Fe-1.05% graphite;-150+63um 2.821 45.39 6.554

2.2 Compressibility Data

Compressibility is the measure of the powder ability to deform under applied pressure and is
represented by the pressure density or pressure porosity relationship. In order to obtain compressibility data 65 g
and 85 g iron powders with 1.05% graphite each appropriately, but, homogeneously blended were separately
taken into the die cavity with bottom insert placed were slowly pressed through the punch on 1.0 MN capacity
UTM. Loads were applied in the steps of 0.02 MN and the reading such as punch displacement and the actual
compact height within the die were calculated so as to calculate the instantaneous density of the compact load.
The load was up to 0.28 MN. Prior to compaction studies, the powder blend of iron with a particle size of -
150+106um with 1.05% graphite and also iron particle size of -106+53um with graphite powder of 3-5um were
blended on a pot mill for a period of 30 hours in order to obtain homogenous blend. From each of the blends 65
g and 85 g were taken for compaction studies. The internal diameter of the mother die was 25+0.01 mm and
punch and bottom insert diameters were as 25-0.01 mm. However, during compaction studies, graphite powder
paste in acetonewas used as a lubricant. The raw data such as the top punch displacement, powder height at
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various loads, fractional theoretical density, the applied stress for each height reductions and fractional
displacement height reductions were calculated. Based on these calculated parameters various compressibility
plots were drawn including testing of most cited compaction equations of Balshin, Heckel, Kawakita and Ge
Rong de by introducing their parameters for plotting the graphs. These are highlighted in the results and
discussions. The compaction assembly is shown in fig. 2.
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Figure 1 Schematic Diagram of Showing the Complete Powder Compaction Assembly

1. Results andDiscussion

Data on compaction of 65 g and 85 g powder blends containing iron 98.95% and1.05% graphite. Two
powder blends were prepared one with iron particle size in the range of -106+53 and another one containing iron
particle size in the range of -150+106 um. Both contained graphite powder particle size in the range of 3-
5um.Various equations for compaction were empirically arrived at and also already existing compaction
equations such as Balshin [(1/D) Vs. (In P)], Heckel[(1/1-D) Vs. (P)], Kawakita[(D/D-D,) Vs. (1/P)] and Ge
Rong de (Log {In [(1-Do)/ (1-D)]}) Vs. Log (P) were tested for their validity using the experimental data and
calculated parameters.

3.1 Compressibility Plots

Various compressibility plots such as fractional theoretical density vs. load, applied loads and the top
punch displacements, powder height vs applied loads,applied stress and the fractional displacement height
reduction, log (stress) vs. log (ho/h), log (stress) versus log (% fractional theoretical density), [(1/D) Vs (In P)],
[(1/1-D) Vs (P)],[(D/D-D,) Vs (1/P)] and (Log {In [(1-Dgy)/(1-D)]}) Vs. log P were plotted and curve fitting
techniques were attempted and the best fit curves were critically analyzed and are discussed in subsequent
sectionsand sub-sections in detail so as to arrive at the finite outcome.
3.1.1Fractional Theoretical Density (FTD)vsLoad

Figs.3(a) and 3(b) have been drawn between fractional theoretical density and load for 65g and 859
respectively for both the particle sizes, namely, -106+53um and -150+106 um. the characteristic nature of the
curves for both powder weights and both iron practice size ranges were found to be similar. Data for both
weights have shown that the batch containing larger iron particle size range densified better than the batch
containing finer iron powder particle size ranges. The reason which could be associated to the above observation
is that the smaller particle size batch densifying poorly which is due to the high surface area effect consuming
the sliding friction, rearrangement in the form of particle rotation, translation and simple fall into cavities and
also due to the difficulty introduced by virtue of their non-fragmentation during compaction. These plots are
found to conform to a third order polynomial equation of the form:

o) =Ag+ AP +AP? + AgP? oo (6)
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Figure 3 Influence of Iron particle size on the Relationship Between The Fractional Theoretical Density and the
Applied Load For Fe-0.65 Graphite During Compaction of (a) 65g Powder Blend (b) 85g Powder Blend

Where, (pi/pw) the fractional theoretical density and ‘P’ is the applied load in tons ‘Ay’,"Ay’, ‘As°, ‘Aj’
are empirically determine constants are found to be dependent upon the powder weights being compacted and
also the iron particle size ranges. These constants are listed in the Table 2

Table 2 Coefficients of Third Order Polynomial between Fractional Theoretical Density and Load

Iron powder Particle Size = -106+53um
Powder, gm A, A A, A, R?
65 0.4319 0.0386 -0.013 2E-5 0.9993
85 0.4237 0.0393 -0.0015 3E-5 0.9991
Iron powder Particle Size = -150+106pum
Powder gm Ao A A, A; R®
65 0.4291 0.0324 -0.0007 3E-5 0.9961
85 0.4365 0.0393 -0.0013 2E5 0.9971

3.1.2 Relationship between Applied Loads and the Top Punch Displacement

Figs. 4 (a) and 4(b) have been drawn between the load and the top punch displacement showing the
influence of the iron particles size ranges for the both 65g and 859 respectively. The characteristics nature of the
curves shown in these figs. 4 (a) and 4(b) are found to be similar to each other.These plots further indicate that
as the top punch displacement is enhanced, the applied load has also gone up. The largest iron particle size range
of powder blend with 1.05% graphite powders during compaction required more loads compared to the smaller
iron particle size blend with the same amount of graphite as in the above case during compaction. This is true,
for both the powder blend weights 65g and 859 respectively. The curve fitting techniques employed, revealed
that all these curves followed an exponential equation of the form:

Where, ‘Y’ is the applied load and the coefficient ‘A’ and the exponent ‘b’ are empirically determined
constants. ‘x’ is the top punch displacement. This equation very well represents all the data points for both the
powder blends being compacted with two different powder particles sizes. These constants are tabulated in
Table 3.
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Figure 4 Effect of Iron Particle Size on the Relationship between the Applied Load and the Top Punch Displacement
and for Fe-1.05 Graphite Blend during Compaction of (a) 65g (b) 85g
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Table 3 Coefficients and Exponents of Y = Ae %

Iron Powder Size = -106+53um
Powder gm. A B R?
65 0.4988 0.2129 0.9994
85 0.6403 0.1556 0.9989
Iron Powder Size = -150+106um
Powder gm. A B R?
65 0.6098 0.2043 0.9986
85 0.5987 0.1501 0.9994

3.1.3 Powder Height Vs Applied Loads showing the Influence of Iron Particle Size Ranges

Figs. 5(a) and 5(b) are drawn between powder height and the load applied for both iron particle sizes
and also both the powder blends of weights 65g and 85 g respectively. This means 65g and 85 g from first blend
with iron particle size of -105+53um and also 65g and 85 g from the second blend with iron particle size -
150+106um were taken for testing. The characteristic nature of the curve shown in figs. 5(a) and 5(b) are similar
in nature irrespective of the iron particle size ranges in each plane. These plots indicate that as the applied load
is enhanced, the powder height in each case is decreased. It is also observed that both the particle sizes followed
a similar pattern. The empirical relationship that could be established is as under:

Y=B,+ByZ +ByZZ%-me- (8)

Where ‘Y’ is the applied load and ‘Z’ is the powder height ‘By’, ‘B;y’, and ‘B,’ are empirically determined
constants. The value of ‘By’ does not contribute to densification and ‘B;’ being negative flattens the curve.
However positive value of ‘B,” contributes to densification. These constants are tabulated in Table 4. Influence
of iron particle size ranges have shown virtually no effect on these plots as the curves have virtually merged
together.
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Figure 5 Effect of Iron Particle Size on the Relationship between the Powder Height and the Load for Powder Blend
of Fe-1.05% Graphite System (a) 65g and (b) 85g

Table 4 Coefficients of Second Order Polynomial of the Form: Y=By+B,;+B,X?

Powder Particle Size = -106+53um

Powder, gm By B; B, R?
65 32.233 -1.532 0.0408 0.9879
85 42.997 -1.998 0.0496 0.9976

Powder Particle Size = -150+106um

Powder, gm By B, B, R?
65 32.230 -1.5287 0.0393 0.9994
85 42.599 -2.0499 0.0528 0.9986

3.1.4 Relationship between Applied Stress and the Fractional Displacement Height Reduction

Figs. 6(a) and 6(b) are drawn between the stress and the fractional displacement height reduction.
These figures are shown for 65g and 85g of powder blends each with two particle sizes, namely, -106+53um
and -150+106um respectively. The characteristic nature of the curves indicates that they followed exponential
equation. All the data for the plots drawn for different particle size ranges for both powder blends weights,
namely, 60g and 80g respectively indicate that for the fixed fractional displacement reduction, the stress
required for smaller particle size range , i.e., -106+53um is higher compared to the stress required for larger
particle size , i.e., -150+106um. This is attributed to the fact that the resistance offered by the smaller particle
size range against the applied stress during deformation because of more surface area of the powders of finer

size. These plots are found to conform to an exponential equation of the form:
Hc
o= Ce(ﬁ)q
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Figure 6Influence of Iron Particle Size on the Relationship between the Stress and the Fractional Displacement
Height Reduction for Fe-1.05% Graphite Blend during Compaction (a) 65g (b) 859
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Where, o is the applied stress and (He/H,) is the fractional height reduction and ‘C’ and ‘q’ are
empirically, determined constants found to be dependent upon the powder weights and the iron particle size
ranges used in the present investigation independently into two different sets. Based upon the above observation
various logarithmic plots were drawn in the present investigation which are discussed in detail in subsequent
sections.

3.2 Logarithmic Plots

Various double logarithmic plots among different parameters were drawn in order to establish possible
power law equations among the parameters between whom the double logarithmic plots were drawn. The same
are discussed in different sub-headings below:
3.2.1 Log (Stress) Vs. Log (Ho/H¢)

Figs.7(a) and 7(b) have been drawn between log(Stress) and log(H./H.) for 65g and 85¢g powder blend
compaction each with two iron particle sizes, i.e., -106+53um and 150+106um respectively. Fig. 5(a)
corresponds to
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Figure 7Influence of Iron particle size on the Relationship between the Stress and HeightReduction (Ho/Hc) Ratio for
Fe-1.05% Graphite Blend during Compaction of
(a) 65g and (b) 85¢g

0 0.05 01 0.15 0.2 0.25 0.3 0.35 04 0.45 0.

65g powder blend compaction,whereas,fig. 5(b) corresponds to 85g powder blend both with two
different iron powder particle size ranges in them independently. These plots are found to be perfectly straight
lines. This means that they are wellrepresented by a power a power law equation of the form:

(Ho/H ) = (A) [ Meremmerremreeeeee (10)
Where, ‘A’ and ‘m’ are empirically determined constants and are found to be dependent upon the iron particle
size ranges used in the blend with the graphite powder. These constants ‘A’ and ‘m’ along with the values of the

regression coefficients (‘R*)are listed in Table 6.

Table 6 Coefficients of the Power Law Equation of the Form: (Ho/H )=A O™

Powder weights, g Iron Powder Particle Size = -106+53um
A M R’
65 4.6242 1.2116 0.9973
85 4.6019 1.2709 0.9938
Iron Powder Particle Size = -150+106pum
65 4.4539 0.6700 0.9993
85 4.3218 0.8024 0.9981

3.2.2 Log (stress) versusLog(%oFractional TheoreticalDensity)

Figs.8 (a) and 8 (b) have been drawn between log (stress) and log(% fractional theoretical density).
Each of these figs.8 (a) and 8 (b) demonstrate the influence of iron particle size for the given weights, i.e., 65g
and 85g respectively. While examining these figs. 8 (a) and 8 (b) respectively, it is observed that the influence
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of iron particle size is more pronounced in the case of fig. 8 (b) with 85g of powder blend compaction. These
straight lines clearly demonstrate
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Figure 8 Influence of Iron particle size on the Relationship between Pressure and Fractional Theoretical Density
through Log-Log Plots for Applied Load of Powder Blend of Fe-0.65 Graphite during Cold Compaction (a) of 65g (b)
of 85g
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The influence of iron particle size on the compaction behaviour of Fe-1.05% graphite blends as shown
for the given weights, i.e., 65g and 859 respectively. These straight lines clearly indicate that the variables
pressure (stress) is linked with the power law relationship with the percent fractional theoretical density. The
relationship that empirically exists between the above parameters can be expressed as given underneath:

% (pdpwm) = W (@) P-------mmmmmmme- (11)

Where, (p#/prn) is the fractional theoretical density, ‘c’ is the applied stress, ‘W’ and ‘p’ are empirically
determined constants. These constants are given in Table 7.

Table 7 Coefficients and Exponents of Power Law Equation of the Form: % (p./ps) = W 6~

Powder Weights in g. Iron Powder Particle Size = -106+53um
w P R’
65 4.6238 -6.2478 0.9944
85 4.4031 -6.1247 0.9981
Powder Weights in g. Iron Powder Particle Size = -150+106pum
65 4.4543 -5.9614 0.9964
85 4.3217 -6.1685 0.9961

3.3Testing of the Existing Compaction Equations

This section deals with the testing of already existing, but, major compaction equations such
asBalshin[2], Heckel [3] Kawakita[4] and Ge Rong de [5] in a systematic manner using the experimental and
calculated parameters of the present investigation. These are exclusively discussed in the following sub-
sections:
3.3.1 Testing of Balshin Equation

Plots were drawn between the inverse of the relative density and In (pressure) for 65g and 85g powder
blendsrespectively during compaction. Two powder blends of 65gm each independently having iron particle
size ranges of -106+53um and another are with -150+106pum. Similar was the case for 85g powder blend. These
plots are shown in figs. 9(a) and 9(b) respectively. Influence of iron particle size is distinct in case of 85¢g
powder blend being compacted.
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Figure 9 Influence of Iron particle size on the Relationship Between (1/D) and In (Pressure) for the Applied Load to
Powder Blend of Fe-1.05% Graphite during Cold Compaction (a) of 65g (b) 85g

Since the plots shown in these figs. 9(a) and 9(b) respectively are straight lines indicating an absolute
adherence to the equation of the form:
Ln (P) =C,/D+Cy---------------- (12)

This is the Balshin equation which is validated in totality. The constants ‘C;” and ‘C,’ along with the regression
coefficients R?re tabulated in Table 8.

Table 8 Coefficients of Compaction Equation In (p) = C,/D+C, (Balshin Equation).

Powder weights, g Iron Powder Particle Size = -106+53um
C C, R’
65 -0.3276 3.1701 0.9972
85 -0.3358 3.2228 0.9978
Iron Powder Particle Size = -150+106um
65 -0.3376 3.2045 0.9977
85 -0.3244 3.1125 0.9973

3.3.2 Testing of Heckel Equation

Figs. 10 (a) and 10 (b) are drawn between In (1/1-D) and the pressure for 65g and 85¢g of powder blend
compaction. Both these plots indicate the influence of iron particle size. Since both plots indicate straight lines
and quite explicit while showing the influence of iron particle size ranges. All data points for each of the powder
blend masses with independent iron particle size ranges correspondedto separate straight lines in conformity
with the Heckel Equation. Hence, it was concluded that the data points obtained in the present investigation well
conformedto the
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Figure 10 Influence of Iron particle size on the Relationship between Ln (1/ (1-D)) and Pressure (P) for Fe-1.05%
Graphite Powder Blend during Cold Compaction of Two Different Weights (a) 65g (b) 85
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Table 9 Coefficients of the Linear Equation of the form In {1/ (1-D)} =C3P + C,

Powder weights, g Iron Powder Particle Size = -106+53um
Cs Cs R?
65 0.0290 0.6083 0.9907
85 0.0290 0.5961 0.9958
Iron Powder Particle Size = -150+106pum
65 0.0031 0.6064 0.9966
85 0.0032 0.6196 0.9934

HeckelEquation of the form is given below:

Ln {1/1-D} = C4P + C4 ---------------- (13)
Where, the constants ‘C3” and ‘C,’ are empirically determined and the same are tabulated in Table 9 along with
the values of the regression coefficients, ‘R?. The values of the regression coefficients ‘R’ are found to be in
extremely close proximity to unity, hence, the curve fittings are almost near to perfection. Therefore, Heckel
equation of compaction is very well validated.

3.3.4 Testing of Kawakita Equation

Figs. 11 (a) and 11 (b) are drawn between {D/ (D-Dy)} and the inverse of pressure, i.e., {1/P} showing
the influence of iron particle size in both the case. A distinct effect of iron particle size on the relationship is
seen. In both the cases, the convergence is virtually at the same point from wherethe divergence in 85g powder
blend is more predominant. Since these plots are typically straight lines, and, thus,validating the

Kawakitaequation almost cent per cent.
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Figure 11 Plots Showing Relationship between(D/D-Dy) &(1/ Pressure) Fe-1.05%Graphite with Iron Powder Particle
Size of -106+53um, -150+106pum. (a) of 65g Weight (b) of 85g Weight{D / (D-Dg)} = Cs (1/p) + Cs

Where, ‘Cs’ and ‘Cg’ are empirically determined constants. These constants along with the value of the
regression coefficients ‘R* are given in Table 10.

Table 10 Coefficients of linear equation of the form: {D/(D-Do)} = Cs (1/P) + Cs

Powder weights Iron Powder Particle Size = -106+53um
Cs Cs R’
65 143.23 1.6664 0.9978
85 176.69 1.6246 0.99972
Iron Powder Particle Size = -150+106pum
65 178.39 1.5614 0.9995
85 132.73 1.6717 0.9953

3.3.5 Testing of Ge Rong de Compaction Equation

Figs.12 (a) and 12 (b) are drawn between log Ln{1-D,)/(1-D)} and Log(p) showing the influence of
iron particle size ranges for two powder bend weighs, namely 65g and 85g respectively. Fig.12 (a) shows the
intermingling effect of the iron particle sizes whereas fig.12 (b) distinctly shows the effect. The line
corresponding to lower iron particle (-100+53um) size range is below the line corresponding to line of higher
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particle size of ironpowder in the range of (-150+186um). Since in both figs. 10 (a) and 12 (b), a straight line
relationship is shown. Hence, they corresponded to the following straight line equation of the form:
Ln {(1-D) / (D-Dy)} =Alog (P) + B --------------- (14)
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Figure 12 Plots Showing Relationship Between log[In(1-Dy/1-D) and log(Pressure) Fe-1.05%C Systems for lron
Powder Particle Size Ranges of -106+53um, -150+106um respectively for (a) 65gm (b) 85g.

The values of these constants ‘A’ and ‘B’ along with the values of the regression coefficients ‘R*’are
given in Table 11. Since, the values of the regression coefficient ‘R* in each case is in very much close
proximity to unity, and, therefore, the curve fitting is excellent and, hence the Ge Rong de equation is fully
validated.

Table 11 Coefficients of linear equation of the form In {(1-D)/(D-Do)}= A log (P)+B

Powder weights Iron Powder Particle Size = -106+53um
A B R’
65 0.9004 -2.2321 0.9990
85 0.8776 -2.2089 0.9989
Iron Powder Particle Size = -150+106um
65 0.8222 -2.0564 0.9978
85 0.8396 -2.0551 0.9987

3.3.6 Log (Density Difference) V/S. Log (pressure)
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Figs, 13(a) and 13 (b) are drawn between log density difference and log of pressure showing
theinfluence of ironparticle size ranges. Fig.13(a) corresponds to 65g powder weight whereas Fig. 13(b)
represents the compaction of 85g powder blends respectively. In both these figs. 13(a) and 13(b), the plots
represent straight lines for eachof thelron particle size ranges, and, hence, the log-log plot showing straight lines
amounts to the fact that thedensity.

Table 12 Coefficients of linear equation of the form log (Density Difference) = S log (P) +f,

Powder weights,g Iron Powder Particle Size = -106+53um
S fo R®
65 0.6093 -10664 0.9995
85 0.6629 -1.2158 0.9904
Iron Powder Particle Size = -150+106pm
65 0.6689 -1.2132 0.9961
85 0.6041 -10319 0.9925

Difference is proportional to a power of the pressure applied during compaction in such a manner so as to follow
the following relationship as given underneath:

Density Difference=f, (pressure) °---------- (15)

Where, ‘fy” and‘s’ are empirically determined constants. The values of these constants along with the
values of the regression coefficients are given in Table 12. Thus, log (Density Difference) = S log(p) + log(fo).
It has been established that all plots made corresponded to a definite equations may it be polynomial or a power
law equation. In general the value of the regression coefficient ‘R*” has been found very much close to unity in
each case, hence, the tested compaction equations were comprehensibly validated. Thus, the preset investigation
provides ample opportunity to researchers for appropriate design of compacts initial density and pressures
required during planning to produce P/M components in the sintered conditions or even for structural
applications of high densities and high strengths

IV. Conclusions
Based on the critical analysis of the experimental data and the calculated parameters and with the help
of series of plots constructed, the main outcomes of the present investigation emerged out are as listed
underneath:

1. Fractional theoretical density attained during compaction against the applied loads was established to
conform to a third order polynomial of the form: (p¢/pm) = Ag+AP+APHAP?, Where, ‘p’ is the applied
load and ‘Ag’, ‘A;’, ‘Ay’°, and ‘A3’ are empirically determined constants found to depend upon the iron
particle size ranges and the weights of the powder blends taken for compaction,

2. An exponential relationship of the form: Y = Ae ”* has been empirically established between the applied
loads and top punch displacements. Where, Y is the applied load, X is the top punch displacement, ‘A’ and
‘b’ are empirically determined constants which were found to be dependent upon the iron particle size
ranges and the powder blend weights taken for compaction,

3. Empirical relationship between the powder height and the load conformed to a second order polynomial of
the form: Papp= By+B;Z+B,Z?% Where, ‘Papp’ is the applied load and Z is the powder height in mm.
Further,Bo, By, and B, are empirically determined constants dependent upon the iron particle size ranges and
weights of the powders taken for compaction,

4. Stress (6) Vs Fractional Displacement, i.e., Fractional Height reduction {(Ho-Hc)/Ho} or (AH/Hy) plots were
found toconform to an exponential relationship of the form: o = C ¢ “"1 %, Where, o is the applied stress
and (AH/Hp) is the fractional height reduction. Whereas, ‘C’ and ‘q’ are empirically determined constants.
These constants were found to depend upon the powder weights taken for compaction and the iron particle
size ranges used in the present investigation,

5. Compact ability (Ho/ Hc) was found to be related to the Stress (o) through a power law equation of the form:
(Ho/H) = Q 6 ™, Where, ‘Q’ and ‘m’ are empirically determined constants and are dependent upon powder
blend weights taken for compaction and the iron particle size ranges independently used,

6. Percentage fractional theoretical density (p./ pw) IS directly proportional to a power of applied Stress (o)
such that: %(pe/pn)=W o ® Where, ‘W’ and ‘b’ are empirically determined constants found to depend upon
the particle size ranges and weights of the powders taken for compaction, and,
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Various plots drawn for testing the already existing compaction equations found in the literature which are
namely, Balsin, Heckle, Kawakita and Ge Rong De respectively had shown excellent curve fittings. All
data points in each case followed a straight line path irrespective of the particle size ranges used and the
powder blend weights taken for compaction. The values of the regression coefficient ‘R?’ in each case was
very much in close proximity to unity, and, thus, validating all the compaction equations mentioned above.
Further, the values of ‘R? in each case where compaction equations were empirically arrived at were also
in very much close vicinity to unity. Hence, the compaction equations proposed in the present investigation
are equally valid and simple to use.
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