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ABSTRACT

Powder metallurgy technology involves manufacturing of net shape or near net
shape components starting from metal powders. Polymers are used to provide lubrication
during shaping and handling strength to the shaped component. After shaping, the
polymers are removed from the shaped components by providing thermal energy to
burnout the polymers. Polymer burnout is one of the most critical step in powder metal
processing. Improper design of the polymer burnout cycle will result in formation of
defects, shape loss, or carbon contamination of the components
The effect of metal particles on polymer burnout and shape loss were addressed in
the present research. The study addressing the effect of metal powders on polymer
burnout was based on the hypothesis that metal powders act to catalyze polymer burnout.
Thermogravimetric analysis (TGA) on pure polymer, ethylene vinyl acetate (EVA), and
on admixed powders of 316L stainless steel and 1 wt. % EVA were carried out to verify
the hypothesis. The effect of metal powders additions was studied by monitoring the
onset temperature for polymer degradation and the temperature at which maximum rate
of weight loss occurred from the TGA data. The catalytic behavior of the powders was
verified by varying the particle size and shape of the 316L stainless powder. The addition
of metal particles lowered the polymer burnout temperatures. The onset temperature for
burnout was found to be sensitive to the surface area of the metal particle as well as the
polymer distribution. Powders with low surface area and uniform distribution of polymer
showed a lower burnout temperature.
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The evolution of shape loss during polymer burnout was based on the hypothesis
that shape loss occurs during the softening of the polymer and depends on the sequence
of chemical bonding in the polymer during burnout. In situ observation of shape loss was
carried out on thin beams compacted from admixed powders of 316L stainless steel and 1
wt. % ethylene vinyl acetate (EVA). The results showed that shape loss primarily occurs
by viscous creep during the softening of the polymer. At the onset of burnout of EVA, a
recovery in shape loss was observed. The recovery occurred primarily during the first
stage burnout of EVA and was attributed to the formation of polyethylene copolyacetylene which forms with a carbon double bond. The in situ strength was also
found to increase during the formation of polyethylene co-polyacetylene. No recovery of
shape loss was observed during burnout of polymers (polyethylene and polypropylene)
which convert to yield hydrocarbons without forming carbon double bonds. The critical
stages for shape loss during polymer burnout were identified in the present study. The
shape loss profile and the viscosity evolution during polymer softening was modeled.
One implication of the current research would be significantly improved dimensional
control (possibly with carbon contamination) would be possible in powder metallurgy by
the selection of polymers that form double bond during burnout, such as ethylene vinyl
acetate (EVA), vinyl acetate (VA), etc.
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Chapter 1
Introduction
Powder metallurgy technology deals with manufacturing of net shape or near net
shape components starting from metal powders. The process consists of three primary
steps i.e., shaping, polymer removal, and sintering. In the shaping stage, the powders are
formed to the required component shape either by use of external pressure or by utilizing
the flowability property of the powder-polymer mix. Polymers are used as process aids
during shaping of the components. The function of polymers involves providing
lubrication to the powders and handling strength to the shaped components. Following
the shape-forming stage, polymers are removed from the shaped components by
providing thermal energy. The removal of polymers with the aid of thermal energy is
called as “polymer burnout process”. After the polymers are removed, the components
are heated to high temperatures to form sinter bonds between the metal particles.
Polymer burnout is a very critical stage in powder metal technology. During the
polymer burnout process, the strength of the component decreases due to the loss of the
polymer and simultaneously the stresses acting on the component due to polymer
degradation increase. These stresses result in distortion and defects in the component.
Defects like blistering, cracking, bloating are usually observed during this stage. Apart
from the macro defects, any micro defects caused in this stage are exaggerated during the
sintering process. Improper removal of polymer can result in carbonaceous residues that
can have a deleterious effect on mechanical, optical, thermal, magnetic, and electronic
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properties of the final sintered components. In order to prevent the distortion, defects and
carbon contamination during the polymer burnout, extremely slow heating cycles are
practiced in the industry. In many of the applications, polymer burnout process acts as a
bottleneck in the production. The costs involved for polymer removal are very high. It is
estimated that it costs $2.5 per kg to remove the polymer from a small injection molded
sample for a typical cycle which extends over a period of 8 h [1].
The present research is aimed to understand the effect of metal powders on the
polymer burnout process. The effect particle size, shape, surface chemistry and surface
area are studied in this research. The evolution of distortion or shape loss during polymer
burnout is also considered in the current research. The present study identifies critical
stages for distortion in the polymer burnout process. The concepts developed in this
research will aid in designing rapid polymer burnout cycles while avoiding distortion of
the components.

Chapter 2
Background
This chapter provides a brief background of the prior research studies on the
polymer burnout process. First the requirement of polymers in powder processing
technology is discussed. Following this, the various polymer removal techniques are
presented and prior research studies carried out on polymer burnout are discussed.

2.1 Requirement of polymers in powder metal technology
Powder metal processing techniques involves fabricating near-net shape
components starting from metal powders. Die compaction and injection molding are two
primary methods for manufacturing components in powder metal processing. The two
techniques differ in the way the shaping of the component is carried out. Polymers are
used as processing aids to assist the shaping of the components. In die compaction,
shaping of the powders takes place due to high external pressures. Powders are placed in
the die and are subject to high pressures during which the ductile particles deform
plastically and conform to the shape of the die. Often irregular shaped powders (water
atomized powders) are used as the initial raw materials. The irregular powders undergo
interlocking during the compaction stage and provide high green strength. Components
with green density greater than 90% theoretical are achieved by die compaction. Usually
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less the 2 wt. % of polymers are used in this process and the main function of the
polymers is to provide lubrication.
Injection molding is used to manufacture small complex shaped parts. The
process relies on the flowability of the metal-polymer mix to shape the component. Fine
spherical shaped powders are usually used as the raw materials. Injection molding
requires use of large amount of polymers. Usually up to 20 wt. % (about 40 vol. %) of the
polymers are used in this process. Polymers are used as shaping aids and also to provide
handling strength to the shaped components. The polymer mix consists of low and high
molecular weight polymers which function as plasticizers, wetting agents, surfactants,
etc. The use of high polymer content and low compaction pressures in injection molding
results in low green densities of the shaped components. The shaped components usually
have powder green densities less than 60% theoretical.
Once the green samples are fabricated, the next step involves removing the
polymers prior to sintering. The classic and widely used method of removing the
polymers from the green component is by providing thermal energy and burning out the
polymer. The polymer removal is fairly easy in case of die compaction due to the low
amount of polymers used and the high green strength of the shaped components. The use
of large amount of polymers in case of injection molding and low green strength makes
removal of polymers a critical step. The microstructure of the injection molded
component in the green state is shown in Figure 2.1. All the pores in the component are
completely filled by polymers (saturated state). The absence of open pores and the use of
large amount of polymers make the polymer burnout very critical. During initial stages,
defects like cracking, bloating etc. are formed due to the stresses of the trapped gas
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formed by the decomposition of the polymer. In order to prevent the formation of defects,
the polymers are removed in two stages. Various processes were developed for the initial
stage polymer removal with the main intention to form some open pores for the rapid
removal of polymers in the second stage by polymer burnout. During the initial stage,
lower molecular weight polymers are removed and the high molecular weight polymer
(backbone polymer) provides handling strength to the component. Subsequently the high
molecular weight polymer is removed by polymer burnout. The change in the
microstructure of the injection molded sample with polymer removal is shown in
Figure 2.1. A brief description of the various polymer removal techniques developed is
discussed in the following sub headings.

Figure 2.1: Microstructural changes of the compact during polymer burnout.
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2.1.1 Wicking
Wicking process relies on the capillary extraction of the liquid polymer to extract
the polymer from the green part. During wicking, the green part is placed in a fine
powder and heated to softening temperature of the polymer. At the softening temperature
the liquid polymer is extracted by the fine powder surrounding by capillary flow. Fine
alumina is usually used as the wicking powder. The wicking technique has advantages in
reducing the polymer removal time and also helps in preventing the shape loss or
distortion during polymer removal. However the use of fine powder may result in
contamination of the green part which may require further cleaning [2].

2.1.2 Solvent extraction
This process relies on selective dissolution of polymer in a solvent to form an
open porous network. For example heptane is a widely used solvent to extract the lower
molecular weight polymers (waxes). The polymer removal time increases with increase
in thickness of the sample and with decreasing particle size. Temperature control at
which the solvent extraction occurs is very critical. Too low a temperature will result in
faster diffusion of solvent in the green component resulting in swelling and cracking of
the green part. On the other hand to high a temperature will result in slumping of the
green part due to softening of the background polymer [2]. Solvent extraction has the
advantage of reducing the polymer removal time and improved shape retention when
compared to polymer burnout. However, the disposal and recycling of the used solvent is
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a major drawback of this process. Due to the stringent environment regulations, the use of
solvent extraction may be limited in future applications.

2.1.3 Polymer burnout
Polymer burnout is the widely applied method of polymer removal. During this
process the polymer is removed by controlled heating of the component in a gaseous
atmosphere. The simplicity of the method, devices used and its applicability for mass
production to combine with sintering operation has made polymer burnout to be the
foremost method for polymer removal in the industry [2,3]. Even though the equipment
used and the method of polymer burnout is fairly simple, the process itself is a very
complex. Polymer removal by burnout involves chemical and physical mechanisms. The
chemical mechanisms occur due to the thermal degradation of polymer into volatile
species. The physical mechanisms involve diffusion of the volatile species to the surface
of the compact as well as changes in the polymer distribution within the green body [4].
The change in powder packing, effect of stresses on the powder compact due to trapped
gases and carbon contamination due to improper removal of polymer adds to the
complexity of the process. This complexity has attracted many experimental [3-33] and
theoretical [34-60] investigations to concentrate efforts in understanding and optimization
of the polymer burnout with the aim of avoiding defects and distortion. A brief discussion
of prior research studies reported on understanding various aspects of polymer burnout is
presented in the following sections.
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2.2 Microstructure evolution
Techniques like hot stage microscopy, mercury porosimetry, and scanning
electron microscope were used by researchers to study the microstructural changes during
polymer burnout [5-11]. Lewis et al. [5] experimentally observed the polymer
distribution for thermoplastic and thermosetting polymers during polymer burnout using
hot stage microscopy. Two dimensional model microstructures filled with polymer were
fabricated to simulate the condition of compacts whose pores were completely filled by
liquid polymer. They observed that the thermoplastic polymer redistributed under the
effect of capillary forces but the on the other hand thermosetting polymer was not
affected by capillary forces. They concluded that thermoplastic polymers which are fluid
during polymer degradation may lead to formation of bubbles due rapid generation of
gases and thermosetting polymers may develop micro cracks as they are removed from
the compact. The development of interconnected porosity during initial stages of polymer
burnout from injection molding samples was experimentally observed by Shaw et al.
[6,7] and Hwang et al. [8,9]. They also observed the redistribution of backbone polymer
under the influence of capillary forces during the later stages of polymer burnout.
Various modeling studies developed for polymer burnout (discussed in section
2.3) are based on two hypothetical porosity developments. In the first case, the polymervapor interface was modeled to recede in a linear way in the compact as the polymer is
removed resulting in a porous outer layer and a core with liquid polymer. This type of
porosity structure is termed ‘shrinking undegraded core or series model’ [37-40, 43,4852]. In the second case, porosity was considered to form uniformly in the compact
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because of distribution of liquid polymer under the influence of capillary pressure. This
type of configuration is termed ‘uniform distributed or parallel model’ [37-40,43,48-52].
The microstructure of the two porosity models is shown in Figure 2.2. ‘Shrinking
undegraded core structure’ is considered appropriate for the polymer burnout in oxygen
atmosphere. In this case, the polymer burnout starts from the surface of the compact. The
rate of polymer burnout depends on the exposed surface area and diffusion of oxygen in
the compact [10]. However in case of polymer burnout in neutral atmospheres, the
absence of well defined liquid- vapor interface was experimentally observed [5,8,9,11].

Figure 2.2: Porosity structures used for modeling polymer burnout.

2.3 Modeling studies on polymer burnout
Several researchers tried to model the polymer burnout phenomena
considering various transport mechanisms [34-55]. Most of the modeling work was
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carried out to identify the critical mechanisms of polymer removal with the ultimate aim
of designing rapid burnout cycles by avoiding formation of defects. German [34]
modeled steady state polymer burnout based on two mechanisms namely vapor diffusion
and vapor permeation from a one-dimensional porous outer layer. The polymer-vapor
interface was modeled as a planar front which receded inside the compact as the polymer
was removed (shrinking undegraded model). The dependency of the time for polymer
removal on the thickness of the sample, particle size, and porosity and pressure gradients
was studied. The polymer burnout time was estimated to be proportional to the square of
the thickness of the sample and decreased with increasing the porosity and pressure
gradients. The calculations for the polymer burnout time were based on the assumption of
water being the polymer. The degradation of the polymer and also the diffusion of the
polymer in the liquid state was neglected in the model.
A series of research studies were carried out by Evans et al. [35], Matar et al. [3639], and Song et al. [40,41] to study the various phenomena during initial stages of
polymer burnout. All these studies were carried out with the main aim of optimizing
polymer burnout cycle by preventing defects. The criterion of bubble formation (the
partial pressure of the trapped vapor due to the degradation of polymer exceeding the
atmospheric pressure) was used as the failure criteria. Modeling of these studies was
carried out for an injection molded infinite cylinder assuming unsteady state diffusion of
degradation production. Polyalphamethylstyrene which degrades into a monomer
alphamethylstyerne was used as the polymer candidate. The first study was reported by
Evans et al. [35] based on the vapor diffusion in the liquid polymer. The critical rate
predicted by the model was evaluated experimentally and was found to be
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underestimated. The diffusion of the degradation product through pores and porous outer
layer was neglected in this study. Matar et al. [36] extended the model to include the
effect of porosity development and the diffusion of degradation product in the pores. In
this study, critical heating rates were estimated for the two porosity configurations
(‘shrinking undegraded model’ and ‘uniform distributed porosity model’). The results
indicated an increase in the critical heating rate by a factor of 2 for ‘shrinking undegraded
core model’ and 2.7 for ‘uniform distributed porosity model’. Matar et al. [37] further
extended the model for shrinking undegraded core configuration to include the diffusion
of vapor in porous outer layer along with the diffusion in the liquid polymer. From this
study they concluded that the effect of resistance offered by the porous outer layer for the
diffusion of degradation product was less when compared to the diffusion to the
degradation product in the liquid polymer. In a separate study, Matar et al. [39] extended
the model to study the effect of geometry of the component on the critical heating rate of
the polymer burnout. Three different geometrical shapes i.e., spheres, cylinders, and
plates were considered. The results indicated faster heating rates for spherical samples
followed by cylinders and plates. The experimental verified critical heating rates were
found to be four times greater than the critical heating rates predicted by the model. In a
further extension of the model developed by Evans et al. [35], Song et al. [40] modeled
the critical heating rate for polymer burnout based on the vapor diffusion through liquid
polymer and the porous outer layer and developed multi heating schedules (temperature –
time) to optimize the polymer burnout process [41] assuming a shrinking undegraded
core configuration. Hammond and Evans [42] extended the model and experimentally
verified the effect of over-pressure on the polymer burnout. The model was based on the

12
assumption that increasing the ambient pressure will result in faster diffusion of the liquid
from the center of the compact to the surface due to the enhanced pressure gradient.
Further more the defects due to the pressure of the gas exceeding the atmospheric
pressure will be minimized. Experimental results showed the beneficial use of over
pressure at low pressures.
Calvert and Cima [43] developed a theoretical model for predicting the critical
heating rate based on bubble formation temperature assuming steady state diffusion of the
degradation product in liquid polymer and vapor diffusion in porous outer layers. They
developed the model for large flat tape casting sheet and considered poly methyl
methacrylate (PMMA) as the candidate polymer. Critical heating rates were estimated for
both porosity configurations (‘shrinking undegraded core model’ and ‘uniform
distributed porosity model’). They concluded that polymer burnout is faster in the case of
‘uniform distributed porosity model’ where there is a distribution of pores all through the
compact. The model also showed that, it would take more than seven days to successfully
remove polymer without forming any defects from a tape cast specimen with thickness
greater than 3 mm.
Modeling attempts [44-47] have been made to predict and quantify the pressures
and stresses developed in the component due to trapped gases during polymer burnout.
Tsai [44] analyzed the trapped gas pressure due to polymer degradation and the internal
stress due to this pressure on the skeleton of a cylindrical green body during polymer
burnout. The stress distribution in the green compact was estimated by using the theory
of elasticity. The model revealed stresses to be tensile in nature with the maximum at the
centre of the cylinder. The effect of specimen size, surface area and pressurized
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atmosphere was studied. He concluded that internal stresses can be reduced by using
pressurized atmosphere. Stangle and Aksay [45] modeled the internal stresses generated
during the polymer burnout by considering the capillary flow of the liquid polymer and
the gas transport of the decomposed polymer in the porous media. From their study they
stated that the capillary flow of the polymer from the center to the surface as well as the
convective mass transfer from the surface to the external atmosphere are critical to the
magnitude of internal stresses developed in the compact. Oliveria et al. [46] predicted
the gas pressure during the early stages of the polymer burnout based on diffusion
coefficient model, degradation kinetics and thermodynamic gas –liquid equilibrium. The
model was experimentally verified and was found to be accurate in predicting bloating
temperatures for samples of low thickness. Based on their model, they developed and
verified a optimum heating schedule. Shiu et al. [47] developed a diffusion based
numerical model to predict the kinetics of polymer burnout. The modeling was based on
the shrinking core undegraded configuration and polymer degradation, liquid state
diffusion and diffusion of the gas in the porous outer layer was considered. The
simulation showed that the internal pressure developed in the compact due to the
degradation of the polymer can be very high. A maximum internal pressure of 800 kPa
was generated inside the compact with a heating rate of 0.05 K/min. The critical heating
rate based on bubble formation was calculated for a compact of 10 mm radius was found
to be 0.0003 K/min. It was estimated that it would take 7000 h for complete removal of
the polymer at this heating rate.
Lam et al.[48] and Shengjie et al. [49-50] modeled the final stage of polymer
burnout (presence of interconnected porosity in the compact) for a rigid one dimensional
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porous compact and a two dimensional compact respectively. Various mechanisms of
mass transport like liquid flow, gas flow, and convection were included in the model.
Their simulations revealed the absence of well defined planar front of polymer-vapor
interface. The simulation carried out by Lam et al. [48] identified that polymer
degradation as the major cause of polymer removal during the final stages of polymer
burnout. They also stated three different routes of polymer removal. In the first route the
liquid polymer is driven to the surface where it evaporates primarily due to the pressure
of the gas. In the second route the polymer degrades into gas in the compact and the gas
escapes to the surface by convection and diffusion. In the third route, the polymer vapor
dissolved in the liquid polymer migrates to the surface under the influence of convection
and diffusion in liquid polymer. They concluded that the polymer removal by the third
route is negligible as compared to the first two routes. The simulation carried out by
Shinghjie et al.[49-50] revealed that polymer removal was mainly due to liquid flow. The
liquid flow due to pressure gradients between the interior of compact and the surface
dominates the capillary driven flow during the polymer burnout. Recently, Shengjie et al.
[51-52] developed a two dimensional model to study the deformation during polymer
burnout based on heat and mass transfer in deformable porous compact and elasticity
theory. Based on their simulations they concluded that deformation of the compact during
polymer burnout was the sum of deformations caused by polymer-content change
(between surface and interior), temperature and pressure of the gas. The deformation due
to the pressure of the gas was negligible as compared to the polymer content change and
temperature. They stated that the nonuniform distribution of polymer (more polymer at
the surface than the interior of the compact) in the compact results in nonuniform
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capillary forces (more shrinkage in the interior than at the surface) which further cause
nonhomogeneous shrinkage of the compact. They attributed cracking of the compact to
this nonhomogenous shrinkage.

2.4 Defect formation
Understanding the phenomena of defect evolution during polymer burnout and
predicting critical heating cycles to avoid them was the focus of research in many studies
[35-42, 61-69]. Zhang et al. [61] catalogued various defects like bloating, blistering,
cracking etc. formed during polymer burnout of injection molding components. The
reasons behind the formation of these defects and the ways to prevent them were
discussed.
Dong and Bowen [62] used hot stage microscopy to observe the bubble
formation during polymer burnout. They studied the effect of ceramic particles, initially
trapped gases, residual solvent and heating rate on bubble formation. They concluded that
the ceramic particles serve as nuclei for heterogeneous bubble formation. They also
observed a shift in bubble formation to higher temperatures with increases in heating rate.
Hridina et al. [63-64] studied the evolution of bloating during the early stages of polymer
burnout for injection molded SiC with ethylene vinyl acetate (EVA). They proved that
bloating occurs due to acetic acid formed from degradation of EVA. They developed
bloating diagrams (specimen thickness versus bloating temperature) for various heating
rates. They also observed the absence of bloating in samples shaped at high molding
pressure.
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Other researchers focused their studies on crack formation during polymer
burnout [65-66]. In one such study, Tseng et al. [65] observed the evolution of cracking
during polymer removal from zirconia. The effect of varying the ratio of low and high
molecular weight polymers, heating rate, and wicking was studied. They observed
cracking during initial stages of polymer burnout for samples with large amount of lower
molecular weight polymer and at high heating rates. They also observed wicking of the
component prior to polymer burnout avoided cracking. Bhanyopadhyay et al. [66] also
observed the beneficial use of wicking prior to polymer burnout for ceramic injection
molding components. They observed absence of cracks in smaller size (less than 1 cm)
components when the polymer was removed by the combination of wicking and polymer
burnout. However for larger components such as radial turbine rotor they concluded that
it was difficult to avoid cracking even after varying the wicking parameters and thermal
cycles. They also found out that cracking pattern in the rotors was dependent on wicking
and concluded that cracking might have resulted due to particle rearrangement during
wicking. Pinwill et al. [67] developed temperature-heating rate diagrams for safe removal
(without forming any macro defects) from injection molded samples made from
aluminum and polypropylene. The diagrams were developed for various atmospheres
(air, nitrogen) and specimen sizes. The optimized polymer burnout cycles based on the
diagrams were experimentally verified.
A summary of the defects observed in various studies is listed in Table 2-1. These
defects are more commonly observed during initial stages of polymer burnout for large
sized ceramic (small particle size) injection molding components. Several theories have
been reported in literature explaining the high probability of cracking during polymer
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burnout from ceramic injection molded components. These theories attribute the small
particle size and brittle nature of the ceramics to the cracking tendency [2]. However
none of the theories have been experimentally proven. The probable explanation of
formation of defects in ceramics can be attributed to the angular shape of the particles.
The angular shape restricts re-arrangement of the particles under the influence of increase
in internal pressure during polymer burnout. This results in further increase in internal
pressures and cracking of the component. On the other hand metallic particles are usually
more spherical and re-arrange (inter particle movement) under the influence of internal
pressures and thus prevent the accumulation of high pressures and cracking of the
component.
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Table 2-1: Defects observed during polymer burnout (Injection molding was used as the shaping
process in all the studies expect for Ref. 4 where extrusion molding was used).

Ref.
No

Powder

[3]

Al2O3 ( 0.53µm)

[4]

Al2O3 ( 0.6 µm)

[39]

Al2O3

[61]

[63]

[65]

Sample shape
and
dimensions.
Cylinder of 5.8
mm diameter
and 25 mm
length.

Heating
rate
(°C/min)
0.05,
0.2

Square: 4x4
mm2.

2 , 4.5

50 vol.% poly ( methylstyrene)

Plates of 40
mm x 40 mm x
3.4 – 2.9 mm

0.05 0.048

SiO2

35 vol.%
proprietary wax

0.033

Cracking

SiC (0.75 µm)
and minor
additions of
Al2O3, and Y2O3.
ZrO2 ( 0.25 µm)

49 vol. % ethylene
vinyl acetate (EVA).

31 mm
diameter
cylinder.
Discs of 25.4
mm diameter,
and thickness
0.5-8 mm.
Parallelepiped
moldings 4 x 5
x 60 mm

0.5, 2, 8

Bloating

0.5

Cracking

Turbine rotors.

0.17

Cracking

Bars
12.7 mm x
6.35x 3, 6 mm.

0.02 2.1,

Bloating
and
cracking.

[66]

Si3N4 ,6 wt.%
Y2O3, 2 wt.%
Al2O3.

[67]

Al

Materials
Polymer

40.2 vol.% polymer
mix of 4.60 wt.% EVA
(Elvax 250), 2.30 wt.%
EVA (Elvax 260), 4.60
wt.% paraffin wax,
1.20 wt.% stearic acid,
and 0.85 wt.% oleic
acid.
2 wt.% polystyrene and
12 wt.% paraffin oil.

50 vol. % polymer
mixture of paraffin
wax, vinyl acetate and
stearic acid.
(volumetric ratio of
wax : polymer is 60:40)
40 vol.% polymer mix
of 90 wt.% paraffin
wax, 5 wt.% epoxy
thermo setting material
and 5 wt.% oleic acid.
35 vol.% polymer mix
of isotactic
polypropylene,
microcrystalline wax
and stearic acid.

Defects

Bloating
and
cracking.

Blistering,
bloating
and
cracking.
Bloating
and
cracking
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The requirement of extremely slow polymer burnout cycles (extending from hours
to days) to successfully remove the polymer without forming defects can be
acknowledged after noticing the heating rates at which defects were observed in various
experimental studies (Table 2-1).

2.5 Carbon contamination
Several research studies have addressed the effect of incomplete removal of
polymer during burnout on the mechanical, electrical, and magnetic properties of the
sintered products [70-77].
Lee et al. [70] studied the effect of carbon contamination due to incomplete
polymer burnout on the magnetic properties of injection molded Nd (Fe, Co) B
components. The effect of various polymers, atmospheric gases, heating rate,
temperature, and specimen thickness was studied. They observed no carbon
contamination for low molecular weight polymers which degraded by evaporation and
chain session. A logarithmic relation between the residual carbon content and molecular
weight of the polymer was reported. Howard et al. [71] observed a similar linear
dependency of carbon residue with molecular weight of the polymers. Wu et al. [72]
reported the dependency of sintered microstructure, density and mechanical properties of
injection molded 17-4 PH stainless steel and agar based polymer on the carbon content
left after polymer burnout.
The dependency of carbon residue on various gaseous atmospheres like oxygen,
nitrogen, mixture of nitrogen and hydrogen was studied by various researchers [73 -75].
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In each case the carbon residue was found to be dependent on the reaction of the polymer
with various gaseous atmospheres.

2.6 Distortion
The dimensional changes during solvent extraction of polymer were well studied
using in situ observation techniques [78-80]. However very few studies have been
reported in the literature regarding distortion or dimensional changes during polymer
burnout. Hridina et al. [81] studied the dimensional changes during the polymer burnout
of injection molded samples made of SiC and ethylene vinyl acetate (EVA). They
observed expansion of the component prior to the degradation of the EVA and shrinkage
once the polymer starts to degrade. They modeled the initial expansion of component by
the rule of mixtures taking the thermal expansion of both SiC and EVA into
consideration. The shrinkage of component after polymer degradation was attributed to
the volume losses resulting from the removal of polymer. Thus, the total displacement of
the component during polymer burnout was modeled as the summation of expansion due
to thermal expansion (SiC and EVA) and shrinkage due to the loss of polymer.
Some research studies identified that distortion of the component occurs primarily
due to the softening of the polymer [82-83]. Miura et al. [82] suggested use of faster
polymer removal to minimize distortion. For removing the polymer at a faster rate they
used vacuum as the atmosphere. Increasing the heating rate was not encouraged as this
will lead to softening of the polymer at a faster pace than the polymer removal. They also
stated that use of high solids loading, small particle size and irregular shape powders will
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minimize distortion during polymer burnout. Kipphut and German [83] stated that most
of the distortion during polymer burnout occurs due to flow by viscous creep during
softening of the polymer. Experiments were carried out with iron powders of different
particle sizes and thier binary mixtures. Interparticle friction between the particles was
identified as an important factor for shape retention. The angle of repose at tap density
(compacted angle) was correlated to the distortion behavior during polymer burnout.
Based on thier results, they recommended powders with a compacted angle over 55˚ to
minimize the distortion.

Chapter 3
Hypothesis
Polymer burnout is a critical stage in powder metal processing. As seen from the
previous chapter, most of the research to date was focused on defect formation and
carbon contamination during polymer burnout. Little emphasis was given to addressing
the important issues on understanding the effect of metal particles on polymer burnout
and distortion occurring during the process. This study is aimed at rectifying this
deficiency. The primary goal of the present research is to study the evolution of distortion
during polymer burnout. The stages at which maximum distortion takes place will be
identified and effect of critical parameters such as the type of polymer, powder shape,
heating rate, atmosphere on distortion will be evaluated.
The present research is based on the hypothesis that component shape loss during
polymer burnout depends on the softening temperature and degradation behavior of the
polymer. The shape loss occurs primarily during the softening of the polymer. The
softening of the polymer leads to distortion of the component by viscous flow. Once the
polymer starts to degrade, the distortion of the component is dominated by the
degradation behavior of the polymer.
It is further hypothesized in the current research that metal particles act to
catalyze the polymer burnout. Presence of metal particles will result in lowering the
temperatures of polymer burnout. Experiments will be carried out to verify this
hypothesis by varying the particle size, shape and surface area of the metal particles.

Chapter 4
Experimental procedures
This chapter outlines the materials and instruments used to verify the hypothesis stated in
Chapter 3. A brief description of the operating principle of the instruments used in the
research, along with calibration procedures and measurement uncertainty are presented.
The preparation method developed to produce admixed powders (metal powders and
polymer) in this study is also discussed in the current chapter.

4.1 Powders
Gas and water atomized 316L stainless steel powders of similar particle sizes,
were used in the current research. This stainless steel was chosen as the candidate
material due to its extensive use in the powder metal industry. The chemical
compositions of the powders are listed in Table 4-1. Gas atomized 316L stainless steel
powders were procured from Carpenter Powder Products (Bridgeville, PA) and water
atomized powders from Hoeganaes Corporation (Cinnaminson, NJ).
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Table 4-1: Chemical compositions of the as-received powders.

Powder
Gas atomized 316L
stainless steel
Water atomized 316L
stainless steel

Composition (wt. %)
C: 0.03, Cr: 16.74, Ni: 10.63, Mn: 1.28, Mo:
2.05, Si: 0.53, Fe: Balance.
C: 0.03, Cr: 16.94, Ni: 11.63, Mn: 0.08, Mo:
2.14, Si: 0.6, Fe: Balance.

4.1.1 Characterization of powders
The as-received powders were characterized for size, shape, apparent density, tap
density, and pycnometer density. A brief summary of the results is presented in Table 42. The techniques and procedures used to characterize the as-received metal powders are
briefly described in the following sub-sections.

Table 4-2: Summary of characterization results of as-received powders.

Powder property

Particle size distribution
D10
D50
D90

Type of powder
Gas atomized 316L
Water atomized 316L
stainless steel
stainless steel

5.4 ± 0.3 %
9.3 ± 0.2 %
14 ± 0.1 %

6.3 ± 0.3 %
12.6 ± 0.3 %
22.7± 1.7 %

Spherical

Irregular

Apparent density (g/cm3)

4.3

2.6

Tap density (g/cm3)

4.9

3.5± 0.1

Pycnometer density
(g/cm3)

7.9

7.9

Shape
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4.1.1.1 Particle size and distribution
Particle size analysis of the as-received powders was carried out using a laser
scattering particle size analyzer (model: Horiba LA-920, supplier: Horiba Instruments Incorporated, Irvine, CA). The instrument is capable of measuring particle sizes within the
range of 0.02 to 2000 µm. The operation of LA-920 (Figure 4.1) utilizes the light
scattering due to the powders dispersed in fluid medium to measure the particle size and
distribution. Mie theory [84], which states an inverse relationship between the angle of
the scattered light and particle diameter is used as the basic measuring principle. Two
light sources (He-Ne laser and tungsten lamp) are used to illuminate the particles
dispersed in liquid medium. Particles greater than 3 µm scatter light in the direction of its
original travel which further pass through a condenser lens. The output from the
condenser lens is a pattern of concentrating rings (Frounhofer dispersion). Smaller
particles (<3 µm) scatter the light to the sides and back towards to the source. A series of
photo diodes measure the angle and intensity of the scattered light. Computer analysis of
these data provides the particle size distribution. The instrument is calibrated and checked
for repeatability every month using a standard reference material of stainless steel spheres
and carbonyl powder of known particle size distribution. A standard deviation of less
than 1% of average value was recorded on testing reference materials.
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Figure 4.1: Schematic of the laser particle analyzer (Horiba LA-920).
In the present research, a suspension of 1 to 3 g of powder in distilled water was
used for the particle size analysis. The results of the size analysis is represented in D90,
D50, and D10 corresponding to particle sizes at 90, 50, and 10 percent points on the
cumulative mass distribution. An average value of three measurements is reported.

4.1.1.2 Particle shape
A qualitative measure of particle shape was determined by using a scanning
electron microscope (model: ABT-32, supplier: TOPCON, Pleasanton, CA). The
schematic outline of a scanning electron microscope is shown in Figure 4.2. Scanning
electron microscope (SEM) utilizes the interaction of electrons with test sample to
observe the surface microstructure. The electron beam emitted from a heated tungsten
element is focused into a narrow beam by a system of magnetic lenses (condenser and
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objective lens). The magnification of the beam is controlled by adjusting the current
through the scanning coils. The electrons emitted from the sample surface due to
excitation from the electron beam are collected by an electron detector. The electrons
collected by the detector are further amplified by the electron amplifiers. The amplified
signal revealing the surface topography of the sample is displayed on a cathode ray tube
(CRT). Diffusion pumps are used to generate vacuum during the operation of an SEM.
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Figure 4.2: Schematic of the scanning electron microscope (SEM)
The scanning electron micrographs of gas and water atomized 316L stainless steel
powders are shown in Figure 4.3 and Figure 4.4, respectively. The typical spherical
structure of gas atomized powders and irregular structure of water atomized powders
were observed in the scanning electron micrographs.
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Figure 4.3: Scanning electron micrograph of as received gas atomized 316L stainless
steel powders.
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Figure 4.4: Scanning electron micrograph of as-received water atomized 316L stainless
steel powders.
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4.1.1.3 Apparent density
The apparent or bulk density is an estimate of the density of powder in the loose
state (without use of external force or vibration) and was measured according to a
standard procedure [85]. An Arnold meter was used to measure the apparent density of
the powders. In this method, the powder is allowed to fill a 20 cm3 cylindrical steel cavity
by sliding a brass container containing free powder. The brass container was slid across
the steel cavity in two steps. In the first step the brass container was rotated while filling
and in the second step the brass container was passed in horizontal direction (without
rotation) leaving the cavity completely filled with powder. The weight of the powder
filled in the steel cavity divided by the volume of the cavity (20 cm3) gives the apparent
density. The apparent density values reported are an average of five tests. A variation of
less than 1% was observed in the readings.

4.1.1.4 Tap density
Tap density indicates the density of the powder obtained after applying vibrating
force. The tap density of the powders was measured by a standard method [86].
According to this method, 50g of powder was placed in a graduated cylinder and was
tapped for 3000 times on a tap meter (model: Dual Autotap, supplier: Quantachrome,
Boynton Beach, FL). The tap density was obtained by dividing the mass of the powder
with the volume occupied by the powder after tapping (tapped volume). The test was
repeated five times and an average value is reported. A variation of less than 1% was
observed in the readings.
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4.1.1.5 Pycnometer density
Pycnometer or true density is a measure of theoretical density of the powders and
was measured by using a helium pycnometer (model: Accupyc 1330, supplier:
Micrometrics, Norcross, GA). Pycnometer measures the true density of powders by using
pressurized helium gas and applying ideal gas law. The equipment consists of two cells
namely reference cell and a test cell of known volumes VR and VT respectively. A valve
between the cells controls the flow of helium gas. Powders were placed in the test cell
and are pressurized by passing helium gas to pressure P1. The reference cell is evacuated
at this stage by sealing the valve. In the later stage, the valve between the cells is opened
and the decreased pressure in the test cell, P2 is measured. The volume occupied by the
powder VP is measured by applying the ideal gas law according to Equation 4.1:
P1(VT –VP) = P2(VT-VP+VR)

4.1

The pycnometer density is obtained by dividing the mass of the powder by the measured
volume occupied by the powder. Calibration of the pycnometer was carried out by using
standard fully dense stainless steel spheres of known volumes and densities. The
measured densities were found to be within ±0.05% of the standard value. In the current
study, ten measurements were performed on each powder and the average value is
reported.
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4.1.1.6 Surface area
Surface area of the powders was measured by gas adsorption technique using the
Coulter SA 3100 (supplier: Beckman Coulter Inc., CA) instrument. The instrument
measures the BET (Brunauer, Emmett and Teller) specific surface area based on
adsorption of nitrogen gas by the powders. A powder sample is initially placed in a glass
tube and is flushed with helium followed by out gassing at 300˚C under vacuum.
Flushing with helium is carried out to clean the surface of the powders from impurities.
The sample is then submerged in liquid nitrogen and is exposed to nitrogen gas. The
volume of nitrogen adsorbed by the powders is measured for different partial pressures of
nitrogen gas. The partial pressure of nitrogen gas is varied by controlling the flow of
helium and nitrogen gases. The surface area of the powders is determined from the slope
and intercept of the plot between partial pressure and volume of nitrogen adsorbed. A
schematic of the equipment is shown in Figure 4.5. The calibration of the instrument was
carried out by measuring the surface area of standard alumina of known surface area of
310 m2/g.

34

Figure 4.5: Schematic of surface area analyzer.

4.2 Polymer
Ethylene vinyl acetate (EVA) a co polymer of polyethylene (PE) and vinyl acetate
(VA) was chosen for the present study. EVA was chosen as the candidate polymer
system as its burnout behavior is well studied and reported in the literature [64, 87 - 90].
The as-received EVA (type: Airflex 323, Air Products, Allentown, PA) is in the form of
an emulsion in water with solids loading of 60 wt. %. The details of the properties of asreceived EVA are shown in Table 4-3.
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Table 4-3: Summarized properties of the as received polymer emulsion (Airflex 323)

Physical form

Mobile liquid

Color

White

Solids loading

60 %

pH

5.50

Boiling point

>100˚C

Specific gravity

1.07

4.3 Thermo gravimetric analysis (TGA) and differential thermal analysis (DTA)
The burnout behavior of neat polymer and polymer mixed with metal powders
was studied using a TGA-DTA instrument (model: SDT 2960, Supplier: TA Instruments,
New Castle, DE). The photograph of the instrument is shown in Figure 4.6. The TGADTA instrument measures the weight loss and temperature changes during polymer
burnout. The observations from the instrument provide information regarding various
aspects of polymer burnout like the onset of polymer burnout, stages of polymer burnout,
melting point of the polymer and nature of the reaction (exothermic or endothermic).
The instrument is capable of carrying out thermal measurements up to a maximum
temperature of 1500˚C at various heating rates up to 20˚C/min.
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Figure 4.6: Photograph of the TGA-DTA instrument.

The TGA–DTA instrument uses two alumina crucibles. One crucible acts as a
standard and other crucible is used to hold the test sample. Alumina is chosen as the
crucible material due its stability over the temperature range of measurement. The weight
loss in the sample crucible is recorded using a micro balance. The sample and reference
temperatures are measured by using thermocouples of type Pt-Pt/13%Rh. The
temperature difference between the standard and test sample (due to either melting or
degradation of polymer) is also recorded. A plot of the temperature difference and sample
temperature shows the exothermic and endothermic peaks depending on the type of
reaction.

37
The TGA-DTA instrument requires three type of calibrations: TGA weight
calibration, DTA baseline calibration, and DTA calibration. The TGA weight calibration
is carried out by performing two runs one with standard weights and the other without
weights. The results from both the runs are analyzed and weight correction factors are
calculated. The calculated weight correction factors negate the weight changes due to
crucibles, holder arms or any part of the instrument. The run without weights is also used
for the baseline calibration of DTA. The DTA baseline curve obtained is corrected by a
linear (slope and offset) function to the sample temperature so that the temperature
difference between the crucibles is 0˚C. The temperature calibration is carried out by
testing the melting points of pure metals like indium, bismuth, aluminum, silver and
nickel. The measured and the actual melting temperatures are entered into the instrument
allowing the program to adjust for any temperature offsets. In this study temperatures up
to 600˚C are of interest and it is observed that the temperature offset was less than 1˚C in
this temperature range.

4.4 Carbon analysis
Carbon content of the samples was measured by using a carbon/sulfur analyzer
(model: EMIA-8200, Horiba, Ltd., Kyoto, Japan). The measurement principle of carbon
analyzer is based on the combustion of carbon present in the sample to either carbon
dioxide (CO2) or carbon monoxide (CO) when exposed to oxygen atmosphere. The CO2
and CO formed due to combustion of carbon is passed through infrared detector to
estimate the amount of carbon content. Hydrogen in the sample is oxidized to water
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which is removed by dehumidifying agent, magnesium perchlorate. The combustion of
the sample is achieved using a high-frequency combustion furnace. The basic outline of
the equipment is shown in Figure 4.7

Figure 4.7: Schematic of the carbon analyzer.
The measurement of carbon content in the test sample is carried out by placing a
small amount (<0.5 g) sample in pre baked alumina crucibles. Alumina crucibles are
baked in air at 1000˚C for 1h to remove moisture prior to usage for carbon measurements.
Small amount of accelerants (tin and tungsten) are added to the sample to hasten the
combustion process. The crucible is then placed in the stand which lifts into the high
frequency induction furnace on starting the analysis. The measured carbon content is
displayed on a computer. The instrument is calibrated prior to the measurements by
carrying out tests on standard samples with known carbon content varying from 0.01 to 3
wt. %. The calibration results showed measured carbon content values within 1% of the
standard value. An average of three readings is reported in this work.
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4.5 X-ray photoelectron spectroscopy (XPS)
The change in surface chemistry of powders during polymer burnout was studied
using an X- Ray photoelectron spectroscopy (model: Kratos analytical axis ultra, Kratos
Analytical Inc., Chestnut Ridge, New York). The technique utilizes the photoelectron
effect to characterize the surface elements of test sample. In this technique, the test
sample is exposed to x-rays which result in ejection of electron from the core electron
levels. The kinetic energy of the electron emitted is obtained from the difference in
energy of incident photon and binding energy of the electrons. Thus by measuring the
kinetic energy of the emitted electron, the binding energy of the element is calculated.
The binding energy is unique for each element and the element present in the sample
surface is identified. The photo emitted electrons have relatively low kinetic energies (502000 eV). The electrons emitted from the elements much below the surface lose the
energy due to inelastic collisions with other atoms. The photoelectrons detected by XPS
are from the surface or few atomic layers below the surface. The output of XPS is in the
form of series of peaks obtained by plotting intensity versus binding energy data. The
binding energy values are helpful in identifying the type of elements and the integration
of the intensity peak gives the concentration of the element [91].

4.6 Sample preparation
An innovative process has been developed to prepare admixed powders for the
present research. A flow diagram of the process developed is shown in Figure 4.8.
Initially, polymer emulsion corresponding to the final required amount of polymer is
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placed in a glass beaker. The emulsion is diluted by adding distilled water of five times
its weight. The solution is stirred and metal powders are then added to the diluted
emulsion. The diluted emulsion along with the metal particles is stirred. A slurry of metal
particles and diluted polymer is obtained at this stage. The slurry is dried at 100˚C in an
oven for 3 h to remove the water. The dried mix is fed into in a granulator (model: ZM
100, supplier: Glen Mills Inc., Clifton, NJ) to obtain admixed metal powders with
polymer. The admixed powders are then sieved for 30 minutes to break the soft
agglomerates and the -100 mesh powders are used for compaction. The compaction of the
powders into cylinders and bars was carried out on a 60 ton hydraulic press (Gasbarre
products, PA).
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Distilled water
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Figure 4.8: Flow diagram of the process developed to prepare admixed powders in the
current research.
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4.6.1 Homogeneity of the green sample
The new process developed is tested for the repeatability and polymer loss during
the preparation of admixed powders. Carbon content of the admixed powers from
different batches is measured to check for process consistency. Weight loss
measurements, were carried out to estimate the final amount of polymer in the admixed
powder. Cylindrical samples of 3 mm height and 12.5 mm diameter compacted to a 70%
theoretical density were subjected to polymer burnout in hydrogen to 500˚C for 1 h. The
cylindrical samples were placed in an alumina boat during the polymer burnout. The
weight loss was measured by subtracting the weight of sample along with the alumina
boat before and after polymer burnout. This non contact method was used for weight loss
measurements to prevent the loss of powder during handling the polymer burnout sample
(due to its low strength). Carbon analysis of the polymer burnout samples was carried out
to verify the complete removal of polymer.

4.7 Shape loss phenomena
The shape loss during polymer burnout was monitored by measuring deflections
of thin rectangular samples (10.45 mm x 57.6 mm x 1±0.1 mm) under the influence of
gravity. The microstructure of thin bars was controlled to obtain open pores during
polymer burnout. This was achieved by restricting the amount of EVA to 1 wt. % and
green density of bars to 70 % theoretical. The microstructure of open pores was necessary
to negate shape loss occurring due to stresses arising from trapped gases. By achieving
open pore structure, the shape loss due to polymer degradation is studied in the current

43
research. The sample set up and parameter used for quantifying distortion is shown in
Figure 4.9. The samples were supported at the ends by alumina pieces. Distortion during
polymer burnout was recorded in situ through a video imaging system. The images
obtained from the experiment were further examined to quantify the distortion and
distortion profile using image analysis. A brief description of the in situ video imaging
system, the furnace used and image analysis equipment is described below.

Figure 4.9: Sample description and distortion parameter measured from shape loss
experiments.

4.7.1 In situ video imaging
The in situ evolution of shape loss during polymer burnout process was observed
using a Synchro Vision® video image system (supplier: Control Vision Inc., Idaho Falls,
ID). The equipment is capable of recording in situ observations at temperatures up to
1500˚C. The schematic of the equipment and experimental set up used for in situ
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observation is shown in Figure 4.10 and Figure 4.11. The Synchro Vision® apparatus
uses a strobe unit with a xenon flash lamp to provide light for visual observation.
Focusing of the light to the furnace is achieved with the help of a Frensel lens. A high
sensitivity charge couple device camera head equipped with electronic shuttering facility
is used to observe the process. The camera and the strobe light are controlled to work in
unison with the help of a controller. The furnace was fitted with a quartz window for
observation. The reflected light from the sample is collected by the camera through a
mirror placed at 45˚ angle to the center of a Frensel lens. The image was displayed on TV
and also recorded simultaneously in a VCR. The recorded images were digitized using
the Inter video win producer 3 (supplier: Inter Video, Fremont, CA) and ACD see 6.0
(supplier: ACD systems, British Columbia, Canada) software. The digitized images were
analyzed for mid point deflection and deflection profile using image analysis software
(model: Clemex Vision PE 3.5, Supplier: Clemex, Longueuil, Canada). The analyzer
used in the current research for measuring the mid-point deflection values from in situ
images has an resolution of 2 pixels corresponding to 0.16 mm.

45

Figure 4.10: Experimental set up for in situ observation of shape loss during polymer
burnout.
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Figure 4.11: Photograph of the experimental set up used for in situ observation of shape
loss during polymer burnout.

4.7.2 In situ observation furnace
The experiments for observing the shape loss during polymer burnout were
carried in a CM furnace (supplier: CM, Bloomfield, NJ). The furnace consists of
horizontal alumina tube and is heated through a MoSi2 heating elements. The furnace is
capable of heating to temperatures up to 1650˚C. The heating rate and temperature of the
furnace is controlled by Honeywell Universal Digital Controller. The calibration of the
furnace was carried out using standard precalibrated NIST K-type thermocouple. The
temperature in the furnace was measured by placing the thermocouple in the hot zone and
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the difference between the actual temperature in the furnace and temperature shown in
the controller was determined. The temperature difference was taken into consideration
during actual measurements.

Chapter 5
Results
The results from the experiments carried out in the current research are presented
in this chapter. Initial sections of the chapter are focused on the results obtained from the
innovative process developed to prepare the admixed metal powders and polymer. The
repeatability of the process, polymer loss during preparation and compaction results is
presented in these sections. In subsequent sections, the results from the thermal analysis
experiments are presented. The final sections of the chapter deal with the microstructural
evolution during polymer burnout and results from shape loss experiments.

5.1 Sample preparation

5.1.1 Repeatability and polymer loss
The repeatability of the process was verified by measuring the carbon content of
the admixed powders prepared from five different batches. The measured carbon content
of these powders is shown in Table 5-1. As seen in Table 5-1, the carbon content of the
admixed powders were similar, suggesting good repeatability of the process and similar
amount of polymer in the final admixed powders.
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Table 5-1: Carbon content of admixed powders from different batches. The similar
carbon values show good repeatability of the process and same amount of EVA in the
final admixed powders
Number
Batch -1

Material
Admixed powders of Gas atomized

Carbon content (wt.%)
0.52

316L and 1 wt.% EVA
Batch -2

Admixed powders of Gas atomized

0.58

316L and 1 wt.% EVA
Batch -3

Admixed powders of Gas atomized

0.54

316L and 1 wt.% EVA
Batch -4

Admixed powders of Water atomized

0.51

316L and 1 wt.% EVA
Batch -5

Admixed powders of Water atomized

0.54

316L and 1 wt.% EVA

Carbon content of as-received Gas atomized 316L powders: 0.002 ± 0.01
Carbon content of as-received Water atomized 316L powders: 0.002 ±0.01

The polymer loss during preparation of admixed powders was estimated by
carrying out the weight loss experiments as detailed in Section 4.6.1. The results from
these experiments indicated minimal (<0.1 wt. %) loss of EVA during preparation of
admixed powders. The carbon content of the polymer burnout samples were slightly
higher than the as received powder, suggesting trace amounts of polymer in the samples
after burnout. Based on these results, it is concluded that the polymer loss is minimum

50
during the preparation of admixed powders. Further analysis in the current research will
neglect any loss of polymer during sample preparation.

5.1.2 Compaction
The admixed powders prepared from the process developed in the current
research showed good compactability and handling strength. Green samples of various
sizes and shapes were compacted from the admixed powders gas atomized 316L and
EVA (Figure 5.1).The green density of the samples obtained on compaction at various
pressures is showed in Table 5-2. Admixed powders prepared from the vinyl acetate
emulsion (type: Vinac 210, supplier: Air Products, Allentown, PA) also showed good
compactability and handling strength.

Figure 5.1: Photograph of green samples (cylinders: 12.78±0.1 mm, height: 4, impact
bars: 10.45 mm x 57.6 mm x 1±0.1 mm, transverse rupture bars: 31.8 mm x 12.7 mm x
5-7 mm) compacted from admix powders prepared from the process developed in the
current research.

51
Table 5-2: Green density obtained during compaction studies of cylindrical samples
(diameter 12.78±0.1 mm and height of 4±0.1 mm) prepared from admixed powders of
gas atomized 316L stainless steel and 1 wt. % EVA.
Pressure

Green density

(MPa )

(g/cm3)

% theoretical

526

5.6

70

965

6.4

80

1380

6.7

84

Gas atomized powders are difficult to die compact due to their inherent
spherical shape. The lack of interlocking of particles on compaction result in poor
handling strength of the green parts. Because of these reasons, traditionally water
atomized powders which are irregular in shape are used for die compaction. The irregular
shape powders undergo mechanical interlocking during compaction process thus
providing strength to the compacted sample.
Their are some inherent disadvantages of using irregular shaped powders for die
compaction process. The irregular powders undergo inhomogeneous deformation during
die compaction which will result in density gradients (high density at the top and bottom
surface of the component and minimum in the centre) in the compacted sample. These
density gradients will lead to distortion of the component during sintering process. One
more major disadvantage of using irregular particles for die compaction process is the
requirement of high sintering temperatures [92]. The driving force for sintering process is
the reduction in surface energy of the particles. Irregular shaped powders due to their low
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surface energy requires high sintering temperatures. The use of spherical particles for die
compaction will lower the sintering temperatures. However die compaction of spherical
powders is difficult due to the inherent shape of the powders. The spherical shape of the
powders inhibits interlocking of the particles during die compaction thus offering no
strength to the compacted sample. The process developed in the current research rectifies
this deficiency. During this process, a uniform coating of polymer (EVA/VA) is obtained
on the spherical powders. This uniform coating of the polymer provides handling strength
to the die compacted sample. The SEM of the compact in green state (Figure 5.16)
clearly shows a uniform coating of polymer on the metal surface. The principle behind
the successful compaction of gas atomized powders from the process developed is shown
in Figure 5.2.
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Water atomized powders Gas atomized powders

Ad mix powders
prepared from the
innovative process

Figure 5.2: Schematic of the principle behind the successful compaction of admix gas
atomized powders prepared from the process developed in the current research. Water
atomized which are irregular shape undergo interlocking during die compaction and
provide handling strength to the shaped component. Gas atomized powders due to their
inherent spherical shape form no interlocking during die compaction thus providing no
strength to the compacted sample. The admix powders prepared from the innovative
process resulted in a coating of polymer on the surface of spherical metal particles. This
coating of polymer helps in providing handling strength to the die compacted sample.

5.2 Thermogravimetric analysis (TGA)
The results obtained from the thermogravimetric analysis of EVA and admixed powders
are presented in this section. The TGA curve of EVA at 5°C/min in nitrogen atmosphere
is shown in Figure 5.3. The TGA plot shows the two-stage degradation of EVA. In the
first stage EVA degrades by side group elimination to form acetic acid and polyethylene
co-polyacetylene (Eq. 5.1). This reaction is well studied in the literature [64, 87-90], and
was one of the primary reason for selecting EVA as the candidate polymer system in the
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current research. The acetic acid formed is in gaseous form and escapes in to the
atmosphere. Polyethylene co-polyacetylene forms with a double bond which makes it
stable up to higher temperatures. In the second stage, polyethylene co-polyacetylene
starts to degrade. The process of degradation continues up to temperatures higher than
600°C. Carbon residue was observed in the crucibles after heating to 600°C (Figure 5.4)
suggesting incomplete removal of polymer. However, complete removal of the carbon
residue was observed on heating the sample to 1200°C.

%Weight of the EVA remaining
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Figure 5.3: TGA of EVA at a heating rate of 5°C/min in nitrogen atmosphere. The
degradation of EVA in two stages is observed in this plot.
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Figure 5.4: Carbon residue observed in the crucible after heating EVA to 600°C. The
presence of carbon residue shows the incomplete removal of polymer at 600°C.

In the current research, the first stage degradation reaction of EVA was monitored
to study the effect of metal particles on polymer burnout. The onset temperature of
burnout, temperature of maximum rate of weight loss and the maximum rate of weight
loss, were chosen as the quantifying parameters. The onset temperature of polymer
burnout was measured by drawing tangents to the weight loss curves prior to and after the
polymer burnout. The intersection of the tangent lines was noted as the onset temperature
for polymer burnout. The onset temperature measurement for EVA at a heating rate of
5°C/min is shown in Figure 5.5. The temperature at which maximum rate of weight loss
occurs and corresponding maximum rate of weight loss was obtained from the plots
between rate of weight loss and temperature. The measurement of these values for EVA
at a heating rate of 5°C/min is shown in Figure 5.6.
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Figure 5.5: Onset temperature measurement of EVA at 5°C/min in nitrogen atmosphere.
The onset temperature was obtained from the intersection of tangent lines drawn prior
and after polymer burnout.
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Figure 5.6: Variation of rate of weight loss with temperature for EVA at a heating rate of
5°C/min in nitrogen atmosphere. The temperature of maximum rate of weight loss and
corresponding maximum rate of weight loss were obtained from this plot.

5.2.1 Effect of heating rate
The TGA plot of EVA at different heating rates is shown in Figure 5.7. The shift
in onset temperature of burnout to higher temperatures with higher heating rate is
observed. The plot between rate of weight loss versus temperature for EVA at heating
rates of 5, 10, and 15 °C/min is shown in Figure 5.8. Increase in temperature of
maximum rate of weight loss with increase in heating rates is observed. The maximum
rate of weight loss also increased with increase in heating rate. Similar trends of increase
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in onset temperature, temperature of maximum rate of weight loss, and maximum rate of
weight loss with heating rate were observed for admixed powders with 1 wt. % EVA.
The TGA plots and for admixed gas atomized powders with 1 wt. % EVA are shown in
Figure 5.9. The TGA plot for admixed water atomized powders with 1 wt. % EVA is
shown in Figure 5.10. Similar observations of increase in onset temperature with heating
rate for EVA and for admixed powders were observed in prior studies [64, 87].
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Figure 5.7: TGA curves of EVA at different heating rates in nitrogen atmosphere. The
increase in onset temperature of polymer burnout with heating rate is observed.
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Figure 5.8: Rate of weight loss versus temperature of EVA at various heating rates. The
increase in temperature of maximum rate of weight loss with heating rate was observed.
The maximum rate of weight loss also increased with increase in heating rate.
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Figure 5.9: TGA plots of admixed gas atomized 316L stainless steel with 1 wt. % EVA at
various heating rates. The onset temperature for polymer burnout increased with increase
in heating rate.
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Figure 5.10: TGA plots of admixed water atomized powders with 1 wt. % EVA at various
heating rates. The onset temperature for polymer burnout increased with increase in
heating rate.

5.2.2 Effect of particle size
Thermal analysis on admixed gas atomized powders of different particle sizes (9.3
and 121µm) was carried out to study the effect of particle size on polymer burnout. The
change in onset temperature with heating rates obtained from these experiments is shown
in Figure 5.11. A decrease in onset temperature of polymer burnout on addition of metal
particles is observed. The decrease in onset temperature is clearly evident in case of gas
atomized powders with 9.3 µm particle size. Hridina et al. [64,87] reported a similar
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decrease in onset temperature for burnout of EVA with addition of SiC particles.
However the reason for the decrease in the onset temperature was not addressed.
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Figure 5.11: Variation of onset temperature with heating rate for EVA and admixed gas
atomized 316L powders. Admixed gas atomized powders with smaller particle size
showed lower onset temperatures for polymer burnout as compared to larger size
particles.
The onset temperature was lower for gas atomized powders with smaller particle
size. This result showed the dependency of onset temperature on the particle size (surface
area) of powders. Addition of powders with low particle size (high surface area) resulted
in greater decrease in onset temperature for polymer burnout. A trend similar to onset
temperature is observed for temperature of maximum rate of weight loss (Figure 5.12).
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Figure 5.12: Variation of temperature of maximum rate of weight loss with heating rate
for EVA and admixed powders of gas atomized 316L with 1 wt. % EVA. Admixed gas
atomized powders with lower particle size showed lower temperature of maximum rate
of weight loss as compared to the larger size particles.

5.2.3 Effect of particle shape
The effect of particle shape on the polymer burnout was studied by carrying out
the TGA experiments on admixed powders of gas (spherical) and water (irregular)
atomized powders of similar particle sizes with 1 wt. % EVA. The onset temperature data
obtained from these experiments are shown in Figure 5.13. The decrease in onset
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temperature with addition of metal particles is clearly observed from Figure 5.13. Gas
atomized powders despite having low surface area as compared to water atomized
powders showed a lower onset temperature. This result is further analyzed and discussed
in next chapter. The temperature for maximum weight loss also showed similar trend as
the onset temperature (Figure 5.14). The effect of metal particles on the maximum rate of
weight loss was minimal at heating rates up to 10°C/min. At 15°C/min an increase
maximum rate of weight loss of 5%/min was observed in admixed powder samples as
compared to pure EVA.

65

EVA

Gas 316L+EVA

Water 316L+ EVA

340

Onset temperature (°C)

320
300
280
260
240
220
0

5

10

15

20

Heating rate (°C/min)

Figure 5.13: Variation of onset temperature with heating rate for EVA and admixed
powders. Addition of metal particles resulted in the lowering of onset temperature of
polymer. Admixed gas atomized powders showed lower onset temperature than admixed
water atomized powders.
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Figure 5.14: Variation of temperature of maximum rate of weight loss with heating rate
for EVA and admixed powders. Addition of metal particles resulted in lowering of
temperature of maximum rate of weight loss. Admixed gas atomized powders showed
lower temperature of maximum rate of weight loss than admixed water atomized
powders.

5.3 Differential thermal analysis (DTA)
The DTA curve of EVA at a heating rate of 5°C/min in nitrogen atmosphere in
shown Figure 5.15. The endotherms due to melting and two stage degradation of EVA
are observed in the DTA plot. The temperature at which the melting endotherm starts to
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increase is recorded as the temperature corresponding to the complete melting of EVA.
On heating at 5°C/min, the melting of EVA was found to be complete by 50°C. The
endotherms in the case of admixed powders were not identified due to the use of low
amount of EVA (1 wt. %).
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Figure 5.15: DTA curve of EVA at a heating rate of 5°C/min in nitrogen atmosphere. The
endotherms due to melting and two stage degradation of EVA are observed.

5.4 X-ray photoelectron spectroscopy (XPS)
The XPS results of the as-received, admixed, and the powders after polymer
burnout are summarized in Table 5-3 and Table 5-4. Higher amount of carbon content
was recorded for polymer burnout samples as compared to the admixed powders. The
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oxygen content of the polymer burnout samples was lower than in the admixed powders.
The Fe content of the powders showed in Table 5-3 was further analyzed for the amount
of FeO. The data for these experiments are presented in Table 5-4.
Table 5-3: XPS data of as received, admixed and polymer burnout powders.
Element

Gas 316L stainless steel

Water 316L stainless steel

(at. %)

C

Asreceived
33.4

Green After polymer
As state
burnout
received
60.5
75.4
22.2

O

44.4

34.3

17.7

Fe

9.5

1.8

Cr

1.9

Si

1.9

Green state
39.9

After polymer
burnout
58.3

50.1

43.9

27.4

1.0

7.2

4.3

1.9

0.5

2.3

3.7

2.1

4.2

0.3

0.4

15.8

9.0

7.7

Table 5-4: Fe and FeO content of the powders.
Element
(at. %)
Fe
FeO

Gas 316L S.S
As
Green After polymer
received state
burnout
22.2
5.8
5.8
94.2
94.2
77.9

Water 316L S.S
As
received
26.9
73.1

Green
state
27.1
72.9

After polymer
burnout
27.6
72.4

5.5 Microstructure evolution
The microstructural changes during polymer burnout were monitored by
observing the fractured surfaces of transverse rupture bars (31.8 mm x 12.7 mm x 5-7
mm) made from admixed powders of gas atomized 316L stainless steel and EVA. A
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heating rate of 10°C/min and nitrogen atmosphere was used for polymer burnout. To
prevent charging effect and local heating of EVA, the fractured samples were sputtered
with gold prior to observation in an SEM.
The microstructural changes during various stages of polymer burnout are
shown in Figure 5.16 - 5.22. The micrograph in the green state reveals uniform coating of
EVA on the stainless steel particles (Figure 5.16). The development of pendular bonds
due to melting of EVA can be observed in the micrographs of the fractured samples
subjected to polymer burnout temperatures of 100,200 and 300°C (Figure 5.17,
Figure 5.18, and Figure 5.19). The micrograph of the sample heated to 350°C
(Figure 5.20) shows the burnout of the polymer from the surface of the metal particles. A
complete change in microstructure is noticed in samples after heating to 400°C
(Figure 5.21). The microstructure of samples heated to 500°C (Figure 5.22) showed near
complete removal of polymer.
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Figure 5.16: SEM image of the fractured sample in green state showing a uniform
distribution of EVA on the spherical metal particles.

Figure 5.17: SEM image of the fractured sample at 100˚C. The softening of EVA is
observed in this micrograph.
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Figure 5.18: SEM image of the fractured sample at 200˚C revealing the formation of
bonds between the metal particles due to polymer softening.

Figure 5.19: SEM image of the fractured sample at 300˚C. The well developed bonds due
to the polymer softening are observed in this micrograph.
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Figure 5.20: SEM image of the fractured sample at 350˚C showing the burnout of EVA.
The burnout of EVA from the surface of metal particles is observed.

Figure 5.21: SEM image of the fractured sample at 400˚C showing a change in
microstructure due to burnout of EVA.
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Figure 5.22: SEM image of the fractured sample at 500˚C revealing near complete
removal of EVA.
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5.6 Shape loss
The in situ images of the shape loss during various stages of polymer burnout
for bars made from admixed gas atomized 316L and 1 wt.% EVA are shown in
Figure 5.23. The distortion values measured from the in situ images for three separate
runs are shown in Figure 5.24. A heating rate of 5°C/min was used for all the shape loss
experiments. It is to be noted here, during one run a small initial deflection of the bar in
the green state was observed. This deflection was constant with time and increased only
after heating. The initial deflection of the bar in the green state was taken into
consideration while calculating the actual distortion values during polymer burnout.
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Figure 5.23: In situ images during polymer burnout of thin bars (1 mm thickness) made
of admixed powders of gas atomized 316L stainless steel and 1 wt. % EVA. The polymer
burnout was carried out in nitrogen atmosphere at a heating rate of 5°C/min. Deflection
of the bars occurred primarily during the softening of the polymer. A reversal in
deflection of the after the onset of polymer burnout is observed (after 260˚C).
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Figure 5.24: Distortion data obtained from the in situ image during polymer burnout of
bars made of admixed powders of gas atomized 316L stainless steel and 1 wt. % EVA.
All the runs were carried out at 5°C/min. Run 1 and Run 2 were carried out in nitrogen
atmosphere and Run 3 was in hydrogen atmosphere. The distortion of the bars increased
during softening of the polymer. However the distortion decreased, once the polymer
burnout occurred. The distortion values have an error of 0.16 mm due to the image
analyzer used for the measurement of deflections from the in situ images.
As observed in Figure 5.23 and Figure 5.24, distortion of the bars occurred
primarily during the softening of the polymer, prior to the burnout. Distortion of the bars
decreased after polymer burnout and the deflection of the bars was reversed. The
distortion/deflection which occurred during the softening of polymer was near completely
recovered after the polymer burnout. The recovery of the deflection of the bars occurred
primarily during the first stage burnout of EVA and can be clearly seen in Figure 5.23.
The reason behind this peculiar result is further analyzed and discussed in the next
chapter. No considerable deflections were observed on increasing the thickness of the
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bars to 2 mm (Figure 5.25). The distortion measurements shown in Figure 5.24, have an
error of 0.16 mm due to image analyzer which was used for measurement of the
deflections from the in situ images. This error in the readings is taken into consideration
while using this data for further analysis.
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Figure 5.25: In situ images during polymer burnout of thin bars of 2 mm thickness made
of admixed powders of gas atomized 316L stainless steel and 1 wt. % EVA. The polymer
burnout was carried out in a nitrogen atmosphere at a heating rate of 5°C/min. No
deflection of the bars is observed during the polymer burnout cycle.
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The in situ images during polymer burnout of bars made from admixed powder of
water atomized 316L powders and 1 wt. % EVA is shown in Figure 5.26. No significant
deflection of the bars either during the softening or burnout stage of EVA is observed.
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Figure 5.26: In situ images during polymer burnout of thin bars (1 mm thickness)
made of admixed powders of water atomized 316L stainless steel and 1 wt. % EVA.
The polymer burnout was carried out in nitrogen atmosphere at a heating rate of
5°C/min. No deflection of the bars was observed during the polymer burnout cycle.

Chapter 6
Discussion
The results presented in the previous chapter are further analyzed and discussed in
the current chapter. Initially the results obtained from the thermal analysis experiments
are analyzed. The effect of metal particles on polymer burnout, possibility of chemical
reaction between metal particles and polymer during burnout and the reason behind the
lowering of onset temperature for burnout in case of admixed gas atomized powders is
discussed. In the subsequent sections, the results from the shape loss experiments are
discussed. The mechanism for shape loss and the reason behind the recovery of distortion
during polymer burnout is addressed in these sections. The final section of the chapter
deals with the modeling of shape loss phenomena during polymer burnout.

6.1 Thermal analysis
The results obtained from the thermal analysis experiments are discussed in the
following sections.

6.1.1 Activation energy
The activation energy for the first stage reaction of EVA was determined from the
TGA data. A method developed by Kissinger [93] was used to estimate the activation
energy. The Kissinger method utilizes the temperature at which rate of weight loss is
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maximum at various heating rates to estimate the activation energy of a reaction. A brief
description of the Kissinger method is presented below. For TGA experiments, the rate
of weight loss is given by Eq. 6.1
dα
dα
=r
= k (T ) f (α )
dt
dT

6.1

Where , is the mass fraction of the remaining polymer, r is the heating rate, t is
the time and T is the temperature.
In case of polymers such as EVA which decompose by deceleratory rate, the rate
of conversion (f( )) is assumed to be proportional to the concentration to the of non
degraded polymer and is given by Eq. 6.2,
f (α ) = (1 − α ) n

6.2

Where n is the reaction order and is assumed to be 1 for the present analysis.
The temperature dependence k(T) in Eq. 6.1 is described by the Arrhenius
equation and is given by Eq. 6.3
k (T ) = A exp(− E / RT )

6.3

Where A is the proportionality constant, E is the activation energy, R is the
universal gas constant.
Substituting the expressions for f( ) and k(T) from Eq. 6.2 and Eq. 6.3 in Eq. 6.1 ,
we get Eq. 6.4 [88]
dα
dα
−E
=r
= A(1 − α ) n exp
dt
dT
RT

6.4
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As mentioned earlier, Kissinger method, uses the temperature at which rate of
weight loss is maximum to estimate the activation energy. The maximum rate of weight
loss occurs when d (d /dt)/dt is zero. Thus differentiating Eq. 6.4 with respect to time and
equating to zero, we get Eq. 6.5

−E
rE
n −1
= An(1 − α )m exp
2
RTm
RTm

6.5

Where Tm is the temperature at which rate of weight loss is maximum. Thus from
Eq. 6.5, the slope of the plot between heating rate ln(r/Tm2) and (1/Tm) gives the
activation energy for the reaction [88].
The plots between the ln(r/Tm2) and (1/Tm) at various heating rates for EVA and
admixed powders is shown in Figure 6.1. The calculated activation energy values from
the slopes of these plots are shown in Table 6-1. The activation energy for EVA obtained
in current research 172 kJ/mole, is in the range of values (163-186 kJ/mole) quoted in
literature from prior studies [64, 87, 88]. The activation energy values for the reaction
decreased form 172 kJ/mole to118 kJ/mole on addition of gas atomized powders and to
124 kJ/mole in the presence of water atomized powders. A similar decrease in activation
energy from 178 kJ/mole for pure EVA to150 kJ/mole on addition of SiC powders to
EVA was observed in prior study [64, 87]. The activation energy values had a good
repeatability due to low variation (less than 3˚C) in the temperature of maximum rate of
weight loss.
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Figure 6.1: Plot used to calculate the activation energy of EVA and admixed powders by
Kissinger method.
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Table 6-1: Activation energy values calculated by Kissinger method for EVA and
admixed powders. A decrease in activation energy for polymer burnout in case of
admixed powders confirms the catalytic nature of metal powders.
Material

Activation energy
(kJ/mole)

EVA
Water atomized 316L + 1

172
124

wt.% EVA
Gas atomized 316L + 1

118

wt.% EVA

The decrease in activation energy for the first stage reaction shows the catalytic
behavior of metal powders. A detailed discussion about the effect of particle size and
shape on the polymer burnout is presented in the following sections.

6.1.2 Effect of metal particles

The addition of metal particles resulted in the reduction of onset temperature and
temperature of maximum rate of weight loss of polymer burnout. The reduction of these
temperatures was higher in case of gas atomized powders with lower particle size as
compared to large particle size particles (Figure 5.11). This result was in agreement with
the hypothesis of the present study stating that metal particles act as catalysts for polymer
burnout. The greater reduction in onset temperature for small particle size powders was
attributed to the high surface of the powders.
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The results from experiments carried out to study the effect of particle shape on
polymer burnout were contrary to the above observation. In this case, gas atomized 316L
powders despite having a low surface area showed greater reduction in the onset
temperature and temperature at which rate of weight loss is maximum when compared to
water atomized powders (Figure 5.13). The surface area of gas atomized 316L powders
was 0.173 m2/g and water atomized powders was 0.256 m2/g. This result was assumed to
be due to the chemistry of water atomized powders. Water atomized powders due to the
process involved in manufacturing them end up with high amounts of surface
contamination compared to gas atomized powders [94]. It was further hypothesized that
the low surface impurities in gas atomized powders lead to more favorable reaction
between the metal surface and polymer which in turn resulted in rapid removal of
polymer at low temperatures. In order to verify this hypothesis the XPS on the powders
prior and after polymer burnout was carried.

6.1.3 X-ray photoelectron spectroscopy (XPS)

The results from the XPS are shown in Table 5-3 and Table 5-4. No conclusive
trend of any reaction between metal powder and polymer was observed from the XPS
data. Higher amount of carbon content was recorded for polymer burnout samples as
compared to the admixed powders. The carbon residue formed due to incomplete burnout
of EVA might be the reason for this observation. The TGA results also showed
incomplete polymer burnout at temperatures below 600°C. The carbon residue due to
incomplete burnout of EVA after heating to 600°C is shown in Figure 5.4.
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The accuracy of the results obtained from XPS to verify the possibility of reaction
between the polymer and metal particles was not satisfactory. For example, it is seen
from Table 5-3, that the Fe (includes both iron and iron oxide) content in the water
atomized powders reduced from 4.3 in the green state to 1.9 after polymer burnout.
However the same powder on further analyzing for the actual amount Fe and FeO content
showed no decrease in either of these after polymer burnout. This result clearly shows the
sensitivity of XPS technique to the powder surface. In the current research, no clear
indication of a chemical reaction between metal powders and polymers is concluded from
the XPS data.

6.1.4 Metal-polymer reaction

In order to verify reaction between the metal particles and polymer during
polymer burnout, TGA experiments were carried out on metal powder which oxidizes
easily to form low stable oxides. The hypothesis behind these experiments was that the
low stable metal oxides will react with carbon from the polymer and gets reduced to
metal and in turn provide oxygen for rapid burnout of polymer. Water atomized Cu
powder (d50 of 13.3µm) was chosen as the metal particle for these experiments. The free
energy ( G˚) for reduction of Cu2O to Cu [95] and oxidation of C to CO [96] is shown in
Eq. 6.6 and Eq. 6.7 respectively. From these equations, the free energy equation of
reduction of Cu2O by carbon is obtained (Eq. 6.8). The G˚ for the reduction of Cu2O by
C at 100˚C is -11 kJ/mole. The negative value of G˚ shows the feasibility of the
reduction of Cu2O by C at 100˚C.
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2Cu2O = 4Cu + O2,

2C + O2 = 2CO,

G˚=340200+32.93TlogT -247.8T J

G˚=-224280 – 176T J

2Cu2O + 2C = 4Cu + 2CO, G˚= 115920+32.93TlogT-424T J

6.6

6.7

6.8

The variation of onset temperature with heating rate for admixed powders of Cu
and 1 wt. % EVA is shown in Figure 6.2. A marginal reduction in onset temperature of
polymer burnout was observed in case of admixed powders of Cu. The reduction in
temperature was much lower than that observed for the admixed powders gas atomized
316L stainless steel. Similar trend as onset temperature was observed in case of
temperature at which rate of weight loss was maximum (Figure 6.3). The marginal
decrease in the onset temperature and temperature of maximum rate of weight loss for
admixed Cu powders confirms no reaction between the metal powders and EVA during
polymer burnout. The lack of free carbon to reduce to the copper oxide, prior to or during
the first stage reaction of EVA might also explain the absence of reaction between the
metal powders and the polymer. The reason behind the greater reduction in onset
temperature and temperature for maximum rate of weight loss for admixed gas atomized
316L powders is addressed in next section.
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Figure 6.2: Variation of onset temperature for polymer burnout with heating rate for
EVA and admixed powders. The marginal decrease in onset temperature for admixed
powders of Cu and 1 wt. % EVA shows the absence of any reaction between metal
powders and polymer during polymer burnout.
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Figure 6.3: Variation of temperature at which rate of weight loss is maximum with
heating rate for EVA and admixed powders. A marginal decrease in the temperature for
admixed Cu powders with 1 wt. % EVA as compared to pure EVA is observed.

6.1.5 Polymer distribution

As discussed in Section 5.1, a unique characteristic of the admixed gas atomized
316L stainless steel prepared from the process in the current research is the achievement
of uniform coating of EVA on the powder surfaces. It was further hypothesized in this
study that gas atomized 316L showed lower onset temperature and temperature of
maximum rate of weight loss of polymer burnout due this uniform coating of EVA. TGA
experiments were carried out to verify the hypothesis and to study effect of polymer
distribution on the polymer burnout temperature. In one of the TGA experiments, the asreceived polymer emulsion was dried and the solid polymer was placed as a layer
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between the gas atomized 316L powders. In a separate TGA run the dried polymer was
mixed randomly with gas atomized 316L powders. The description of experimental
samples and the temperatures recorded from the TGA runs are shown in Figure 6.4 .
From Figure 6.4, it is clear that the onset temperature for polymer burnout
increased as the polymer distribution became non-uniform. In fact, the use of dried EVA
with the powders increased the polymer burnout temperature to that of pure EVA. Thus
the distribution of the polymer in the admixed powders, which in turn depends on the
wettability of the powder, plays a critical role in lowering onset temperature for polymer
burnout. A trend similar to onset temperature was observed in case of temperature at
which rate of weight loss was maximum. From these experiments, it was concluded that
the distribution of polymer in the admixed powders and the contact area between the
metal and polymer play an important role in reducing the onset temperature for polymer
burnout. Gas atomized 316L stainless steel powders, due to their clean chemistries show
better wettability of EVA thus resulting in a uniform coating on the powder surfaces.
Water atomized 316L stainless steel powders on the other hand, result in partial
coating of EVA due to the high impurity content. This partial coating results in
decreasing the onset temperature of polymer burnout to a temperature greater than the
admixed gas atomized 316L stainless steel powders. Thus the wettability of the powder
surface to the polymers which in turn depends on the powder chemistry plays an
important role in reducing the polymer burnout temperatures. It has to be noted here that,
for die compaction process traditionally polymers are added in the solid form to the metal
powders. This practice will result in higher temperatures for polymer burnout.
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Onset temperature

273˚C

310˚C

310˚C

Temperature of
maximum rate
of weight loss

273˚C

328˚C

328˚C

Onset temperature of pure EVA: 308˚C
Temperature of maximum rate of weight loss of pure EVA: 329˚C
Figure 6.4: Sample description and results obtained from the TGA experiments carried
out to study the effect of polymer distribution on the polymer burnout temperatures. The
reduction of these temperatures in the case of admix powders prepared from the process
developed in the current study was attributed the coating of EVA on the surface of metal
powders.
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6.2 Shape loss

The observations from the results obtained from the shape loss experiments are
discussed in the following sections. The increase in distortion of the beams during
softening of the polymer was expected and was in line with previous studies [2, 82, 83].
However the peculiar observation of reversal in deflection during polymer burnout was
unexpected. As per the authors knowledge this is the first time such an result is observed
during polymer burnout. The following sections provide a detailed discussion about the
shape loss during polymer burnout.

6.2.1 Shape loss during polymer softening

The shape loss during polymer burnout occurred during the softening of EVA.
The shape loss of the samples is due to the viscous creep behavior. The polymer bonds
formed between the particles due to the softening of the polymer extend in the lower part
of the beam. The lower part of the beam is in tension and upper part is in compression.
In order to measure the creep rate during the softening of EVA, in situ
observation of shape loss was carried out by holding the sample at 220˚C for 1 h. The in
situ images from this experiment are shown in Figure 6.5. The deflections of the sample
during holding were less than the measurement error (0.16 mm) of the image analysis
system used to measure the deflection of the samples, therefore the exact creep rate of the
sample could not be measured.
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Figure 6.5: Shape loss of the beam made of gas atomized 316L stainless steel and 1 wt. %
EVA on holding at 220˚C for 1 h. The deflections of the samples were less than the
measurement error (0.16 mm). A partial recovery of deflection was observed on holding.
The recovery might be due to the burnout of EVA.
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A partial recovery of distortion of the sample was observed during hold at 220˚C. This
recovery might be occurring due to the onset of burnout of EVA.

6.2.2 Recovery of distortion

The phenomenon of recovery in distortion was hypothesized to be due to the
burnout characteristics of EVA. Experiments were carried out to verify if this
phenomenon is restricted to burnout of EVA or is observed during burnout of other
polymers. Die compacting thin beams made from gas atomized 316L stainless steel with
low amount of polymer proved to be difficult due to inherent spherical nature of the
powders. Restricting the polymer content to low amounts was necessary for in situ
observations. Using large amount of polymers resulted in degassing of the specimen in
the furnace during polymer burnout which prevented the in situ observation. Even though
water atomized powders are easy to die compact with low amount of polymer, the
absence of distortion during polymer burnout in case of admixed water atomized 316L
stainless steel powders and 1 wt.% EVA has prevented the use of these powders with
other polymer for verification of reversal in distortion.
In order to overcome this difficulty, shape loss experiments were carried out on
injection molded thin beams (63.5 mm x 12.70 mm x 3.175 mm) made from admixed
powders of gas atomized 316L stainless steel powders and a polymer mix. The polymer
mix consisted of 60 wt. % paraffin wax, 32 wt. % polypropylene and 8 wt. %
polyethylene. The solids loading of the feedstock was 60 vol. %. The detailed description
of parameters used for injection molding of these specimens is reported elsewhere [97].
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After injection molding the beams were subjected to solvent debinding in heptane to
remove the low molecular weight polymers (paraffin wax). The solvent debound beams
were further machined to reduce the thickness the bar to 1 mm. The green density of the
beams was 60 % theoretical. These beams were used for the in situ observation. As the
main intention of this experiment was to verify the phenomena of reversal in distortion
during burnout, thermal analysis on the polymers used to prepare the beams were not
studied. It is to be noted here the results from these experiments were not used during the
modeling of shape loss phenomena discussed in next sections.
The in situ images during polymer burnout from the injection molded sample is
shown in Figure 6.6. A span length of 35 mm was used for this experiment. The shape
loss experiments with injection molded specimens was carried out with a slightly
modified in situ observation apparatus. In this modified set up the in situ image was
directly recorded in a digitalized camera instead of a VCR used for the prior experiments.
As expected the distortion of the specimen occurred primarily during the softening of the
polymer. The onset of melting for polypropylene and polyethylene was recorded at 142˚C
and 122˚C [97]. Due to the low strength, the bar underwent excessive distortion and
touched the bottom surface. No sign of recovery during polymer burnout was observed
from this experiment. But as the bar touched the bottom surface, a separate experiment
was carried out to confirm the absence of recovery during polymer burnout. In this
experiment the deflection of the bar was minimized by reducing the span length to 25
mm. The in situ images observed from the experiment with reduced span length is shown
in Figure 6.7.
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Figure 6.6: In situ observation of shape loss during polymer burnout for injection molded
samples made from gas atomized 316L stainless steel and polymer mix of polypropylene
and polyethylene. The shape loss of the specimen occurred primarily during the softening
of the polymer. The sample underwent excessive deflection during polymer softening
which caused it to touch the bottom surface. No recovery of deflection during polymer
burnout was observed. The cracking of the sample after removal of polymer was
observed at 500˚C
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Figure 6.7: In situ observation of shape loss during polymer burnout for injection molded
samples (with reduced span length) made from gas atomized 316L stainless steel and
polymer mix of polypropylene and polyethylene. The shape loss of the specimen
occurred primarily during the softening of the polymer. No recovery of deflection during
polymer burnout was observed. The cracking of the sample due to removal of polymer
was observed at higher temperatures.
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In this case also, the distortion of the bar occurred primarily during the softening
of the polymer. No recovery of deflection during polymer burnout was observed. The bar
cracked into small pieces after heating to 500˚C. The cracking of the bar was due to
complete removal of the polymer. As discussed earlier, the strength of the injection
molded sample during polymer burnout is primarily provided by the polymer. Once the
polymer is removed, their is no strength to the bar because of spherical shape of the metal
particles.
The absence of recovery of distortion during this experiment clearly shows that
the recovery phenomenon is due to the burnout characteristic of EVA. The reasons
behind this behavior are discussed below. The recovery of distortion in case of samples
prepared from admixed powders of gas atomized 316L stainless steel and EVA occurred
primarily during the first stage burnout of EVA. During this stage, EVA degrades by side
group elimination to form acetic acid and polyethylene co-polyacetylene (Eq. 5.1 ). The
acetic acid is in the gaseous form and due to the presence of open pores in the samples
(Figure 5.16), it escapes to the atmosphere through these pores. The other product
polyethylene co-polyacetylene forms with a carbon – carbon double bond. A change in
chemical structure during first stage burnout of EVA was observed from the fracture
surface of transverse rupture beams which were fractured at the polymer burnout
temperature. The beams exhibited ductile fracture during softening of the polymer and a
brittle fracture after polymer burnout. The change in structure is attributed to the double
bond formation in polyethylene-co polyacetylene. An increase in the in situ strength, of
the samples during the first stage of burnout of EVA corresponding to the formation of
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polyethylene co-polyacetylene was observed (Section 6.4). The recovery of distortion
was attributed to the phase change of EVA due to the formation of polyethylene copolyacetylene. On the other hand polyethylene and polypropylene burnout by random
chain secessions to yield a mixture of hydrocarbons [98]. The products formed due to the
burnout of polyethylene and polypropylene do not contain any high stable products with
double bonds during the initial stages of burnout. This explains the absence of recovery
during burnout in case of samples prepared from admixed 316L stainless steel and
mixture of polyethylene and polypropylene.

6.3 Modeling of shape loss phenomena during polymer burnout

Modeling efforts in the current research were directed towards the shape loss
phenomena during polymer burnout. Initially the deflection profile prior to polymer
burnout is modeled. In subsequent section, the viscosity of the admixed powders during
polymer burnout is evaluated.

6.3.1 Deflection profile

The deflection profile of the upper section of the bar during polymer burnout was
modeled from the images obtained from the in situ observation. A program was
developed in Clemex Image Analyzer to obtain the deflection profile of the bar. The
program results in sectioning the bar into thin rectangles and the output from the program
yields the x and y coordinates of the rectangles. The deflection profile is obtained from
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the y coordinate values corresponding to the upper section of the bar. The sectioned
image from the program developed is shown in Figure 6.8 and the method used for
obtaining deflection profile is shown in Figure 6.9. Deflection profiles were obtained for
beams prior to polymer burnout (Figure 6.10). The program was not able to provide
accurate data in case of samples during polymer burnout due to their poor image quality
caused by the gassing in the furnace.

Figure 6.8: The sectioned image produced by the program developed during the current
research. This sectioned image was in turn used to plot the deflection profile of the upper
section of the bar.
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Figure 6.9: Method used in the current research to obtain the deflection profile of the
upper section of the beam.
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Figure 6.10: Plot showing the deflection profile of the beam for the half span length at
various polymer burnout temperatures. Increase in polymer burnout temperatures resulted
in increase in deflection of the beam.
The deflection profile was further verified with the solution for linear elastic
beams which undergo deflection under uniform distributed loading. The general
deflection equation for elastic beams is given by Eq. 6.9 [99]
M
d 2δ / dx 2
=
EI 1 + (dδ / dx) 2

[

]

3/ 2

6.9

where is the deflection of the bar, x is the distance from the midspan of the bar
to any point in between the midspan and the end, I is the moment of inertia, M is the
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bending moment. The bending moment of a rectangular beam that is simply supported
and under the influence of its own weight is given by Eq. 6.10
M =

ρgbh
8

( L2 − 4 x 2 )

6.10

where is the density of the bar, g is the acceleration due to gravity, b is the width
of the bar, h is the thickness of the bar and L is the span length.
The moment of inertia (I) for the bar is given by Eq. 6.11
I=

1
bh 3
12

6.11

For small deflections (d /dx<0.2), the term (d /dx)2 in Eq. 6.9 can be neglected.
Substituting the values of M and I from Eq. 6.10 and Eq. 6.11 in Eq. 6.9 and neglecting
the term (d /dx)2, we get Eq. 6.12 [100]
d 2δ M 3ρg ( L2 − 4 x 2 )
=
=
dx 2 EI
2 Eh 2

6.12

Solving the Eq. 6.12 , by integrating twice will result in the Eq. 6.13

δ = Ax 4 + Bx 2 + C
Where, A = −

ρg
32Eh 2

, B=

6.13

3ρgL2
5ρgL2
,
C
=
−
4 Eh 2
32 Eh 2

The deflection profile obtained from the image analysis also followed the quartic function
as shown in Eq. 6.13. The regression coefficients of these curves were close to unity
indicating the deflection behaving as the quartic function. A similar type of deflection
behavior was observed in a prior study carried out by Lee et .al. [100]. In their study they
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observed the deflection of the beams following the quartic function during sintering of
Y2O3 stabilized ZrO2.

6.3.2 Viscosity during polymer softening

For viscosity evolution in the current research, it is assumed that the polymer
softening occurs by linear viscous behavior. The maximum deflection at the midspan of
the beam (x=0) is obtained from Eq. 6.13, and is shown in Eq. 6.14.

δ max =

5ρgL2
32 Eh 2

6.14

Using the linear elastic to linear viscous analogy, and replacing elastic modulus E
and deflection

max

are replaced in Eq. 6.14 with and deflection rate (d

max/dt)

, we get

Eq. 6.15

η=

5 ρgL2
32(dδ max / dt )h 2

6.15

The deflection rate was obtained by curve fitting the deflection versus time data
to a polynomial curve of second order. The viscosity was further calculated using
Eq. 6.15. The variation of viscosity during softening of the polymer is shown in
Figure 6.11. As seen in Figure 6.11, the viscosity of the sample increased from 1.3 x 1010
Pa.s at 25˚C to 1.1 x 1011 Pa.s on heating to 250˚C. The viscosity of the sample in the
current research was observed to be larger than of the feedstocks used for injection
molding process which usually have viscosity values less than 100 Pa.s during shaping
[94]. The high viscosity values obtained in the current research is attributed to the low
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amount (1 wt. %) of polymer. The viscosity values obtained from various studies [92,
100-105] which were focused on evaluating the viscosity evolution during sintering is
shown in Table 6-2.
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Figure 6.11: Variation of viscosity of the sample during softening stage. An increase in
viscosity with temperature is observed.
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Table 6-2: Viscosity values obtained during sintering from previous studies.
Reference number
[92]

Material
316L stainless steel + 0.8 wt.% Boron

Viscosity (Pa.s)
3.8 x 109 – 174 x 109

[100]

Y2O3 stabilized ZrO2

50 x 109 - 400 x 109

[101]

Bronze

6.7 x 106 – 1229 x 106

[102]

Glass

107 – 1014

[103]

Al2O3

50 x 109 – 2750 x 109

[104]

Al2O3

50 x 109 – 980 x 109

[104]

ZrO2

50 x 109 – 1000 x 109

[104]

70% ZrO2 + 30% Al2O3

20 x 109 – 1000 x 109

[105]

WC-Co

1 x 109 – 10 x 109

6.4 Strength evolution during polymer burnout

The strength of compacts during the softening of the polymers has not been
widely addressed or reported in the literature, however Moller et al. [106] studied the
tensile and compression strength of injection molding feedstock during softening of the
polymer. In their studies, the feedstock was made of spherical iron and nickel powders
and polymer mix (polypropylene, paraffin wax, carnauba wax and stearic acid). A
summary of the results obtained from this study is shown in Table 6-3 and Table 6-4. The
tensile strength of the feedstock decreased from 8500 Pa at 85˚C to 4900 Pa at 112˚C.
The compressive yield strength of the bar decreased from nearly 19000 Pa at 93˚C to
5000 Pa at 110˚C.
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Table 6-3: Approximate tensile strength values of injection molding feedstock during
softening of polymer reported by Moller et al. [106]. These values were obtained from
the plot published in the reported paper and are approximate.
Temperature (˚C)

Tensile strength (Pa)

90

8500

97

7600

102

7100

108

6400

113

4900

Table 6-4: Approximate compressive yield strength values of injection molding feedstock
during softening of polymer reported from a study carried out by Moller et al.[106].
These values were obtained from the plot published in the reported paper and are
approximate
Temperature (˚C)

Compressive yield strength
(Pa)

93

19000

99

9000

104

7500

110

5000

In an effort to determine if the same result occurs with EVA, the polymer used in
this thesis, a simply supported beam, similar to the specimens in the shape loss
experiments was subjected, to an increasing temperature and had a 1 g mass placed at its
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midspan. The in situ images (Figure 6.12) show that the sample failed between 25˚C and
80˚C. The exact temperature at which the failure of the sample occurred was not recorded
due to the difficulty in controlling the furnace at temperatures below 80˚C. Therefore
even though the strength –temperature plot could not be established, a degree of polymer
softening prior to polymer burnout was observed.

25˚C

80˚C

Figure 6.12: Experiments carried out to estimate the in situ strength of the compact during
softening of the EVA. The beam was fractured on heating to 80˚C under the influence of
external load of 1 g.

Experiments were carried out to evaluate the in situ strength during polymer
burnout using in house equipment called flaming tensile tester (FTT). The detailed
description of the equipment is described elsewhere [107-109]. The instrument is capable
of measuring the in situ transverse rupture strength of the compacts during polymer
burnout. The in situ strength experiments were carried out on transverse rupture beams
(31.8 mm x 12.7 mm x 5-7 mm) made from admixed powders of gas atomized 316L
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stainless steel and approximately 2 wt.% EVA. Heating rates 2 and 10˚C/min and
nitrogen atmosphere was used for the in situ strength measurements. Flaming tensile
tester was not capable of measuring the strength of samples during polymer softening.
This was due to the low strength of the compacts. However, once the polymer started to
burnout, the equipment was able to measure the in situ strength values. The measured in
situ strength values increased during the burnout of EVA. The strength values increased
from 3 MPa at 300˚C to 5 MPa at 400˚C at a heating rate of 2˚C/min. On heating at
10˚C/min, the in situ strength values increased from 3 MPa at 350˚C to 8 MPa at 400˚C.
The increase in strength during the first stage burnout of EVA was attributed to the
formation of polyethylene co-polyacetylene.

Chapter 7
Conclusions

The current research is aimed at understanding effect of metal particles and shape
loss during polymer burnout. The critical stages for shape loss to occur were identified.
The key findings from the study on effect of metal particles on polymer burnout
are as follows:
•

The onset temperature and temperature at which the rate of weight loss is

maximum shifted to higher temperatures with an increase in heating rate. This trend was
observed in the case of pure EVA and admixed powders.
•

Addition of metal particles resulted in lowering the onset temperature and

temperature at which rate of weight loss is maximum. The activation energy for the first
stage reaction of polymer burnout was also found to reduce from 172 kJ/mole for pure
EVA to 118 kJ/mole with the addition of gas atomized 316L stainless steel powders and
124 kJ/mole with the addition of water atomized 316L stainless steel powders.
•

The reduction in polymer burnout temperatures was found to be higher in case of

gas atomized 316L stainless steel with small particle size (9.3 µm) as compared to gas
atomized 316L stainless steel with larger particle size (121 µm).
•

Addition of gas atomized 316L stainless steel powders lowered the burnout

temperatures to a greater extent despite having low surface area (0.173 m2/g) when
compared to water atomized powders (0.256 m2/g).
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•

Polymer burnout temperatures were sensitive to the distribution of polymer on the

metal surface. Uniform coating of polymer on the powder surface resulted in reducing the
polymer burnout temperatures. Gas atomized 316L stainless steel powders, due to their
low impurities levels, resulted in uniform coating of EVA and greater reduction in
burnout temperatures as compared to water atomized powders.
The key findings observed from the study on shape loss during polymer burnout
are summarized as below.
•

The shape loss during polymer burnout occurred primarily during the softening of

EVA.
•

Recovery in shape loss was observed at the onset of polymer burnout. The

recovery occurred primarily during the first stage burnout of EVA.
•

The recovery in shape loss was proved to be due to the burnout characteristic of

EVA. During the first stage burnout, EVA degrades to form acetic acid and polyethylene
co-polyacetylene. The polyethylene co-polyacetylene forms with a carbon-carbon double
bond. The phase change due to the formation of polyethylene co-polyacetylene was
attributed the recovery of distortion during the first stage of polymer burnout. The
recovery of distortion was absent in case of polymers (polyethylene and polypropylene)
which burnout to yield a mixture of hydrocarbons without the formation of products with
carbon double bond.
•

Based on the experimental observations the strength evolution and distortion

during polymer burnout were concluded to occur in three stages. The first stage occurs
during the softening of the polymer where the strength of the compact is minimum.
Distortion of the compacts is maximum at this stage. In the second stage the strength of
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the compacts increases due to the formation of polyethylene co-polyacetlyene. The
recovery of distortion was observed during this stage. During the third stage, the strength
of the compact decreases due to the degradation of polyethylene co-polyacetlyene and the
distortion of the compact was found to remain constant or slightly decrease. In case of
polymer which degrades without forming any high stable products, the increase in
strength or recovery of deflection during the second stage will not be observed. In that
case, the stage during softening of polymer and the final stages of polymer burnout must
be monitored carefully to prevent the distortion or cracking of the component. One
implication of the current research would be significantly improved dimensional control
(possibly with carbon contamination) would be possible in powder metallurgy by the
selection of polymers that form double bond during burnout, such as ethylene vinyl
acetate (EVA), vinyl acetate (VA), etc.
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Appendix A
Raw data obtained from the TGA runs

Material

Heating

Onset

Standard

rate

temperature deviation

(˚C/min) (˚C)

(˚C)

Temperature of
maximum rate of
weight loss (˚C)

Standard
deviation
(˚C)

Pure EVA

2

294

2

314

2

Pure EVA

5

308

1

329

1

Pure EVA

10

320

1

340

0

Pure EVA

15

326

1

349

1

5

-

-

Gas 316L
(9.3)+ EVA

2

259

Gas 316L
(9.3)+ EVA

5

273

4

292

2

10

286

6

306

2

15

298

5

318

2

2

292

-

309

-

Gas 316L
(9.3)+ EVA
Gas 316L
(9.3)+ EVA
Gas 316L
(121)+EVA

130

Material

Heating Onset

Standard

Temperature of Standard

rate

temperature

deviation

maximum rate

deviation

(˚C)

(˚C)

of weight loss

(˚C)

(˚C)
Gas 316L
(121)+EVA

5

286

-

307

-

10

317

-

336

-

15

322

-

342

-

2

278

3

-

-

5

289

1

308

1

10

307

2

324

0

(12.6)+ EVA

15

312

1

334

1

Cu (13.3) + EVA

2

286

Cu (13.3) + EVA

5

302

-

325

302

Cu (13.3) + EVA

10

314

-

339

314

Cu (13.3) + EVA

15

324

347

324

Gas 316L
(121)+EVA
Gas 316L
(121)+EVA
Water 316L
(12.6)+ EVA
Water 316L
(12.6)+ EVA
Water 316L
(12.6)+ EVA
Water 316L
-

-

-

Appendix B
Program used for obtaining the deflection profile of upper section of the bar during
polymer burnout as described in section 6.3.1.

PROLOG
001 Comment
'Modify Load Image command to set directory to pull images from,
'and set default calibration to 1p=1µm
FIELD
001 Gray Threshold
BPL range 163..255
002 Copy BPL1 -> BPL2
003 Chord Size BPL2 -> None Diameter = 5
004 Erode CIRC x3 => BPL2
005 Dilate CIRC x3 => BPL2
006
007 '
Delete extra red areas manually here
008
009 Copy BPL2->BPL3
010 Square Grid 150 x 0 -> BPL5
Overall Grid Dimensions
719 x 480 pixels

132
63 x 42µm
011 (BPL3 DIFF BPL5) -> BPL3
012 Object Measures (BPL3) -> OBJM1
- Area
- X Centroid
- Y Centroid
-X
-Y
- X1 Bounding Rectangle
- Y1 Bounding Rectangle
- X2 Bounding Rectangle
- Y2 Bounding Rectangle

Appendix C
Out put obtained from the program (Appendix 2) used to obtain the deflection
profile of the upper section of the bar during polymer burnout.

Calib
1

MeasType
OBJ

MeasCnt
12

FieldCnt
1

ObjCnt
94

TotArea
345600

XCent
µm
578
583
587
592
573
554
559
564
568
530
535
540
544
549
506
511
516
520
524
151
155
171
175
487
492
497
501
148
161
166

YCent
µm
-209
-209
-208
-208
-209
-211
-211
-211
-210
-213
-213
-213
-212
-212
-215
-215
-215
-215
-214
-216
-216
-216
-216
-217
-217
-217
-217
-216
-217
-217

X
µm
148
150
154
159
164
171
174
178
183
188
193
198
202
207
212
217
221
226
231
236
241
245
250
255
260
265
269
274
279
284

Y
µm
-211
-209
-209
-211
-211
-209
-209
-211
-211
-211
-211
-211
-211
-211
-211
-211
-213
-213
-213
-213
-213
-213
-215
-215
-215
-215
-215
-215
-215
-215

X1Bound
Rect
µm
147
150
154
159
164
169
174
178
183
188
193
198
202
207
212
217
221
226
231
236
241
245
250
255
260
265
269
274
279
284

Y1Bound
Rect
µm
-211
-209
-209
-211
-211
-209
-209
-211
-211
-211
-211
-211
-211
-211
-211
-211
-213
-213
-213
-213
-213
-213
-215
-215
-215
-215
-215
-215
-215

X2Bound
Rect
µm
148
152
157
162
167
172
176
181
186
191
196
200
205
210
215
219
224
229
234
239
243
248
253
258
263
267
272
277
282
287

Y2Bound
Rect
µm
-220
-222
-222
-222
-222
-222
-222
-224
-224
-224
-224
-224
-224
-226
-226
-226
-226
-226
-226
-226
-227
-228
-228
-228
-228
-228
-229
-229
-230
-230

134
XCent
185
190
195
199
204
209
214
218
463
468
473
477
482
223
228
233
238
242
246
439
444
448
453
458
252
257
262
266
271
276
281
286
290
295
300
401
405
410
415
419
425
429
434
305
310

YCent
-218
-218
-218
-218
-218
-218
-219
-219
-219
-219
-219
-218
-218
-220
-220
-220
-220
-220
-221
-221
-221
-220
-220
-220
-222
-222
-222
-222
-222
-222
-223
-223
-223
-223
-223
-223
-223
-223
-223
-222
-222
-222
-222
-224
-224

X
293
298
303
308
313
317
322
327
332
337
341
346
351
356
361
365
370
375
380
384
389
394
399
404
408
413
418
423
428
432
437
442
447
452
456
462
466
471
476
480
487
490
495
500
507

Y
-215
-215
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-215
-215
-215
-215
-215
-215
-215
-215
-213
-213
-213
-213
-213
-211
-211
-211
-211
-211
-209
-209
-209
-209
-207

X1Bound
Rect
293
298
303
308
313
317
322
327
332
337
341
346
351
356
361
365
370
375
380
384
389
394
399
404
408
413
418
423
428
432
437
442
447
452
456
461
466
471
476
480
485
490
495
500
504

Y1Bound
Rect
-215
-215
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-217
-215
-215
-215
-215
-215
-215
-215
-215
-213
-213
-213
-213
-213
-211
-211
-211
-211
-211
-209
-209
-209
-209
-207

X2Bound
Rect
296
301
306
311
315
320
325
330
335
339
344
349
354
359
363
368
373
378
382
387
392
397
402
406
411
416
421
426
430
435
440
445
450
454
459
464
469
474
478
483
488
493
498
502
507

Y2Bound
Rect
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-230
-229
-228
-228
-228
-228
-228
-228
-226
-226
-226
-226
-226
-225
-224
-224
-224
-224
-224
-222

135
XCent
314
319
324
329
334
338
343
348
353
358
362
367
372
377
381
386
391
396

YCent
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224
-224

X
509
514
519
523
530
533
538
543
547
554
557
562
567
574
576
581
586
591

Y
-207
-207
-207
-207
-205
-205
-205
-205
-205
-203
-203
-203
-203
-202
-201
-201
-201
-201

X1Bound
Rect
509
514
519
523
528
533
538
543
547
552
557
562
567
571
576
581
586
591

Y1Bound
Rect
-207
-207
-207
-207
-205
-205
-205
-205
-205
-203
-203
-203
-203
-202
-201
-201
-201
-201

X2Bound
Rect
512
517
521
526
531
536
541
545
550
555
560
565
569
574
579
584
589
593

Y2Bound
Rect
-222
-222
-222
-222
-220
-220
-220
-220
-218
-218
-218
-218
-218
-216
-216
-216
-215
-214
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