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Transactions PMAI Vol, 40. No. 2. 2014 features
the papers from the International Conference 8
Exhibition and 40th Annual Technical Meeting
held at Hotel Le Royal Meridian, Chennai during
Jan. 2014. The transaction cover wide topics
from synthesis of powders, important behavior

of powders, densification, furnace atmospheres,
sintering process to modeling I'T solutions.

Initial presentation describe the importance of
spherical WC-Co powders for coating applications
produced by spray agglomeration of the milled powders, the electrochemical
behavior of nano structural MglNile) inter metallic compound synthesized
by high energy ball milling. The next paper deals with surface modification
approach to enhance the bioactivity and antibacterial property of Titanium
metal by incorporating silver nanoparticles which will find applications in
various orthopedic implants.

Important patented work on furnace atmosphere control system developed by
Linde and Héganis for the successful control of carbon potential in sintering
process to facilitate a higher quality product at a lower production cost and
the densification mechanism in spark plasma sintering of oxide dispersion
strengthened martensitic stainless steel will be of interest to readers.

This is followed by a paper dealing with the consolidation of mechanically
alloyed Al-5083, nano- Yttria composite by equal channel angular pressing
and a paper on the effect of Tungsten content on the microstructure and
mechanical properties of Co containing heavy alloys with varying Tungsten.
Hot forging studies on Al-Z.S%TiOZ.Gr hybrid powder metallurgy composite
is dealt with in the next paper. This is followed by an article on continuous hot
isostatic pressing-possible dcsign, which is cxpcctcd to make hipping a more
affordable manufacturing process. The wok on a comparative study of nano size
reinforcement on peak broadening analysis of Al-6061 alloy reinforced with 2
Wt % TiC and 2 Wt % AL O is illustrated in the nest paper.

Impregnated agglomerate pelletization technique has been developed for
advanced fuel fabrication facility for manufacturing UO_ mixed oxide fuel
pellets in comparison with other routes such ascoated agglor_rmratcpcllctization
and powder oxide pelletization. This new process will reduce the powder
handling and improve the homogeneity of the fuel pellets. The next paper
highlights the Ti (TiB + TiC) composites prepared by sintering of Titanium
and B C compacts and their corrosion behavior. This is followed by a paper
on investigation of piezoclectric and diclectric properties of Strontium doped
lead free piezoelectric BNKT ceramics. The final paper is on the IT solutions
to ware house dcsign approach and the optimization of the same is ::xpcctcd to
result in cost effective operations.

P. Ramakrishnan.
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PROCESSING OF SPHERICAL POWDERS OF WC-Co FOR COATING
APPLICATIONS

Aditya Kavalur and P S Jayan

Electro Minerals Division, Carborundum Universal Limited, Chennai, India

Abstract: Coating applications using WC-Co cermets require powders with high and consistent flowability,
which are characteristic of nearly dense spherical powders. However, most milling systems tend to produce
irregular shaped-particles. To address this concern, powders are milled to finer than required sizes and then
aggregated to a spherical shape of the required size. Spray agglomeration used in this work enables fabrication
of powders with different constituents through co-drying of mixed slurries. This aggregation can be provided
temporary green strength through the addition of a binder. The rapid heat and mass transfer which occurs
during spray drying combined with the slurry stability and viscosity, decides the shape and size of the dried
powders. A study has been performed on the effect of slurry properties and spray drying variables to obtain
near spherical powders suitable for coating applications. Experiments were performed with different slurry
media (Acetone and Water), slurry viscosities and spray drying temperatures to study their effect on the size of
the aggregation as well the shape. Mostly dense spherical powders were obtained (due to the dispersion state).
However, the afore-mentioned variables had a considerable effect on the sizes produced. The chemical integrity
of the powders post-spray drying was examined through XRD. The main concern during processing of WC-Co
is the pickup of Oxygen either in free or combined state which leads to the oxidation of Cobalt and Tungsten,
especially in aqueous media and/ or at elevated temperatures and/ or acidic pH solution. Earlier works have
focused on dissolution and depths of surface oxidation of WC and Co powders in all these conditions. The
present work focuses on building further, to develop an Industry acceptable WC-Co grade.

Keywords: WC-Co, Spray Drying, Wear Coating, Thermal Spraying

1. Introduction have been shown to have great effect on not only
the deposition efficiency but also the coating
characteristics [3]. So it is essential to optimize
the same for any powder producer. Agglomeration
of powders through spray drying have been used
to produce various shapes: elongates, spherical,
irregular as well as dense or hollow structures[4].

Tungsten Carbide-Cobalt powders are widely used
for high wear resistant coatings for low temperature
exposure surfaces such as pump housings, steel rolls,
sink rolls, exhaust fans, conveyor screws, sucker
rod couplings etc. [1]. Due to the severe shortage
of Tungsten Carbide, many reclaiming processes
have been developed, in which scrap parts of WC-

Co composition are refined to near original purity, I'm

the most popular among these methods is Zinc ] s ey
Melt Method which produces powders of sufficient i n S
purity to be utilized for the wear resistant coating YRy
applications [2]. These coatings are generally done N .
using HVOF (High Velocity Oxy-Fuel) technique [:\ e
where it is essential to have a powder with high ;.

density and good flowability, to get dense and even
coating. Powder physical properties especially
powder morphology, size distribution, density

Fig 1: Schematic diagram of pneumatic nozzle and
Jormation of droplets [5]
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PROCESSING OF SPHERICAL POWDERS OF WC-Co FOR COATING APPLICATIONS

The two-fluid nozzle shown in Fig. 1 shows the
technique of atomization adopted, where liquid
slurry is vigorously agitated at the tip of the nozzle
with a circumferential column of compressed air to
produce droplets which dry in a heated atmosphere
without coming into contact with any surface.

2. Experimental Procedure
Materials

Twopre-cursor powders WC & Co wereselected with
a combined average size < 3um, the Cobalt powders
were being suitably finer to facilitate the binding
in the coating application. The slurry preparation
was done through addition of appropriate aqueous
or acetone based binders to the slurry media, after
which the powder was slowly added, and stirred
for 1 hour to obtain homogeneity. The pH of the
solution was adjusted with diluted solutions of HCI
(IN) or NaOH (1N). Different solid loading percent
of the powders in aqueous media were studied to
monitor their viscosities.

Spray Drying

The spray drying trials were carried out in a 2 kg/h
lab scale spray drier. The atomization was attained
through a two-fluid nozzle, with a 2 bar atomization
pressure while the feed rate was maintained at
1I/h for all the trials. For studying the effect of
solid loading percentage on the mean size the
inlet temperature was maintained at 225°C for the
aqueous based slurries and 150°C for the acetone
based trials as higher temperatures lead to nozzle
blockage resulting from the rapid evaporation of
acetone. The solid loading percentage in the slurry
was varied from 25wt% to 66.67wt%. Subsequently
inlet temperature was varied while maintaining
a 50% solid loading percentage to between 175-
225°C, reducing the inlet temperature below a
certain limit leads to a substantial increase in the
amount of retained moisture of the powders, which
reduces its green strength. Only product collected
in the chamber outlet was considered for analysis as
the output of the cyclone is mostly un-agglomerated
and hence fit only for recycling.

2

3. Results and Discussion

The mean size of the spray dried agglomerates
showed a direct correlation with the solid loading
percentage and slurry viscosity (Figs. 2 and 3),
with an increase in the solid content leading to an
increase in the mean size.

Mtiswn Sime [, weiromd)

] ¥ a v 4t L+ (] i 0
THurry Sold Conbani [wite)

Fig 2: Mean Size (microns) of chamber product of
Spray Drying vs Slurry solid content (wt% - WC-
Co powder)

Wt i)

bl £pan Eal W)

Fig 3: Viscosity (cPs) vs Slurry Solid Confent (wt%
- WC-Co powder)

This can be explained through factors such as
mechanism of atomization and increased powder/
dispersion media ratio. This is because the higher
solid loading percent slurry had a higher viscosity
and required more energy to produce the droplets
due to its higher surface tension. The atomization
pressure being constant, the increased slurry
viscosity resulted in larger droplets of the powder.
Secondly, the higher powder/ dispersion-media i.e.
higher volume% of solid in the slurry meant that in

TRANSACTIONS OF PMAIL VOL. 40 (2), DECEMBER 2014
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the bigger droplets there was a further increase in
the amount of powder present. Since the surface
charge and other powder related properties were
kept constant for both the trials, the slurry stability
and ergo the dried powder interaction i.e. the inter
particle affinity/ distance were expected to be the
same resulting in an increase in the size of the
powder obtained after drying.

is

[ e
E 2R E

=

{5 ] i 1 5. g Fo i) 10 T il i)
Il Terrgm e C}

Fig. 4: Inlet air temperature vs Mean size of
powders

Fig. 4 shows mean size of particles as a function
of inlet air temperature. The increase in the mean
size of powders with the increase in the inlet
temperature could be due to the enhanced diffusion
rate of the moisture and PVA towards the outer
surface of the droplet in comparison with the
evaporation rate of the moisture at the surface. As
the PVA doesn't evaporate, its concentration on the
surface layer increased which had a negative effect
on the evaporation rate of moisture and ergo on the
shrinkage of the powder. The above mechanismlead
to surface hardening of the droplet at substantially
reduced times, thus not providing enough time for
its shrinkage. SEM images of initial and spray-dried
powders are shown in Fig. 5(a)&(b).

1% L e Ty

Fig 5: SEM images of WC-Co: a) Initial powder, b)
Spray-dried powder

TRANSACTIONS OF PMAI, VOL. 40(2), DECEMBER 2014

The chemical stability of the powders in particular
their Oxygen content is important. It hasearlier been
shown that WC and Co powders have a tendency
to oxidize and dissolve in water [6]. The oxygen
content was measured through EDX technique for
surface content [Fig. 6(a)& (b)]. It was found that
oxygen content on the surface had substantially
increased from 5% to 10%(atom%) during the spray
drying in aqueous slurry as compared to acetone
based slurry where there was not much change.

o - - -

[ [ Fge®@
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Fig 6: a) Feed powder, b) Water Spray Dried (Inlet
air-2250C, solid loading -66.67 wt%),
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Fig 6: c) Acetone Spray Dried (Inlet air — 1 65 oC,
solid loading - 66.67 wt%), d) Heating in air (100
oC)

Material

l Oxygen content

Mass %o | Atom %

Feed .87 | 5.04
Water Slurry i w2 | 104
AcalngSurry (.36 / b

Air heating (100C) s [ s

Table 1: Oxygen content measured through
EDX technique

Heating of spray-drying feed powders in open
atmosphere to spray drying temperatures (& similar
holding time, approx. 2 minutes) showed similar
oxygen levels as the acetone based powders and the
feed, confirming that the majority adsorption of
oxygen was from its high-temperature exposure to
water during spray drying rather than air.

4

A o B

h I . ‘:‘ oxgei
Fig 7: XRD analysis - a) before Spray Drying, b)
after Spray Drying through aqueous slurry

However the XRD analysis of the feed and the
aqueous slurry based spray dried powder shows
identical results indicating that the oxygen adsorbed
was majorly in the free state and had not formed
substantial compounds of CoO, Co,0 , WO.. (Fig. 7)
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SYNTHESIS OF NANOSTRUCTURED Mg, Ni Nb INTERMETALLIC
COMPOUND BY HIGH ENERGY BALL MILLING AND TO STUDY
ITS ELECTRO-CHEMICAL BEHAVIOUR

A.Venkateswari, S.Kumaran
Department of Metallurgical and Materials Engineering, National Institute of Technology,
Tiruchirapalli, India

Abstract: The scope of this work is to understand the electrochemical behaviour of nanostructured Mg Ni Nb
intermetallic compound synthesised by high energy ball milling. Ball milling was carried at optimised milling
parameters namely milling speed, ball-to-powder ratio, milling time, etc. The powders were characterised by
X-ray diffraction (XRD), scanning electron microscopy (SEM), potentiostat/ galvanostat and differential thermal
analysis (DTA). High energy ball milling had resulted in formation of nano-structured Mg Ni Nb intermetallic
compound at 30hrs. The particle size was reduced to 0.5um with increasing milling time. Electrochemical study
shows that the nanostructured Mg Ni compound obtained at 30hrs exhibits higher discharge capacity when
compared to nanostructured Mg, Ni compound of 50hrs milling. This is mainly due to the agglomeration of the
later powder particles. DTA analysis also supports the fact that particle size influences discharge capacity since
the nanostructured Mg Ni intermetallic compound exhibits relatively a superior enthalpy of 49.721kJmol " when
compared to 50 hrs milled powders (19.91k]Jmol ).

Keywords: High energy ball milling, X-ray diffraction, Scanning electron microscopy, Electrochemicalanalysis,

Differential thermal analysis

1. Introduction

The idea of this work is to find ways and means to
convert our transportation system from the one
dominated by oil to one dominated by hydrogen,
which can substantially reduce the sensitivity of our
current global energy supply network to geopolitical
instabilities, and provide an answer to the continuing
depletion of our fossil fuel reserves [1]. The amount
of research activity in the hydrogen storage field has
increased substantially over the last decade or so,
primarily due to the practical need for a hydrogen
storage method suitable for use in hydrogen fuel
cell cars and other hydrogen-based transportation
technology. Hydrogen can store a large amount of
chemical energy per unit mass but under ambient
conditions it exists in its pure form only as a low
density gas. As a consequence, a number of studies
have identified the problem of storing hydrogen as a
fuel, wherein posing a major threat for the smooth
transition from a fossil fuel-based transportation
system to one in which hydrogen is the principal

6

energy carrier [2-5]. This so-called hydrogen
energy transition is seen by many as the answer to
the numerous problems associated with our current
reliance on oil, which include its finite nature and
issues such as energy security and climate change.
The international effort to accelerate this transition
is well underway, with the recent introduction of the
Honda FCX Clarity, the first production hydrogen
fuel cell car, leading the way towards wider
commercialization of hydrogen fuel cell technology
by the automotive industry. Vehicles powered
by these fuel cells produce only water as a waste
product, and so a further significant benefit is the
elimination of the harmful and polluting effects of
the exhaust fumes from petroleum-based Internal
Combustion Engines (ICEs). In the case of the latter,
the storage of hydrogen in a solid state material is a
very promising potential solution, and the discovery
or development of a highly efficient reversible
hydrogen storage material would therefore mark a
step change in the transition to a hydrogen-fuelled
future [6-9]. The target is a material that can satisty

TRANSACTIONS OF PMAIL VOL. 40 (2), DECEMBER 2014
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the tough demands of a practical hydrogen store
for use in the automotive transportation sector:
one that can store large amounts of hydrogen in
a light, compact form, can be re-fuelled rapidly,
and is affordable, safe and easy to produce in
large quantities. Hydrogen can be stored as (i)
Pressurized gas (ii) cryogenic liquid (iii) solid fuel
as chemical or physical combination with material
such as metal hydride, complex hydride and carbon
material [10-11]. The hydrogen atom binds easily
with the Mg atoms i.e., enthalpy of formation of the
metal hydride is too large, so that the hydride needs
to be heated to very high temperature and to release
hydrogen gas at high enough pressure. In order to
improve the kinetics metal hydrides are mixed with
chemical elements like Nickel and Niobium [12].
Metals differ in the ability to dissociate hydrogen,
this ability being depended on surface structure
morphology and purity. The mechanical alloying
can be used to blend these metals together then
it forms nano-composite structure. The nano
material has significant features such as absorption
on the surface and inter-intra grain boundaries
[13]. This property creates major influence on
the thermodynamics and kinetics of hydrogen
absorption by increasing diffusion rate [14-15].
However, the practical measurement of hydrogen
uptake and release, particularly for storage
applications can be technically demanding mainly
due to the physical properties of hydrogen required
for the same. Elemental powders were mechanically
alloyed and subsequently electrochemical studies
were done in order to evaluate the hydrogen uptake-
release behavior of the electrode material (nano and
amorphous scale particles) [16].

2. Experimental part

Elemental powders of magnesium, nickel and
niobium with a particle size distribution of ~100-
150 pm and to purity of 99.9% was mechanically
alloyed using planetary ball mill (Insmart systems,
Hyderabad, India). The niobium based alloy with
different particle size was prepared by mechanical
alloying in an argon atmosphere. The crystallinity

TRANSACTIONS OF PMAL VOL. 40(2), DECEMBER 2014

and phase evolution of the samples were analysed
by X-ray diffractometer (Rigaguultima III X ray at
a scan rate of 0.02° per 3s using Cu-Ka radiation
(A=1.5418 A"). Wet alloying was done using a
stainless steel container. The ball to powder ratio
was 10:1. The milling duration was 30 and 50 hours
using planetary ball mill with milling speed 260 rpm.
The particle morphology and presence of various
elements were observed by ZEISS SUPRATAM
50 VP scanning electron microscope (SEM)
equipped with an energy dispersive spectrometer
(EDS). The activation energy was measured by
Simultaneous Thermal Analyzer (Perkin Elmer
STAG6000). Kissinger analysis was used to calculate
the activation energy of metal hydrides at varying
heating rates namely 4, 6, 8 and 10°C/min. The
heating was performed in an argon atmosphere.
Electrochemical studies were done using a three
electrode cell set up. The test was performed using
potentiostat/ galvanostat unit (SP150 Biologic)
at room temperature. The working electrode of
hydrogen absorbing alloys were compacted at 20
MPa by mixing 0.3g alloy powder with 0.7g nickel
powder and then cold pressed to pellets of 10mm
diameter. NiOOH/ Ni(OH), was used as counter
electrode and Hg/ HgO as reference electrode in
6M KOH electrolyte solution. The charge/discharge
behaviour of alloy with various milling hours was
carried out between the potential limits of —0.8
and - 1.1 V at the current density of 20mAg"'. EIS
measurement was carried out using potentiostat/
galvanostat at a frequency of 1MHz-100 mHz with
sinusoidal amplitude of 10mV.

3. Structural analysis

Fig. 1 shows the x-ray pattern of 30 and 50 hours
milled Mg _Ni Nb alloy powder. 30 hours
(nanocrystalline) milled powders with higher
volume fraction of Mg,Ni provides higher discharge
capacity when compared with 50 hours milled
powders (amorphous) with increasing NbO,
content. Higher the oxide content in the alloy
powders higher will be the barrier for electron-ion
transport since the individual powder particles will
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be coated with an oxide layer which restricts the
chemical kinetics from thereon. After 30 hours
milling reflections from MgNi phase broadens
wherein decrease in crystallite size (40nm) was
observed. After 50 hours milling crystallite size of
90nm with a noisy pattern of long range order was
observed [17-18].

B
p. _mn

e ft

Imbansity (a.u)

o [degreda)

Fig. 1 XRD patterns of Mg,_Ni,,Nb, alloy with
different structure

SEM images of 30 and 50 hours are shown in Fig.
2. Initial particle size distribution was in the range
of 25um wherein after 30 hours milling particles of
1-5 pm are obtained. Subsequently, after 50hours
milling smaller particles merge together to form
conglomerates leading to a spongy morphology. The
EDS results confirm the presence of magnesium,
nickel and niobium compound.

Fig. 2(d)

-

Fig. 2 (a) SEM image of premixed Mg _Ni, Nb powder (b)
SEM image of 30 hours milled Mg _Ni_Nb alloy powder
(c) SEM image of 50 hours milled Mg _Ni Nb, alloy
powder (d) EDS analysis of Mg _Ni Nb alloy powder

4. DSC analysis

The DSC results of 30 hours and 50 hours milled
powders are shown in Fig. 3-4. Considerable shift in
the peak temperature was observed with increasing
heating rate for both 30 hours (nano) and 50
hours (amorphous) milled powders. Major reason
behind peak shift is the increased milling hours. In
addition, shift in the peak temperature can be seen
as a shift in the point where maximum rate of the
chemical reaction takes place [19]. Fig. 5 shows
that, change in enthalpy of 30 hours milled powders
(nano powder particles) was found to be relatively
high when compared to the 50 hours milled powder
(amorphous powder). Thus nano powders exhibit
better electrochemical properties when compared
to amorphous powders.

i

Fig. 3 DSC curves of 30 hours milled powders at
various heating rate

TRANSACTIONS OF PMAIL VOL. 40 (2), DECEMBER 2014
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Fig. 4 DSC curves of 50 hours milled powder at
various heating rates

Figs. 5-8 show the strong dependence of particle
size in deciding the chemical kinetics of the metal
hydride systems [20]. In case of nano particles
change in system enthalpy was relatively high,
presumably due to 30 hours milled powder particles
sharing a larger surface area as compared to
amorphous (50 hours) powder particles.
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Fig. 5 Effect of particle size (ball milling time) and
heating rate on change in system enthalpy

Peak temperature is a point in the DSC curve where
the maximum rate of the chemical reaction is
expected to happen. Considerable amount of peak
shift was observed in 50 hours milled powder when
compared to 30 hours milled powder possibly due to
increased milling hours. This indicates the relative

TRANSACTIONS OF PMAI, VOL. 40(2), DECEMBER 2014

thermal stability of nano particles when heating rate
was increased. Also it is evident from figure 6 that
the developed nano metal hydrides (30 hours milled
powder) exhibited a steady state chemical kinetics
when compared to amorphous powders (50 hours
milled powders) [21].
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Fig. 6 Effect of heating rate and ball milling time
on peak temperature

Fig. 7 shows that nano particles (30 hours milled
powder) advanced in onset temperature pertaining
to the chemical reaction with increase in heating
rate, and, also, that 30 hours milled nano particles
showed much better chemical kinetics by advancing
the chemical reaction when compared to 50 hours
milled powders.
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Fig. 7 Effect of ball milling time and heating rate
on the shift of onset temperature
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Fig. 8 Effect of heating rate and ball milling time
on the shift of end temperature

Fig. 8 reveals the relation between peak temperature
and particle size. In case of 30 hours milled powder
the peak temperature increased with increasing
heating rate, while a huge variation with respect to
peak temperature was observed for 50 hours milled
powder. Hence, the nano particles (30 hours milled
powder) are comparatively thermally stable with
increase in peak temperature when compared to
the amorphous powders (50 hours milled powder).
At the same time, from Fig. 8 the end (chemical
reaction) temperature of 30 hours milled powder
under varying heating rate predominantly showed
a delaying response when compared to amorphous
powders, which is an expected behaviour from a
hydrogen storage material.

Fig. 9 shows the Kissinger analysis of 30 hoursand 50
hours milled powders. It is very much evident that
30 hours milled powder (nano powder particles)
revealed very high activation energy when compared
to 50 hours milled powder (amorphous powder).
Consequently, the powders with higher activation
energy will yield a better electrochemical behaviour
when compared to the amorphous powders. Since
30 hours milled powder has more activation energy
compared to 50 hours milled powder, the later can
easily overcome the barrier that prevents the same
to transport ions during the electrochemical studies
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[22]. Or in other words the 30 hours milled powder
has molecules with sufficient activation energy to
overcome the barrier that prevents the chemical
reaction.
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Fig.9 Kissinger analysis depicting the effect of
particle size on E_of the developed Mg _Ni Nb,

5. Electrochemical analysis
5.1 Impedance analysis

Fig.10 shows the Nyquist plot of nanostructured
Mg, _Ni Nb, alloy. 30hours milled nanostructured
Mg Ni powders exhibit a small semicircle, lower
Ret and higher capacitance value when compared
to 50 hours milled powders, which may be due to
high electrode surface area. The values are shown
in Table 1. This result indicates lower resistance
to charge transfer and more efficient diffusion of
electrons. Hence nanostructure has high hydrogen
absorption capacity [22-23].

Zy(Chms)

Fig. 10 Nyquist plot of Mg_Ni_Nb alloy with
different structure

TRANSACTIONS OF PMAIL VOL. 40 (2), DECEMBER 2014



SYNTHESIS OF NANOSTRUCTURED Mg, Ni Nb INTERMETALLIC COMPOUND BY HIGH
ENERGY BALL MILLING AND TO STUDY ITS ELECTRO-CHEMICAL BEHAVIOUR

L W0 g Ca ) [0 fomtacp

Slarss ni (K1 1042 vy

[ ——— [:Fi (5] = 112

Table. 1 Impedance analysis of Mg_Ni Nb,

compacts
5.2 Discharge capacity analysis

Fig. 11 describes the charge-discharge behaviour of
Mg _Ni, Nb, alloy carried out between the potential
limits of -0.8 and —1.1V at a current density of 20
mAg-1 using 6 M KOH solutions. In the first cycle,
the discharge capacity of 30hrsand 50hrs are 388 and
327 mAhg-1 respectively. The maximum discharge
capacity occurred in first cycle then it decreased as
the number of cycle increased. The nano structured
powder particles exhibited good discharge
capacity and capacity retention characteristics
when compared to agglomerated nano structured
powders (50hrs). This is mainly due to small
particle size, since the particle size reduction leads to
increased interaction between powder particle and
electrolytic solution. Further, smaller particles have
a larger surface area which enhances the hydrogen
interaction into host structure thereby resulting in
high ionic current. The discharge capacity versus
cycle number is shown in figure 12. The discharge
capacity of nano and amorphous structure after 10
cycles are 328, 259 mAhg-1 and their corresponding
capacity retentions were 84, 79% respectively.
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Fig. 11 Potential vs Discharge Capacity of
Mg Ni Nb alloy
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Fig. 12 Discharge Capacity Versus Cycle number
of Mg_Ni_Nb alloy

6. Conclusion

The two different size of Mg _Ni, Nb, particle were
synthesized by mechanical alloying. The X-ray
diffraction pattern showed that 30 hours milled
nano structured metal hydride reveals a greater
volume fraction of Mg, Ni intermetallic compounds
leading to an increased discharge capacity of the
electrode material. The particle sizehad a great effect
on the electrochemical properties of Mg, Ni, Nb,
alloy. The electrode composed of 40 nm showed
the best discharge capacity and good cyclic stability
than others. SEM images confirmed the uniform
distribution of nano particles whereas the EDS
analysis confirmed the presence of Magnesium,
Nickel, and Niobium and also few traces of oxide.
It is found that the small particle with larger surface
area provided more hydrogen ions for diffusion
there by resulting high ionic current and discharge
capacity. DSC analysis revealed a relatively high
enthalpy for 30 hours milled powder which ensured
high chemical kinetics, better thermal stability,
advancement of onset and postponement of end
temperature. Aforesaid DSC results of 30 hours
milled powder promises better charge-discharge
behaviour when compared to 50 hours milled
powders. The Nyquist plot also expressed that the
electrons and hydrogen ions can transfer more
actively in nanostructure than in amorphous
structure.
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SILVER NANOPARTICLE INCORPORATED POROUS NANO-
STRUCTURED TITANIA LAYER ON Ti METAL : A CANDIDATE FOR
ORTHOPEDIC IMPLANT

Archana Rajendran, Deepak K. Pattanayak
CSIR-Central Electrochemical Research Institute, Karaikudi, India

Abstract: A surface modification approach to enhance the bioactivity and antibacterial property of Ti metal is
reported. Ti metal when subjected to H,0, solution treatment forms a porous nano-structured hydrated titania
layer on its surface. Silver nanoparticles were subsequently incorporated into this porous nano-structured
hydrated titania layer by treating in AgNO, solution. Ti metal subjected to H,O,-AgNO, treatment when heat
treated formed the nano-structured titania network with well distributed silver nano-particles. Results showed
that thus formed surface improves the bioactivity of Ti metal by forming an apatite layer in simulated body
fluid and incorporated silver nanoparticles showed antibacterial activity to pathogenic bacteria. Results showed
that Ti metal with nano-structured titania layer incorporated with silver nanoparticles can be considered as a

candidate for various orthopedic implants.

Keywords: Ti metal, silver nanoparticles, titania, in vitro bioactivity, antibacterial study.

Introduction:

Metallic materials such as stainless steel, Co-
Cr-Mo, titanium (Ti) and Ti alloys are widely
used in orthopedic and dental field [1]. The bulk
properties of these metallic biomaterials, such as
non-toxicity, corrosion resistance or controlled
degradability, modulus of elasticity, and fatigue
strength are recognized to be highly relevant in
terms of the selection of the right biomaterials for
a specific biomedical application. This is due to the
interactions between the biological environment
and artificial material surtaces, onset of biological
reactions, as well as the particular response paths
chosen by the body. Thus material surface plays
an extremely important role in the response of the
biological environment to the artificial medical
devices [2].

Artificial implants made of titanium, during the
manufacturing stage usually form an oxide surface
layer. Such “native” surfaces either do not bond
to living bone or take long time and hence, their
fixation in living body is not stable for along period.
In order to improve the bonding ability of bone to
implant, various surface modification approaches

14

are adopted. Among them various bioactive calcium
phosphate coating on metal surface are developed
that can accelerate the bone integration. Apart
from calcium phosphate coatings, various chemical
treatment methodsare also proposed in theliterature
that forms a strong direct contact between implant
and living bone. Another important reason for
surface modification to titanium medical devices is
thatspecific surface properties that are different from
those in the bulk are often required. For example,
in order to accomplish biological integration, it
is necessary to have good bone formability. The
proper surface modification techniques not only
retain the excellent bulk attributes of titanium and
its alloys, such as relatively low modulus, good
fatigue strength, formability and machinability, but
also improve specific surface properties required by
different clinical applications [3].

Apart from surface integration, implant associated
infections due to various pathogenic bacteria are
also of serious concern if proper care is not taken
during the pre and post implantation period [4].
These infections might lead to implant failure and
necessitates second time surgery. Some reports
suggest that the presence of a foreign body reaction
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in the form of sutures resulted in a dramatic
reduction of the minimum inoculum required to
produce pus [5].

It has been reported that the ability of bacteria to
adhere to materials and to promote formation of
a biofilm is the most important feature of their
pathogenicity. The host defense mechanisms often
seem to be unable to handle the infection and, in
particular, to eliminate the microorganisms from the
infected device. Since antibacterial chemotherapy is
also frequently not able to cure these infections, it
is important to search an alternate way to reduce
bacterial infection. Among the various solutions,
one concept for the prevention of bacterial infection
involves the impregnation of devices with various
substances such as antibacterials, antiseptics and/or
metals, which needs further studies to translate the
knowledge on the mechanisms of biofilm formation
into applicable therapeutic and preventive strategies
[6].

Antibiotic-loaded biomaterials are currently as a
part of standard medical procedures for both local
treatment and prevention of implant infections.
Results indicated that systems designed for
prolonged release of prophylactic inhibitory or
sub inhibitory amounts of antibiotics, in absence
of strict harmonized guidelines, raise concerns for
their still weakly proved efficacy but, even more,
for their possible contribution to enhancing biofilm
formation and selecting resistant mutants.

Valentin reported that vancomycin covalently
attached toa Tialloy surface (Vanc-Ti) could prevent
bacterial colonization [7]. The study examined
the effect of this Vanc-Ti surface on Staphylococci
epidermidis, a Gram-positive organism prevalent
in orthopedic infections. The results indicated that
antibiotic derivatization of implants can result in a
surface that can resist bacterial colonization. This
technology holds great promise for the prevention
and treatment of periprosthetic infections [7-8].

Apart from antibiotics, silver is a well know
antibacterial agent and is highly toxic to
microorganisms. Thus silver ions, as an
antibacterial component, have been used in the
formulation of dental resin composites. Also silver

TRANSACTIONS OF PMAL VOL. 40(2), DECEMBER 2014

nanoparticle-modified titanium (Ti-nAg) surface
using silanization method and there by suggested
that silver nanoparticle-modified titanium is a
promising material with an antibacterial property
that may be used as an implantable biomaterial [9].

This paper reports an attempt to synthesize bioactive
Ti metal that can show antibacterial effect so that it
can be useful in both orthopedicand dental field. We
considered silver as an external antibacterial agent
and developed novel methodology to separately
incorporate the silver ions into titanium metal.
Materials were subsequently characterized using
various sophisticated characterization tools to cater
the specific functions for their suitable applications
as bio implants. These surface modification method
is applied to porous Ti metal prepared by powder
metallurgy route and both antibacterial and
bioactivity are studied.

Materials and methods:

Commercially available pure titanium sheet (Grade
2) were cut in to 10 x 10 x lmm® dimensions and
abraded with # 400 grade SiC paper. Polished
samples were ultrasonically cleaned with acetone,
2-proponol and ultrapure water for 15 min each
and dried for overnight in an oven at 40°C. The
cleaned samples were soaked in 10 mL of 30% H,0,
solution in centrifuge tubes and kept at 70°C for
3h with shaking at a speed of 120 rpm in a water
bath. Then these samples were gently washed with
ultrapure water and soaked in 0.05-100 mM AgNO,
solution at 40°C, 120 rpm for 3h in water bath and
finally washed with ultrapure water and dried.
Some samples were heat treated at 600°C for 1h in
a muftle furnace using air atmosphere. Fig. 1 shows
the detail experimental procedure followed in the
present study.

et mip mme

.
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Fig 1: Schematic representation of various chemical
and heat treatment followed in the present study.
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For TEM observation, Ti grids were directly used
after treatment with H,0, solution and 100mM
AgNO, solution in the same method as described
above.

The specimens subjected to the H,O, and 100mM
AgNO, solution and heat treatment were soaked in
30 mL of an acellular simulated body fluid (SBF) with
ion concentrations nearly equal to those of human
blood plasma at 36.5°C [10]. The SBF was prepared
by dissolving reagent-grade NaCl, NaHCO,, KCl,
K,HPO,3H,0, MgCL.6H,0, CaCl, and NaSO,
(Sigma Aldrich) into ultra pure water, and buftered
at pH 7.4 with tris-hydroxymethylaminomethane
((CH,0H),CNH,) and 1M HCI (Fluka). Table-1
shows the ion concentration of human blood
plasma and SBE The specimens were removed from
SBF after specified time period, and then the surface
of the chemically treated Ti metal is characterised.

Table 1: lon concentrations of human blood plasma and SBF

Cencentration | mbd
Ha' K* Mg™ Ga® GI HCQy HPQM SO°

Blasd plasina 1420 56 1.5 25 138 270 1@ LA
SEF 420 50 1.5 25 WLE 42 1.0 0.5

Table 2: Template for Final Placement of any Part
for Storage

Standard disk diffusion method was used to evaluate
the antimicrobial properties of untreated and Ti
metal treated with H,0,, H,0,-AgNO, solution.
For anti microbial activity study, 200 mL of nutrient
medium was prepared with sterile distilled water
in a conical flask and then autoclaved at 121°C for
15min. Then at the hand bearable heat the sterilized
nutrient medium was poured aseptically into the
sterile petri plates and allowed to solidify. After
solidification, the plates were kept in an inverted
position to avoid the formation of water droplets
inside the plates. Lyophilized cells of Staphylococcus
aureus were collected from Microbial Type Culture
Collection and Gene Bank (MTCC), Dept. of
Biotechnology, Chandigarh, India. The vials were
cut open and the lyophilized cells were aseptically
transferred into the nutrient broth (0.5 % NaCl, 0.15
% yeast extract, 0.15 % beaf extract, 0.5 % peptone)
at room temperature for about 24 h. The overnight
culture of Staphylococcus aureus were taken and the
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cells were swabed on the nutrient agar plates using
sterile cotton swab under sterile condition to avoid
the over growth of cells and contamination. All
the treated Ti metal plates were aseptically placed
on the inoculated plates using a sterile forceps and
allowed it for 24 h of incubation.

The surfaces of the Ti metals subjected to various
chemical treatments described above were observed
using scanning electron microscope (TESCAN,
Czech Republic). The chemical composition of
surfaces of chemically treated Ti metals were
analysed by energy dispersive X-ray analysis
attached to the SEM under an acceleration voltage
of 15kV. This analysis was carried out in two
different location of each sample and averaged to
know the amount of silver ions incorporated into
the Ti metal.

In order to identify the surface functionalisation,
laser Raman spectroscopy (RENISHAW Co., UK)
was used for untreated and Ti metal subjected
H,0,, H,0,-100Ag and heat treatment. For this
measurement He-Ne Laser with a wavelength of 630
nm was used. Morphology of Ti metal subjected to
H,O, and H,0,-AgNO, and heat treatment were
observed under transmission electron microscope
(TEM; Tecnai 20 G2 FEI, The Netherland). The
specimen for TEM observation was prepared by
directly taking Ti TEM grids and then subjected
to chemical treatments. SAED pattern were also
taken for each conditions. Silver released in SBF
was measured by AAS (Varian co., Australia)
and surface topography was observed by SPM
(Molecular Imaging, USA).

Results and discussions:

Fig. 2 shows the SEM images of Ti metal as-
polished and subjected to H O, treatment. It can
be seen from Fig. 2 that as-polished Ti metal has
very smooth surface. The scratches observed on the
surface of Ti metal are formed during the course of
polishing. It is well known that Ti metal is highly
reactive and can form a very thin oxide layer (TiO,)
of 4-10 nm in thickness when exposed to air. This
oxide layer is removed by the subsequent polishing.
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Compared to as-polished image [Fig. 1(a)], fine
network structures are clearly observed on the
surface of Ti metal, when the Ti metal is treated
with H,O, solution [Fig. 1(b)]. Results showed that
these fine network structures are entirely covered
on the surface of Ti metal.

Fig. 2: SEM images of Ti metal (a) as-polished and
(b) subjected to H,0, treatment.

This indicates that the network structures of
hydrogen titanate formed on the surface of Ti metal
is due to the chemical reaction between Ti metal
and H,O, solution at an elevated temperature of
70°C [3,11]. Thickness of porous network structure
can be controlled by treatment duration and
temperature. These hydrated titanate layer formed
by HO, treatment, respectively is expected to
replace Ag ions with the H+ ions by the subsequent
AgNO, solution. Fig. 3 shows the SEM image of
Ti metal treated with H,0,-100mM AgNO, and
then subjected to heat treatment at 600°C for 1 h.
Results showed that these fine network structure
formed by H,O, treatment did not change even after
subsequent AgNO, as well as heat treatment.

Fig. 3: SEM images of Ti metal treated with (a)
H,0-100AgNO, and (b) H,0 -100AgNO_, heat
treated at 600°C.
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EDX measurement results presented elsewhere
showed that about 3-3.5 at % of Ag ions could be
incorporated by the H,0,-100mM AgNO, solution
treatment [12]. The amount of Ag ions could be
controlled by the amount of AgNO, concentrations.
This indicates that large amount of Ag ions could
be incorporated by H,O, treatment possibly due to
the formation of surface hydrated layer. However, it
is interesting to observe the effect Ag incorporation
on antibacterial property and the result will be
presented in latter section.

Atomic Force Microscopy study was carried out to
identify the surface morphology and roughness of
the surface modified titanium samples [13]. Fig. 4
shows the AFM images of untreated Ti metal (as-
polished) and Ti metal subsequently treated with
H,0O, and 100mM AgNO, solution. We can see that
as-polished Ti metal surface is more smooth and
about 100-200 nm roughened surface. However,
after H,0, treatment roughness increased to about
1um. Comparing the 3D images, we can see that
entire surface of Ti metal appeared to be uniformly
etched (small hills) by the H,O, treatment. However,
subsequent AgNO, treatment again transformed
the surface to smoother. This is possibly due to the
Ag ion incorporation into Ti metal by the chemical
treatment. This result indicates that the chemical
treatment increased the surface area of the Ti
metal by uniform etching. Such an etched surface
is expected to improve the anchoring between the
implant and the newly formed bone when implanted
in the human body and, thus resulted implant can
be easily interlocked to avoid the loosening after
implantation.

Figure 4: AFM images of (a) as-polished Ti metal
(b) treated with H,0, and (c) H,0,-100AgNO,
solution.
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Fig. 5 shows the TEM image and corresponding
SAED pattern of Ti metal subjected to H,O,
and subsequently treated with AgNO, solution,
respectively. From Fig. 5 it was seen that the fine
network structure observed in SEM appeared to
be sheet like morphology. This sheet like nano
structures of width 50-100 nm and 50-200 nm in
length formed by the chemical reaction between
Ti metal and H,0, solutions and the grown layer
can be controlled by controlling the treatment
durations and temperatures. Ti metal when treated
with H,O, formed an amorphous phase as indicated
in the SAED pattern. On subsequent treatment with
100mM AgNO, solution, silver nano particles of
morphology 5-10nm in diameter well distributed
on the fine network structures were seen and these

remained stable even after heat treatment [12].

Fig. 5: TEM images of Ti metal treated with (a) H,0,
(b) H,O,-100AgNO, and (c) H,0,-100AgNO, and
heat treatment.

Fig. 6 shows the SEM images of Ti metal treated
with H,O, and 100AgNO, heat and soaked in SBF
for 7 days. Results showed that Ti metal did not
form apatite when soaked in SBE. However after
chemical and thermal treatment surface is covered
with spherical particles. These spherical particles
are assigned to bone like apatite. EDX analysis
results further confirmed these spherical particles

to be calcium and phosphate (apatite).

Fig. 6: SEM images of Ti metal treated with (a) H O,
(b) H,0,-100AgNO, and heat treatment and soaked
in SBF for 7 days and (c) corresponding EDX pattern.
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Anti bacterial activity of surface modified titanium
metals was studied by the method of inhibition zone.
Fig. 7 shows the antibacterial study of the surface
modified Titanium samples against Staphylococcus
aureus. The results show that the pure titanium
and H,0O, treated samples had no antibacterial
activities against the S. aureus. Silver treated sample
shows clear bacterial inhibition zone. The average
inhibition Zone against the S. aureus for the samples
is 0.6 cm.

Fig. 7: Antibacterial study of Ti metal (a) as-polished
(b) treated with H}‘O‘1 and (¢) H}O_!—H]lﬁlAgI'JOj
treatment

From the zone of inhibition against S.aureus
confirmed that the silver ions from the titanium
surface are able to kill the bacteria and thereby
prevent the bacterial colonization. The silver
incorporated on the hydrogen titanate network
surface diffuses out when it come in contact with
any fluid. This diffused silver ions will act on the
surrounding bacterial cells and destroy the cell
membrane of bacteria and thus inhibits bacterial
growth.The exact mechanism how the silver acts
on the bacterial membrane is still unknown. A lots
of assumptions were proposed on the mechanism
of action of silver ions on bacterial [14-16]. Some
reported that the silver will unspecifically bind
on the cell membrane and enter into the bacterial
cytoplasm. Inside the cell it binds to the thiol group
of enzymes, inactivate them and finally leads to cell
death [17]. The silver can also interact with DNA
to enhance pyrimidine dimerization and possibly
prevent the DNA replication [18].

Therefore, this attempt to give antibacterial property
to the Titanium implant is accomplished with this
agar plate zone formation study. Eventhough 100
mM Ag treated Ti shows antibacterial effect with
clear zone of inhibition, the minimum amount of
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silver is only accepted to the human body. Higher
concentrations can cause cytotoxicity. 10mg/l is
the acceptable limit of silver concentration to the
human body [19].

Ti metal treated with H,0, forms hydrated titania
gel layer that accelerate the calcium phosphate or
apatite deposition on its surface. However, H,0O,
treatment did not show any antibacterial activity
as seen in Fig. 7. This might cause infection during
implantation if proper care is not taken by the
surgeons during the time of surgery. Therefore, it is
essential if antimicrobial agent can be incorporated
to the medical devices. Silver nano particles
incorporated Ti metal prepared in the present study
clearly showed the zone formation in Staphylococcus
aureus. These silver ions are gradually released as
reported earlier observed from the AAS result as
measured in SBF solution [12]. Thus released silver
ions are expected to kill the bacteria present in the
implantation site. Further studies is in progress to
optimise the silver concentration without any cell
cytotoxity and the detail result will be published
elsewhere. Thus the doping of titanium surface
with silver provides an antibacterial activity to the
metal, so that it can be applied as a bone implant
in the biomedical field. The titanium surface pre
treated with H O, can give excellent bioactivity
(20-23) and also it will induce antibacterial activity
after doping of silver to the titanium surface. Silver
ions could be encapsulated in the network structure
formed on the titanium surface as a result of H O,
pre treatment. The amount of silver ions released
from the surface modified titanium is significant
for preventing bacterial colonization and thereby
bacterial infection.

Liao et. al. prepared a silver nanoparticle-modified
titanium (Ti-nAg) using
method and proved that about 4.6% silver present
on the Ti surface was able to inhibit the activity of
94% of S.aureus and 95% of E.coli [9]. However, the
amount of incorporated Ag to cell cytotoxicity was
not studied.

surface silanization
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Summary

Silver nanoparticles were successfully incorporated
into the hydrogen peroxide pre-treated titanium
surface by simple chemical treatment method.
The incorporated silver nanoparticles were able to
induce the bioactivity of titanium while comparing
to the only hydrogen peroxide treated samples,
which is studied by soaking the surface modified
samples in simulated body fluid. The antibacterial
property of thus developed titanium sample is
proved against Staphylococcus aureus.
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CARBON CONTROL IN POWDER METALS SINTERING,
PARTICULARLY IN METAL INJECTION MOULDING FURNACES
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'Linde AG, Germany
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Abstract: C- potential control of Powder Metal (PM) Sintering furnaces has been one of the technological
improvements in the PM component manufacturing. Extending the possibility of C- potential control in Metal
Injection Moulding (MIM) furnaces has been considered but due to higher process temperature, it was not the
Jocus of the development. Advantages of using MIM to improve the mechanical properties of PM components
have been compromised by the problems of carbon control in the sintering process. Decarburisation is a difficult
issue to address in high temperature furnaces where the reactions are fast and diffusion rates are high. While
the PM industry is dealing with cost pressures and challenges of economical crisis all over the world, high quality
sinter production is becoming the primary factor in making the buying decision. The quality of any production is
directly related to control of process parameters. The metallurgical properties and especially the microstructural
changes in a powder metal component can only be controlled by controlling the surrounding furnace atmosphere
accurately; however the carbon control of the sintering process has always been incomplete in total process
control. It is therefore the primary objective of this paper to give details of a new technology developed by Linde
Gas for conventional furnaces for the successful control of carbon potential in a MIM sintering process and
leveraging the advantage of the control to produce higher quality product and at the same time to facilitate the
lower cost production.

1. Introduction can be a required function for different purposes

High quality sinter production should mean a
process in which all parameters are controlled to
achieve all product specifications. A failure to
control the furnace atmosphere would risk the total
quality control. Nevertheless, it has been common
practice not to control furnace atmosphere where
carbon plays a major role in product quality:

A patented furnace atmosphere control system,
SINTERFLEX?®, for controlling the C- potential in
sintering furnaces specifically designed through
cooperation between Hogands AB, and Linde Gas
is described in this paper[1-2]. Details include the
results of an industrial scale case study which was
carried out in MIM sintering process.

Atmospheres and Furnaces in The Sintering

Process

An atmosphere can be neutral, carburizing,
decarburizing, oxidizing or reducing, each of which
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in the manufacturing industry[3]. In a sintering
furnace however, different functions are expected
in different zones of the furnace, making sintering
furnace atmospheres more challenging in terms of
control and optimization.

Similar to traditional lower temperature sintering
operations the furnace atmospheres in MIM
furnaces also employ nitrogen and hydrogen
although in different proportions due to the
concerns in protecting furnace components due
to higher processing temperatures. Requirements
for oxidation/reduction and decarburisation/
carburisation functions of a furnace atmosphere
in sintering are the same in principle with other
heat treatment operations. However the functions
expected to work in harmony in the sintering
process are somewhat more complex as listed below.
These are:
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1. Delubrication (or dewaxing or debinding) during
preheating : Since there is a pre-debinding
process before the sintering operation in MIM
sintering, which transforms the “green body” to
a “brown body”, this is not considered a primary
issue for the process. However the furnace still
needs to be capable of oxidizing the binder to
be removed from the final expected sinter body.
Some furnaces employ humidifiers to facilitate
the delubrication process but forward flow of the
existing furnace with high hydrogen content will
also assist with the removal of lubricant vapours
as gaseous components from the furnace.

. Oxide reduction at the sintering temperature:
By removing the surface oxides, solid to solid
mass transport and diffusion are facilitated.
Reduction of oxides can take place in the
presence of hydrogen or via reactions with
carbon according to the reactions (1), (2) and
(3) where Me denotes the metal.

MeO+ H2>MeH20...ooooine e, (1)
MeO+C > Me+CO...ocvvvivrienninnnens (2)
MeO+CO->Me+CO2....coocvinannnnn. .(3)

. Prevention of oxidation during cooling: The
atmosphere will need to have sufficient reducing
agents to protect the pure metal surface from
oxidising at high temperatures and the cooling
(sinter hardening) down to room temperature.

. Control of carbon content at sintering temperature
as well as during cooling: Traditionally and more
commonlythisis notdone in acontrolled fashion.
The furnaces usually employ a continuous tflow
of a hydrocarbon, usually natural gas, to keep
carbon input in the furnace atmosphere mixture.
However in MIM furnace atmospheres, this is
usually not the common practice. Due to the
control issues the atmosphere only contains
nitrogen and hydrogen mixtures. Therefore
carbon control and decarburisation has always
been considered as a “common problem” in
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MIM sintering process. In lower temperature
component  manufacturing, = where a
hydrocarbon is used, to increase the C- potential
at the sintering temperature by changing the gas
composition has been shown to be impractical,
as well as producing a high carbon potential
at lower temperatures, leading to sooting and
excessive carbide formation. This is somewhat
more complex and in some cases much more
defined in MIM furnaces since there can be
sealed zones with internal doors particularly for
pre-heating and sintering zones. The control
of heat treatment furnace atmospheres usually
depends on the thermo chemical equilibrium
of carbon and oxygen. The kinetic reactions are
generally ignored for gaseous components. The
equilibrium approach for sintering atmospheres
is more challenging due to the factors highlighted
below.

a) Small temperature differences in the overall
turnace profile will lead to different carbon and
oxygen activities throughout the furnace.

b) Graphite in the powder mixture will react with
the atmosphere by usually decarburising

c) Sintering furnaces usually have no circulation
fans to assist with convection like in carburising
furnaces therefore the atmosphere will not mix
completely leading to local carbon and oxygen
potential variations.

d) Vaporisation of lubricants will create gas
mixtures that might affect the overall furnace
atmosphere in terms of carbon potential.

e) The carbon potential difterences in local pores
and the free atmosphere within the furnace.

Therefore it is quite common to work in + 0.3%C
process window after sintering. This number is
around +0.03%C in carburising applications.
Improved carbon control is therefore a major
challenge for improving the sinter steel properties.
Compared to traditional lower temperature
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sintering continuous furnaces, MIM sintering
furnaces are smaller in scale and capacity but tighter
in terms of furnace atmosphere integrity. Although
there are also many batch type furnaces used in the
industry, the primary objective of this study was
in continuous furnaces where the capacities are
higher and control of furnace atmosphere is more
challenging.

A New Sintering Atmosphere Control System:
SINTERFLEX®

SINTERFLEX® is a new and patented C- potential
control technology developed by Linde Gas and
Hogands AB for sintering furnaces. The system uses
the simple gas sampling principle of the sintering
furnace and a newly designed oxygen probe and
internal analysis furnace arrangement to give
reference C- potential readings in the sintering
zone of the furnace. The system controls the gas
composition, particularly its carbon enrichment
flow rate to maintain a reliable carbon potential.
Knowledge of the oxygen partial pressure in
the sintering zone tells the operator the actual
conditions during sintering. It can be measured
by an oxygen sensor, which determines whether
the processed metal is oxidized or whether a
metal oxide is reduced. The development study
focused on two areas: a new furnace atmosphere to
introduce carbon into the sintering zone which can
be controllable and responsive to any changes; and
a new measurement and monitoring system with
an oxygen probe to control this carbon containing
atmosphere. The new furnace atmospheres used
are mainly mixtures of CO, hydrogen, and nitrogen
and additions of propane, in proportions controlled
by this new sintering atmosphere control system.
A new oxygen probe was developed that could
measure very low oxygen partial pressures which
are common in sintering furnaces, especially in
MIM furnaces, and meet C- potential control
requirements.
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CASE STUDY: CARBON CONTROL IN MIM
SINTERING FURNACE

Linde AG worked with an MIM Company on the
application of a new technology developed for
conventional furnaces to implement carbon control
in high temperature MIM sintering furnaces. The
issues mentioned above about the carbon control
of sintering furnace atmospheres are amplified by
the high temperature of the MIM sintering process.
Customer had been experiencing decarburization
of parts with final expected specification of 0.4
- 0.6% C. The parts were produced with non-
uniform carbon content on each furnace charging
boat between 0.1 — 0.4%C. This was particularly
a problem for post mechanical and heat treatment
operations leading to usually extra cost.

BASF Catamold® FN0205 feedstock was used as
the powder mixture with 0.4-0.6%C, 1.9-2.2%Ni
and balance Iron. Three different components have
been tested during the demonstrations. These are
shown in Fig.1 below.

Fig.1 MIM test components.

The furnace is a pusher type MIM sintering
furnace employing 20% hydrogen and balance
nitrogen atmosphere. Total process time was 7.5
hrs with 14 minutes push each cycle. In order
to establish the base line for the carbon control
trials, SINTERFLEX® controller was used to
monitor the existing conditions. Then the furnace
atmosphere was continuously monitored during
4-day demonstrations with changes to the furnace
atmosphere constituents including CO / H,/ N,
/ CH,. During the carbon control tests, the C-
potential of the furnace atmosphere was controlled
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automatically by SINTERFLEX® at different
set points in order to optimize part quality and
consistency. Over 200 sintered parts were tested for
carbon content in Megamet in-house laboratories
and these results are correlated to the set points
and realized C- potential using SINTERFLEX®. The
furnace and the setup of the SINTERFLEX® system
are indicated belowin Fig. 2. Base line dataindicated
that the parts were decarburised at different rates in
every batch. Although the furnace oxygen probe
readings had been around 1250 mV which suggests
that the furnace was quite tight, there seemed to be
a fluctuation in C- potential readings.

-
" (e [~

Fig.2 - Test Setup and Gases supply inlet

When the charging boat travels from the exit
vestibule to the furnace discharge, hydrogen
purge was used to eliminate any air ingress. Due
to the pressure caused by this purging the furnace
atmosphere could have been shifting in different
directions to cause the atmosphere fluctuations,
and this might be the cause of the different carbon
reading on each part in one single boat. Base line
data showed erratic carbon content results ranging
from 0.2 to 0.7%C both within and between
boats. The graphs below in Fig.3 show the carbon
concentration on parts 1 and 2 under existing
atmosphere.

IIII|—““' I I I
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Fig.3 - %C Parts under base atmosphere for parts
#1and?2
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Fig.4 shows the microstructure examination of part
1 under base atmosphere. Decarburisation on the
surface and in the core can be clearly seen as white
structures.

Fig.4 - Microstructure of Part 1 sintered under
base atmosphere

The furnace atmosphere then replaced with
atmosphere mixture for carbon control. The mixture
contained nitrogen, hydrogen, carbon monoxide
and propane for enrichment. The trials started with
a CO addition of 2% in order to achieve the base
atmosphere for the carbon control. However, this
value had actually increased the carbon content
of the parts up to 1 — 1.4% C on the surface. In
addition, surface of these parts with high carbon
content was melting due to their reduced melting
temperature. Fig.5 shows the phase diagram for
mixture of Fe, 2%Ni at different carbon contents.
The graph shows that there will be partial melting at
1280°C where the C% is around 1.5.

The tests continued by reduced CO levels but at
increasing C- potential levels higher than the current
atmosphere C- potential values. SINTERFLEX®
measured C- potential as 0.02% at 1280°C during
the existing base atmosphere tests. The value was
then set to 0.05 — 0.07% depending on different part
requirements. The carbon potential setting of the
furnace atmosphere was decided from calculations
of the amount of oxygen and CO in the furnace.
The carbon content of the components will differ
depending on the chemical composition of the
material being sintered. Their carbon content was
calculated by using Gunnarssons’ formula (4) and
the carbon potential of the atmosphere.
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Log Cp/ C= 0.055 (% Si)— 0.013 (% Mn)- 0.040 (%
Cr)+ 0.014 (% Ni)

~0.013 (%Mo) C..vv....... (4)

Also the following formula (5) can be used to
calculate carbon potential by using the oxygen
probe milivolt values. This is the SINTERFLEX®
principle while calculating the carbon potential at
given temperatures.

Cp = (T, V; CO, @)vmerrrerecemmrerresnne(5)
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Fig.6 Phase Diagram
Fe-Ni-C

Fig.5 Phase Diagram
Fe-Ni-C

Where; Cp is the Carbon potential (%), T is the
Temperature (K), V is the Probe voltage (v), CO is
the Carbon Monoxide (%) and q is the steel alloy
factor. Alpha iron undergoes a phase transition
from body-centred cubic (BCC) to the face-centred
cubic (FCC) configuration of gamma iron, also
called austenite. Carburising and decarburising
start when the steel microstructure shows austenitic
transformation. The temperature when this
transformation starts differs depending on the alloy
composition. This is approximately 700°C for the
alloy used in the tests (Fig.6).

Therefore the C- potential in the furnace at this
temperature also plays an important role in
determining the decarburisation and carburisation
of MIM sintered components. The furnace has
several zones where the temperature is around
this temperature and it is apparent from the
microstructures that the decarburisation had
started in the core also after the back bone binder
was removed from the brown body. After the
delubrication of the sintering part the porosity
was quite high and the gas interaction caused
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carbon transfer in or out of the material. When
the sintering started at the high temperature the
decarburisation would slow down due to the low
carbon potential requirement at high temperature.
Thus the decarburised parts will stay decarburised.
Therefore by adjusting the C- potential around
0.05%C at 1280°C will provide approximately
0.6%C at lower temperatures around 700 — 800°C
when phase has been transformed to austenite.

The tests continued by keeping the C- potential at
these figures for the rest of the trials. The results
revealed that uniform carbon contents around
0.5%C (+0.05%) in the parts could be achieved.
Fig.7 shows the carbon content of part 1 and 2 after
controlled carbon trials. SINTERFLEX® measured
and calculated C- potential setting and control
showed consistency achieving uniform results in
carbon contents in the parts.

£ R " F LA
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Fig.7- %C Parts under SINTERFLEX" atmosphere
and control for parts # I and 2

Fig8 also shows the microstructures after
carbon control tests ,and, compared to Fig.4 the
decarburisation had significantly improved and
almost got eliminated in the core due to higher
C- potentials at lower temperatures of the furnace.
Fig.9 also shows a general overview of comparison
of base atmosphere results and the results after
SINTERFLEX" trials.

Fig.8 - Microstructure of Part 1 sintered under
SINTERFLEX"® atmosphere
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Fig.9 - Parts C-Content deviation between the
highest and the lowest C% Result

Conclusions

1. SINTERFLEX® successfully controlled the C-
potential of the atmosphere and helped achieve
uniformity in the furnace atmosphere.

. It was possible to establish the best furnace
atmosphere conditions for Part numbers 1, 2
and 3 with SINTERFLEX"® so that they stay in
the 0.4 - 0.6% C content specification window.

. MIM sintering furnaces have other zones such
as pre-heating and cooling where temperatures
are above 750°C with the same atmosphere.
Carburization and decarburization will happen
in these zones also.

. C- potential measured in high heat temperature
zone can be used to introduce trim gases in
order to optimize the process and improve part
quality and consistency.

5. By taking a reference point for the sampling it is

possible to estimate the conditions in the other
zones and therefore optimize the overall process
accordingly.

. Other enrichment agents still need to be tested

to see their response to C- potential control.

. SINTERFLEX® Atmosphere Control System is

able to provide advisory information or closed-
loop control of furnace atmosphere in order to
deliver parts with Carbon content specification

ranges.
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DENSIFICATION MECHANISM OF OXIDE DISPERSION
STRENGTHENED MARTENSITIC STAINLESS STEELS BY SPARK
PLASMA SINTERING
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Abstract: In this article, densification mechanism involved in spark plasma sintering (SPS) of oxide dispersion
strengthened martensitic stainless steels is discussed. Martensitic stainless steel (410L) powders with
1.5W-1.5Nb-0.25Ti-0.25Zr-0.3Y,0, powders were mechanically alloyed using planetary ball mill for 60 hours.
Milled powders were sintered at 975°C, 1050°C and 1125°C using SPS. Effect of sintering temperature, current
and soaking time on the relative density of sintered samples are discussed. Strong dependence of sintering
temperature and soaking time was observed on the relative density of the sintered samples. At 975°C, profound
influence of soaking time was noticed on the relative density of sintered samples when compared to 1050°C and
above. Concepts related to current density and electro-migration are discussed in brief with respect relative
density of the sintered samples.

Keywords: Oxide-dispersion strengthened steels, Mechanical Alloying, Spark Plasma Sintering, Densification

mechanism

1. Introduction

High-chromium steels are considered as the major
promising candidates for the structural components
of next generation power plants such as fusion,
accelerator driven systems or the so-called fission
generation IV reactors. Currently T / P91 steel,
industrial and commercially available high-
chromium ferritic/ martensitic steels are considered
as a good candidate structural materials applicable
for such advanced nuclear systems. The aforesaid
steels have superior swelling resistance and better
mechanical properties at high temperatures
compared to austenitic stainless steels. However,
their creep resistance is limited to moderate
temperature level (<850 K). Thus, to increase the
efficiency of the next generation of nuclear power
plants it is mandatory to develop a new material
preferably steel-based that is capable of sustaining
the harsh conditions. Therefore, a substantial
effort is being set now a days for the development
and investigation of new high-chromium steels
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dispersed with nano-oxide in the matrix [1-
6]. Powder metallurgy is the only technique to
develop dispersion strengthened steels. Some of
the problems involved with ODS production based
on powder metallurgy are the anisotropy of the
mechanical properties, the difficulty to produce
large batches, the difficulty of joining/ welding
ODS steels with large structures and the high
production costs [7-10]. Recent studies report
that oxide dispersion strengthened martensitic
steels generally provide better void swelling
resistance under irradiation than austenitic steels
which has a poor creep strength at temperatures
over 600°C [11]. Oxide dispersion strengthened
martensitic steels have been developed using the
addition of nano-oxide particles to increase the
high temperature strength. A variety of techniques
have been recently reported to synthesize nano-
oxide particles namely spark plasma sintering
(SPS), chemical methods using metallic salts such
as precipitation route, the sol-gel, hydrothermal
routes, pyrolysis/ carbothermal treatment, reverse
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micelle method [12-13], etc. Among them, SPS
is regarded as a rapid sintering method using self-
heating action from inside the powder. SPS systems
offer many advantages such as ease of operation
and accurate control of sintering energy as well as
high sintering speed, high reproducibility, safety
and reliability. Although SPS has been employed
for fabrication of various materials, there exists a
significant gap in understanding the fundamental
densification mechanisms. However, significant
gap exists between the technological and fabrication
achievements to the fundamental understanding
of the SPS mechanisms. This gap is due to the
complexity of thethermal, electrical and mechanical
processes that may be involved during the SPS, in
addition to their dependence on the SPS parameters.
The present work intends to examine the effect of
SPS parameters namely, current, temperature and
soaking time on the relative densities of the sintered
samples. Further, the mechanisms responsible for
rapid densification during the SPS were highlighted.

2. Experimental Methods

Martensitic stainless steel (410L) powders (99%
pure) along with 1.5W-1.5Nb-0.25Ti-0.25Zr-
0.3Y,0, powders (99% purity) were mechanically
alloyed under optimized milling parameters.
Powders were mechanically alloyed using a
planetary ball mill (Insmart systems, Hyderabad,
India) with a ball-to-powder mass ratio of 10:1,
milling speed of 250 rpm and the milling medium
used was toluene. Milled powders were sintered
using spark plasma sintering (Dr. SinterLab, SPSS,
Japan) with varying temperature and time. High
dense graphite die and punches were used to
consolidate the milled powders. DC pulsed current
with an ON-OFF pulsing duration of 12:2 was used
for sintering. During sintering, linear shrinkage and
current were monitored and recorded. Density of
sintered sample was determined using Archimedes
principle. Densification mechanism was studied
from the data recorded for every 5 sec by SPS.
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3. Results and Discussion

3.1 Effect of temperature and soaking time on
densification

Fig. 1 shows the relation between the sintering
temperature and relative density without soaking
time. Relative density of the sintered samples
shows an increasing trend with increasing sintering
temperature.

Helaghve Demslty (%)
L]

Temperature

Fig. 1 Relative density of the sintered sample with
increasing femperature

Fig. 2 shows the profound influence of soaking time
on the relative density of the sintered specimens.
There is an increasing trend with increasing soaking
at a given temperature. However, the increment
in density was better at 975°C when compared
with high temperature (1050C). In other words,
milled powders responded well to the sintering
temperature of 975°C than 1050°C. It is mainly due
to fineness of milled powders which accelerates the
current density at 1050°C thus promoting enhanced
electro-migration finally leading to collision
between the electrons and subsequently delaying
the densification. Sintering at 975°C is the optimum
temperature for better densification. The current
density required for electro-migration across the
samples was optimum at 975°C. Therefore, there
was a substantial increase in the relative density
of the sintered sample with increasing the soaking
time.
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Fig. 2 Effect of soaking time on the relative density
of sample with varying temperature

3.2 Effect of Current on the relative density

It is evident from Fig. 3 that there was no substantial
densification phenomenon till the current reaches
to 350 Amp. This is due to poor flow of electric
current in the porous powder aggregates. In order
to generate spark during sintering, a minimum
current density, i.e,, 10 KAcm™is required. Only
above this current density the spark will occur, even
if the condition for spark is satisfied the probability
for the same event to take place across the particles
is initially extremely low [14]. Due to the axially
symmetric structure of the die, the pulse current
passing through the sample distributes axially
symmetric on its cross section thus no eddy current
is produced in grains. However, due to the uneven
microstructure of the green body, the current
passing through the sample has an asymmetric
distribution, and the magnetic flux through each
grain will change with time so that an eddy current
is induced in it. Each grain, being a small heat
source forms the in-situ sintering and speeds up
the sintering of the green body. On the other hand,
the small heat capacity of the heated system and the
large heat conductivity of graphite die are the other
two important factors for the rapid temperature
rise [15]. In the initial stages of sintering due to
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relatively poor packing of powders, concentration
of current along the discrete favorable paths are
possible wherein complete electrical contacts across
the powders are achieved. In the intermediate stages
of sintering where 70-92% of densification takes
place, a temperature gradient is developed near the
larger pores compared to smaller pores wherein
current density starts to build up in a steep manner
as shown in Fig. 3. In the final stages of sintering,
the applied current will become inert to linear
shrinkage of the compact. The rate of interfacial
energy annihilation loses its equilibrium with the
rate of grain boundary annihilation. Since no more
mis-orientations at crystal level and vacancies at the
surface level are present in the system, grain growth
becomes predominant in the forthcoming stages.
Grain growth can be controlled by optimizing the
soaking time of the powder compacts.

| dmear shrimbaay {%e)

Corrent (Amperes

Fig. 3 Effect of Current on the linear shrinkage

3.3 Effect of sintering temperature on the
densification behavior

No significant change was observed till 600°C
in the linear shrinkage vs temperature curve as
shown in Fig. 4. The reasons are irregular particle
size, uneven crystal orientation and curvature
difference between the adjacent particles, which
subsequently hinders the current path across the
powder particles. Rate of sintering depends upon
two parameters, namely system thermodynamics
and kinetics of sintering. System thermodynamics
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is a function of particle size wherein kinetics of
sintering is a temperature dependent parameter.
In the initial stages of sintering, electro-migration
is not uniform across the powder particles. Hence,
there was no significant shrinkage observed till
600°C. In the intermediate stages of sintering, as
the temperature increases slowly the atoms in lattice
get excited wherein their bonds get broken from
their parent lattice and subsequently these broken
bonds develop a fresh bond with the broken bonds
of adjacent particles. Since the atom gains mobility
as the temperature increases the kinetics of sintering
is enhanced which is evident from the steep slope
after 600°C. In this stage maximum neck growth
equal to 0.5 times the initial diameter of the particle
is expected and the pores will be interconnected.
Further number of vacant sites also increases
wherein the mobile electron gets filled inside the
vacant sites. In the final stage of sintering, major
transport mechanism decides the densification is
grain boundary diffusion. As the time passes by
the mis-orientation between the adjacent particle
decreases, stress levels between the solid-vapor
interface decreases, atomic motion wherein mass
flow reduces, interfacial energy as a function of di-
hedral angle decreases, energy to create vacancy
and energy to move atoms into the vacant sites also
decreases. Thus a saturation point with respect to
densification or linear shrinkage is observed at the
end of this stage.
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Fig. 4 Effect of sintering temperature on linear
shrinkage
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Conclusion

Strong dependence of sintering temperature and
soaking time on relative density of the sintered
samples was observed. Maximum relative density
of 97% was observed at 975°C for a soaking time of
10 min. In terms of relative density of the sintered
samples, mechanically alloyed powders respond
well at 975°C than at 1050°C. Major reason behind
the same is the perfect sync that exists between
the particle size and electro-migration at 975°C,
wherein at 1050°C electron discharge plays starts
dominating leading to increased collision and
poor densification. Effect of soaking time was also
predominant at 975°C which is well complimented
by the significant amount of variation in the relative
density of sintered samples.
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CONSOLIDATION OF MECHANICALLY ALLOYED A15083 -5wt%
Y,0, NANO-COMPOSITE BY EQUAL CHANNEL ANGULAR
PRESSING (ECAP)
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'Department of Metallurgical and Materials Engineering, National Institute of Technology,
Tiruchirrappalli, India

Abstract: In the present work, Al-5083(99% purity) - Swt% nano-yttria powders were milled for 10, 15 and
20hrs in a high energy ball mill under optimised process parameters. The powders were characterised by X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Milled powders at 10hrs exhibited nano-crystalline
single phase. Consolidation of 20 hrs milled powder was done by equal channel angular pressing (ECAP) through
900 die channel angle using route A for two passes with and without back pressure. Density of ECAPed samples
were measured using Archimedes principle. The density was 94% for the sample consolidated with backpressure

after second pass. There was an increase in hardness with increase in number of passes.

Keywords: Mechanical Alloying, Al-5083 composite, ECAR Characterisation.

1. Introduction

Oflate, there is a tremendous demand in developing
newer materials and processing techniques in order
to meet the fast growing engineering fields such
as automobile, aerospace etc. When compared
with monolithic alloys aluminium composites give
higher stiffness to density ratio and better properties
at elevated temperatures [1]. Aluminium and alloys
are widely used in the above said engineering fields
due to their high strength to weight ratio, good
corrosion resistance, etc. Further enhancement in
mechanical strength of aluminium alloys is very
much viable by adopting newer or non-equilibrium
processing techniques such as mechanical alloying
(MA), severe plastic deformation, etc. MA is
a powder processing technique used for the
production of nano-crystalline materials in a high
energy ball mill [3]. It is a process in which the
mixture of powders are milled together and material
transfer takes place resulting ina homogeneous alloy.
In this process the alloy will be formed in the first
stage and the particle refinement will be achieved in
the subsequent stages [4]. Ultrafine grained or nano
structured materials can be obtained by the action
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of cold welding fracturing and re-welding between
metallicand ceramic particles in an activated milling
media during high energy ball milling. Severe
plastic deformation technique is another technique
which can be used to produce bulk ultrafine grained
structured materials. Ultra-fine grained structures
are polycrystals having average grain size less
than 1um and will have equiaxed microstructures
having high fraction of grain boundaries with high
misorientations angles and high dislocation density

[71.

Equal channel angular pressing is one of the severe
plastic deformation process used for the grain
refinement of bulk materials by the applications
of high strain and has unique features such as no
change in shape and minimum load requirements
[8]. High shear strain in ECAP will able to disrupt
the surface oxide layer and a good bond will create
between particles and is an effective method
for consolidation of powders at relatively low
temperature and loads with no porosity [10]. ECAP
is an attractive technique because it is relatively easy
to setup and use an ECAP die. In this exceptionally
high strains can be imposed either through repetitive
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pressing or multiple pass dies and relatively large
bulk materials can be produced easily [11].

Besides, consolidation of powders by normal ECAP,
work had been in progress by consolidation of
powders by application back pressure during ECAP.

2. Experimental Work

Elemental powders of the 5083 aluminium alloy
composition (Al with Mg, Mn, Zn, Cu, Cr, Ti, Fe)
and nano-yttria were chosen to synthesise nano-
composite powders through high energy ball
milling (Make : Insmart systems, Hyderbad). The
chemical composition (wt%) of the Al 5083 alloy
is given in table.1. The input powders were milled
in an optimised milling parameters such as milling
speed, ball-to-powder ratio, milling time, etc.
The process parameters are listed in table 2. The
powders were taken at regular interval in order to
understand the formation of nano-structured single
phase during milling.

G

. G | T | I
[ 005 |

. e
AL [ 015 | 035 |

04

S Mn | Mg | Al |
| 04 | 10 | 49 |Balance |

Table.1 chemical composition in wt% of Al-5083

Frocess Parametre O plimised Value

250 RPM
la:1

Toluene

WVials and Balls

HS% viul and stainless stecl balls

Milling time L 20 haurs

Table.2 Process parameters

The powder milled for 20hrs was consolidated by
ECAP. A schematic diagram of an ECAP die used
in this study is shown in Fig.1. The die angle is
90° and the outer arc of curvature is 20° and the
diameter of the channels and the diameter of the
punch were 12mm.
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Fig. 1. Schematic representation of ECAP die

The powders were filled in aluminium can of 60mm
height and 8mm diameter. The can was pressed
through 90° die angle through route A. Aluminium
can with powders was ECAPed with and without
backpressure for two passes using hydraulic press.
Can was removed by machining process after
consolidation.

3. Results and Discussion

3.1 Phase and Physical Properties of Milled
Powders

XRD spectrum of the mechanically alloyed Al-
5083 with yttria powder with varying intervals of
milling time is shown in Fig.2. Milling at 10hrs has
resulted nano-crystalline structure. Solute elements
such as magnesium and other traces have been
dissolved in aluminium with increasing milling
time. The presence nano-yttria is also identified
in the powders. These patterns clearly show the
broadening of peaks with increasing milling time.
This is attributed by refinement of crystallite size
and strain. Table.3 shows the crystallite size of the
10, 15, and 20 hours milled powder.
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Fig.2. XRD Pattern of AI-5083 powders
synthesised by MA af different infervals

Milling Time(hours)

Crystallite size(nm)

Particle Size{pin) 1

10
s

117
64

20
13

20

57

&

Table.3 Crystallite size and Particle size of 20 hour
milled powder

Fig. 3 shows the SEM micrographs of Al-5083 nano
composite milled for different milling intervals.
Average particle size for 10, 15 and 20hrs milled
powders is measured by SEM micrographs and
Image | software. It is inferred that particle size
decreases with increasing milling time. It shows
that there is a severe deformation between the
particles during milling. The Morphology is found
to be irregular shape. The average particle size of
Al-5083 composite for different milling time is
listed in table 3.

3.2 Density

The actual density of Al 5083 with 5% Yttria is
calculated by rule of mixture and found to be
2.81gm/cm®. The relative density increases with
increasing number of passes. It is also observed
that there is a marginal improvement in density
with back pressure. Table.d shows the relative
density of ECAPed samples with back pressure and
without backpressure of sintered and un sintered
samples. The pressure less sintering of ECAP greatly
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Fig.3 SEM Micrographs of AI-5083 nano
composite a) 10hrs b) 15hrs and c) 20hrs

increases the density by achieving better bonding
between the particles. Maximum density of 94% of
its theoretical density is achieved after sintering the
ECAPed samples.
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3.3 Hardness

The actual hardness value of Al-5083 in annealed
condition is approximately 54HRB. Hardness of
Al-5083 with yttria increases to 82HRB. Presence
of Y,0, nano-particles in Al-5083 matrix enhances
the hardness significantly both at room temperature
and sintered condition. Table.4 shows the hardness
of un sintered and sintered ECAP samples. The
hardness increases is due to the dispersion and
grain refinement.

Relative Density (%) | Rockwell Hardness (HEE)
Without | With Back | Without Back | With Back
Back Pressure
Pressure
RN &6 | a9 65
#4 BR 71 8l
2o Q0 [:x] TR
a2 04 Th 82

Table.4 Relative Density and Hardness of 20hr
ECAPed sintered and unsintered samples

Number of Passes

Pressure Pressure

Usually, exposing to higher temperatures, the
UFG materials may tend to grain coarsen and the
hardness decreases. In the present case, decrease
in hardness is not observed. Sintering improves
the bonding between the particles, with less effect
on grain coarsening. The Y,O, dispersion may act
as grain refiner to the ECAPed samples, restricting
the grain growth thus simultaneously increasing
hardness and density on sintering. However, a
detailed study is required to understand the effect of
sintering and ECAP which is in progress.

4. Conclusions

Ball milling of Al-5083 composite powder at 20hrs
has resulted nanostructure with particle refinement.
Crystallite size decreases with increasing milling
time. Particle size decreases with increase in milling
time and minimum particle size is 8um at 20hrs of
milling time. The maximum density of 94% has
achieved with back pressure, for which the Hardness
observed is 82HRB.
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TENSILE AND IMPACT BEHAVIOUR OF SWAGED TUNGSTEN
HEAVY ALLOYS

M Sankaranarayana, U Ravi Kiran, T K Nandy
Defence Metallurgical Research Laboratory, Hyderabad, India

Abstract: Tungsten heavy alloys with Co and Mo additions (W-6Ni-2Fe-2Co and W-6Ni-2Fe-1.5Mo0-0.5Co)
were synthesized by liquid phase sintering under H, atmosphere. This was followed by thermo-mechanical
processing that comprised double swaging with an intermediate heat treatment. About 40% deformation
was imparted during swaging. Subsequently, a detailed characterization of microstructure and mechanical
properties that included hardness, tensile and impact was carried out. In the alloy containing higher Co, the
volume fraction of matrix was found to be higher whereas the contiguity of W-W grains was relatively lower as
compared to the Mo containing alloy. Also, the matrix phase in higher Co containing alloy exhibited higher W
content. The difference in microstructure was found to have a profound influence on mechanical properties as
the higher Co containing alloy exhibited superior tensile and impact properties. This was further corroborated
by fractographic evidence. While the failed sample of higher Co containing alloy showed increasing evidence of
W cleavage and ductile dimples in the matrix phase, the Mo containing alloy exhibited features related to W-W
de-cohesion. Improved mechanical properties in higher Co-containing alloy were attributed to lower contiguity
of W grains.

Keywords: Tungsten heavy alloy, Tensile Properties, Impact Properties, Fractography

1. Introduction employed in order to realize desired properties.
Boris and Katavic [4] showed that the mechanical
properties of W-Ni-Fe-Co are far superior to those
of W-Ni-Fe alloys. Bose et al. [5-7] added Mo to
tungsten heavy alloys and observed improvement
in mechanical properties, especially strength.
Although earlier research on tungsten heavy alloys
has mainly focused on tensile behaviour, limited
data exists on charpy impact properties and their
relationship with microstructure and tensile
properties [8]. In the present study, two tungsten
heavy alloys that contain W, Ni, Fe, Co and Mo
have been investigated in detail with respect to
microstructural, tensile and impact properties. The
effects of volume fraction of tungsten and matrix
composition on mechanical properties have also
been investigated. Additionally, failed specimens
of tensile and impact have been studied in a greater
detail in order to explain the properties.

Tungsten heavy alloys are two-phase composites
consisting of nearly rounded tungsten grains
dispersed in a low melting point ductile matrix
containing metals such as nickel, iron, copper and
cobalt [1-3]. These alloys offer unique combination
of mechanical properties (associated with the
bcc tungsten phase and the fcc matrix), easy
machinability, high modulus of elasticity, good
corrosion resistance, high absorption capacity
against X-Rays and Gama-Rays. Tungsten heavy
alloys have been used for a long time for penetrator
applications. Since, the as- sintered tungsten alloy
which suffers from poor mechanical properties
cannot meet the requirement, thermo mechanical
processing is needed for the enhancement of
mechanical properties. As a part of general thermo
mechanical processing strategy, swaging combined
with intermediate heat treatment is usually

TRANSACTIONS OF PMAL VOL. 40(2), DECEMBER 2014 37



TENSILE AND IMPACT BEHAVIOUR OF SWAGED TUNGSTEN HEAVY ALLOYS

2. Experimental

Commercially available elemental tungsten, nickel,
iron and cobalt powders, with their characteristics
listed in Table 1, were used as starting materials for
synthesizing the liquid phase sintered 90W-6Ni-
2Fe-2Co (WNFC) and 90W-6Ni-2Fe-1.5Mo-0.5Co
(WNFM) alloys.

TABLE 1: Purity and average particle size of
elemental W, Fe, Ni and Co powders.

The elemental powders were mixed in a ball mill for
24 h, and the powders were reduced at 700° C in H2
atmosphere for 2 hinorder to remove surface oxides.
The reduced powders were then isostatically cold-
pressed applying pressure of 2.5 kbar and sintering
was conducted at 1460° C for 2 h in a continuous
pusher type furnace (FHD Furnace Limited, UK).
The rods were vacuum heat treated for 5h at 1150 °
C, and then oil quenched. After vacuum treatment,
the sintered rods were subjected to swaging with
40% reduction in area. The microstructure of the
samples was examined by optical and scanning
electron microscopes. The average grain size of
tungsten phase and volume fraction of phases was
determined using an image analyzer. Contiguity,
defined as the relative fraction of tungsten-tungsten
interfacial area, was determined by placing gridlines
over the binary image and counting the number of
tungsten- tungsten and tungsten- matrix intercepts.
It was calculated using the equation:

Cs = 2N/ (2N +Ng),

where N, and N, are the number of tungsten-
tungsten grain boundaries and tungsten-matrix
interfaces intercepted, respectively. The tensile
specimens were prepared as per ASTM standard
T-145 and tested at room temperature using
universal tensile testing machine (INSTRON 5500R,
UK). After the tensile tests, the failure features in
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the fractured tensile specimens were investigated
by LEO Scanning Electron Microscope (SEM).
Charpy impact values were determined according
to ASTM Standards (E-23) [9] using charpy sub-
size un-notched specimens at room temperature.
Fractographs of the broken tensile and impact test
pieces were carried out using SEM. Hardness of
the sintered compacts was measured using Vickers
hardness tester (Vickers Instruments, Model: 1965,
UK).

3. Results

Fig. 1 shows the optical micrograph of liquid phase
sintered and heat treated tungsten heavy alloys.
The higher cobalt containing alloy (WNFC) shows
coarser tungsten particles as compared to the
molybdenum containing alloy (WNEFM). Fig. 2
shows the grain size, contiguity and volume fraction
of matrix phase in the two alloys. Higher volume
fraction of matrix phase and lower contiguity of
tungsten particles are readily discernible in WNFC

(b) WNFM tungsten heavy alloys.
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Fig 2: Grain size, configuity and volume Fraction
variation in WNFC and WNEM tungsten alloys.
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Fig 3: Comparative tensile properties of WNFC
and WNFM tungsten alloys.

Fig. 3 shows comparative average tensile properties
of two alloys. WNEFC alloy shows superior tensile
properties as compared to WNFM. Fracture
surface of failed tensile specimens of both the alloys
are shown in Fig.4. Cleavage fracture of tungsten
grains with river line patterns are seen in the case
of WNFC. Evidence of tearing in the surrounding
matrix phase is also discernible. The Mo-containing
alloy, on the other hand, shows frequent evidence of
de-cohesion along W-W interfaces characterized by
flat features. Occasionally, shallow dimples in the
tearing region are also observed.

Fig 4: Tensile fractographs of (a) WNFC and
(b) WNEM alloy
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Fig 5: Impact toughness scatter in WNFC and
WNEM tungsten alloys.

Impact test results are shown in Fig.5. While impact
values of WINFM range from 40-907], those of WNFC
alloy vary from 75-110 J. Fractographs of failed
impact specimens for the lowest impact value in
Mo containing alloy and lowest plus highest impact
values in Co containing alloy are shown in Fig.
6. The Mo containing alloy show ample evidence
of W-W decohesion (Fig. 6a). Such instances are
mostly absent in Co-containing alloy (Fig. 6 b&d).
The cobalt containing alloy shows ample evidence
of ductile dimples in the tearing region (Fig. 6d)
especially in high impact energy specimen, which
in WNFM alloy is sparse.

Fig 6: Impact fractographs of (a) WNFM-High and
(b) WNFC-Low (c) WNFC-High and (d) WNFC-High
impact value tungsten alloys (Insert showing ductile
tearing).
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4. Discussion
4.1 Microstructure

Significant difference in the tungsten particle size
of WNFM and WNEC alloys, which is primarily a
result of different processes that occur during liquid
phase sintering, is not observed. In liquid phase
sintering, the initial stage involves melting of the
matrix alloy; separation of W-particle agglomerates
and penetration of molten matrix. This is followed
by partial dissolution of W-particles and therefore
reduction in the particle size. Subsequently as the
equilibrium composition of the matrix is reached,
the larger particles grow at the expense of smaller
particles.
by Ostwald ripening as the volume fraction of
Therefore, the
final particle size depends upon how these steps
are influenced by alloying addition. Sintering
temperature and time aresamefor both the alloys and
therefore can be ignored. In the present study, the
Mo containing alloy (WNFM) exhibits marginally
finer structure as compared to the Co containing
alloy. While the difference is not significant, the
refinement of tungsten particles may be attributed
to Mo restricting the solubility of tungsten in the

In the final stages the particles grow

W particles remains constant.

matrix phase which in turn inhibits the kinetics
of dissolution and re-precipitation of tungsten
on larger grains. The microstructure of WNFC
and WNEM are also different in terms of volume
fraction of matrix phase which is significantly more
in WNFC as compared to WNFM alloy (Fig.2).
This may be attributed to tungsten content that is
more in the matrix of the Co containing alloy. This
has implications with regards to contiguity of W- W
grains. For a constant particle size higher volume
fraction of the matrix phase is expected to result
in larger separation between tungsten particles
and therefore lower contiguity. Indeed, WNFC
that has lower volume fraction of tungsten shows
lower contiguity (Fig.2). Attempt was also made
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to measure dihedral angle (an indicator of matrix
penetration between W particles) in both the alloys.

4.2 Mechanical Properties

Tensile properties (Fig.3) superior
properties of Co-containing alloy (WNFC) over
Mo containing alloy (WNFM). Earlier work done
on Mo containing alloy has established that beyond
9% Mo, there is formation of intermetallic leading
to deterioration in mechanical properties [10].
However in the present work, the amount of Mo is
considerably less thereby eliminating the possibility
of intermetallic formation. Mo partitions to both
W particle and the matrix. This leads to increase
in strength and corresponding decrease in ductility
in relation to the base alloy. However in this study

indicate

the amount of Mo in W-phase is extremely small.
Therefore the effect of Mo on the properties of
the alloy is primarily through its influence on the
matrix phase that has higher amounts of Mo. The
improvement in tensile properties of higher Co
containing alloy (WNFC) over Mo containing alloy
is attributed to three microstructural factors: (1)
increasing volume fraction of the matrix phase,
(2) decrease in dihedral angle that suggests better
penetration of the matrix phase and (3) reduced
contiguity of W- W particles that is the weakest
Another favourable
factor is increased solid solution strengthening
of the matrix phase in WNFC alloy due to higher
tungsten content. Improvement in mechanical
properties of tungsten alloys with the addition of
Co has also been reported by Katavic and Odanovic
[11]. Impact property also shows a similar trend
that is WNFC alloy has significantly higher impact
values as compared to WNFM. This improvement

link in the microstructure.

can be attributed to the microstructural parameters
mentioned above. The results of the present study
are in agreement with this observation as the Co
containing alloy has lower contiguity than the Mo
containing alloy. Additionally, evidence of ductile
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dimples in high impact Co containing specimen as
compared to low impact Mo containing specimen
corroborated this observation. The presence of
ductile dimples in WNFC may be attributed to
relatively higher volume fraction of the matrix phase.
It must be added here that considerable scatter in
the impact properties (Fig. 5) is due to the fact that
the alloys are processed by powder metallurgy and
inhomogeneity in the microstructure may exist
leading to variation in mechanical properties.

5. Conclusions

The investigation of the microstructure, tensile
and impact properties of two tungsten heavy alloys
based on W-Ni-Fe-Co (WNFC) and W-Ni-Fe-Co-
Mo (WNFM) showed the following results:

1. WNFC (alloy containing higher cobalt)
exhibited superior properties  as
compared to WNEFM alloy (containing Mo).

tensile

2. While tensile specimens of WNFC alloy failed
by predominant cleavage of tungsten grains
showing river line patterns, WNFM alloy
showed flat features indicating de-cohesion
along W-W grains.

3. WNEFC alloy showed superior impact properties
as compared to WNFM alloy. Failed impact
specimens of WNFC showed more evidence of
tearing and ductile dimples than WNFM.

4. Superior mechanical properties especially
tensile strength, % elongation to failure and
impact of WNFC over WNFM are attributed
to lower contiguity of W- W grains and higher
W in the matrix phase (thereby leading to solid
solution strengthening) in the former alloy.
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HOT UPSET FORGING STUDIES ON Al-2.5%TiO,-C HYBRID
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Abstract: This paper is an attempt to study the hot forging characteristics of Al-2.5%TiO,-C hybrid powder
metallurgy composite preforms, which is anticipated to have large application in the near future. Aluminium
with TiO, and graphite powders are ball milled in order to yield the composition like: pure Al, Al+2.5%TiO,
Al+2.5%Ti0,+2%C, Al+2.5%TiO,+4%C and Al+2.5%TiO+6%C. The compaction behaviors of powders
were studied by compressibility analysis. The physical characteristics of powders such as apparent density, tap
density were measured using standard density cup and the theoretical density of the various powder blends are
calculated using standard formula. Sintering was done in muffle furnace at a temperature of 600°C for a period
of 3 h and the microstructure was analyzed for sintered preforms. Hot forging was done for the sintered preforms
and the densification and deformation characteristics were investigated by correlating true axial stress, true
axial strain, and lateral strain with percentage theoretical density. The decreased densification and deformation
characteristics were observed for Al+2.5%TiO,+6%C hybrid composite preforms when compared with pure Al
and Al+2.5%TiO, preforms.

Key words: Metal Matrix Composites, Hot forging, Powder Metallurgy.

1. Introduction friction and wear, improved machinability, low
thermal expansion and high damping density [3].
Mohammed T. Hayajneh et al. synthesized self-
lubricated aluminum/alumina/graphite  hybrid
composites by powder metallurgy techniques and
studied machining parameters during drilling
process using artificial neural network modeling
[4]. The homogeneous dispersion of fine reinforced
particles in a fine grained matrix is beneficial
to the mechanical properties of MMCs [5].
Mechanical milling affects the morphology and
hardness of powder particles thus influencing the
compressibility of milled powders [6]. The physical

Aluminum matrix composites are used in various
applications in aerospace, automobile, military
and electronic industry due to low density, high
toughness, good mechanical properties and
high corrosion resistance [1]. So many types of
reinforcements are used to produce the aluminum
matrix composites. Among these, the titanium-
di-oxide (TiO,) is found to be good, since it has
high hardness, high modulus, and wear resistance.
Adding a single reinforcement to the matrix
material improves the strength and hardness of the

material. Hybrid aluminum matrix composites gty :
are used for high performance ceramic brake disks characteristics of powders are very important for a
as it is able to withstand extreme temperatures successful manufacturing of the product. Generally,

With the addition of solid lubricant particles the apparent density, tap density and true density
are evaluated for study of physical characteristics

such as graphite to produce hybrid composites,
[7]. There are several manufacturing techniques

the tribological properties of the composites can : ; e
be improved effectively [2]. Recently aluminum for particle reinforced MMCs such as liquid metal

alloy-graphite particulate composites are being 1nﬁl.trat10n, spray dﬁecomposmon, and squeeze
used in various applications because of their low  €asting, compo casting, powder metallurgy and
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mechanical alloying. In order to overcome some
of the drawbacks associated with the conventional
stir casting techniques, powder metallurgy (PM)
techniques can be employed because usually, the
microstructure of PM materials is largely isotropic
and texture-free and segregation-free [8]. The
important issue in sintered powder metallurgy
components is porosity that can be eliminated by
the secondary hot forging operations by which
the mechanical properties improved [9]. ].C. Shao
et al studied flow behavior and hot workability of
the powder metallurgy 20 vol. % SiCP/2024 Al
composite and reported that large instable regions
are present in the form of cavitations located at the
matrix/SiCP interfaces and within the SiCP clusters
[10]. G.Abouelmagd reported that generally both
hardness and compressive strength are enhanced
by the addition of ALO, and AlC, and their
magnitudes continued to improve up to deformation
temperature of 150" C during hot compression [11].

The main aim of present work is to prepare Al
/ TiO, / C hybrid composite by using powder
meta]_lilrgy techniques and study the densification
and deformation behavior during hot forging. The
physical characteristics like apparent density, tap
density and true density have been studied. The
compressibility behaviors of the powders are also
analyzed. Microstructure analysis also carried out
for the sintered specimens to reveal the presence of
reinforcement particles.

2. Experimental Details

Atomized aluminum (Al) powder size -325 mesh
and the purity 99.7% supplied by Kemphasol,
Mumbai, India was used for the matrix material and
rutile phase of titanium-dioxide (TiO,) and graphite
powders supplied by the Acechemie (India) were
used as the reinforcement material. The required
mass of Al, TiO, and C were accurately weighed in
an electronic weighing machine. The blending was
carried out in a ball mill. The balls and powders
weight ratio was 10:1 and the speed of the drum
was selected as 400 rpm. Compressibility study was
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carried out in a 400 KN computerized hydraulic
press supplied by Venus instruments, Maharashtra.
The punch and die were made using high carbon die
steel and accurately machined. The die was loaded
with powder and the density was measured after
compaction at predetermined pressure. Then the
powders were compacted in same hydraulic press
used for compressibility analysis for the specimen
dimensions of 24 mm dia and 12 mm height.
The sintering was done in a muffle furnace at the
temperature of 590°C for a period of 3 hours. The
cross section of the sintered sample was prepared
for the microstructure analysis. The hot forging was
done after heating the sintered sample to 350°Cina
furnace for a period of 2 h. The uniform incremental
load was applied and the change in dimensions
such as height and diameter of the preforms after
deformation were noted. These measured values
were used to calculate the true axial stress, true
axial strain lateral strain and percentage theoretical
density. The density of the preforms was measured
by Archimedes principle.

3. Results and Discussion
3.1 Physical properties of milled powders

Apparent density or bulk density of a powder is a
density when the powder is in the loose state and
the tap density is the highest density that can be
achieved by vibration of powder. The theoretical
density, apparent density and tap density values
are provided in Table 1 for each composition. The
maximum theoretical density was obtained for
Al+2.5%TiO, composites because of presence of
higher density TiO, particles. The theoretical density
values are decreased for the Al+2.5%TiO +6%C
composite because of the presence of more low
density graphite particles. The apparent density and
tap density was increased while adding 2.5 % TiO, to
the pure aluminum matrix. The increase in density
clearly indicates the lower friction between the hard
reinforcement and soft matrix. The apparent and
tap densities were increased as the percentage of
graphite reinforcement added to the Al+2.5%TiO,
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composite powders due to the lubrication properties
of graphite particles.

3.2 Compressibility study of milled powders

Figures 1 and 2 show the compressibility studies of
Al powders mixed with various weight percentages
of TiO, and C. The compaction behavior is an
importz_mt characteristic for fabricating the complex
shapes from metal powders. The compressibility
study was carried out to identify the compaction
pressure for compaction process. The plot between
the density and compaction pressure is shown in
Fig.1 and it is used to ensure the required density
of the compacts. From the graph it is evident
that the density of the compacts increases with
increase in compaction pressure. The maximum
compaction density (2.66 g/cc) was obtained for
the Al+2.5%TiO, composite for the compaction
pressure of 500 MPa, however, for the same
compaction pressure the minimum density (2.52
g/cc) was obtained for the Al+2.5%TiO, +6%C
composite. The addition of more soft g;‘aphite
particle reduces the green compact density. Fig. 2
shows the plot between the percentage theoretical
density and compaction pressure. This graph was
drawn to identify the compaction pressure for the
desired green percentage theoretical density. The
percentage theoretical density increases while
increasing the compaction pressure. The maximum
percentage theoretical density (97.56 %) was
obtained for the Al+2.5%TiO, composite at 600
MPa.

The compressibility of the powders or compression
ratio CR was measured and is given by (pg/
pa), where pg, green density and pa, apparent
density. The apparent density, green density
and the compression or compact ratic of the
composite powders at 500 Mpa compaction
pressure are given in Table 2. The green density
of the preforms decreased as the percentage of
graphite reinforcement addition is increased. The
lowest compaction ratio was achieved for the
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Al+2.5%TiO,+6%C composite powders and highest
was obtained for the Al+2.5%TiO, composite.

Composites Theoretical Density  Apparent Density  Tap Density

(gfec) (gfec) (gfec)
Pure Al 270 0.95 126
A2 5%TiO, 272 0.97 126
A2 3%TIO2%Gr  2.69 0.9%8 1.34
A2 A%TIOH4%Ge 2,67 0.99 1.34
AlFZ S%TiOH6%Gr  2.64 103 1.39

Table 1 Physical property of composite powders
Gr, Graphite= C

sreen Density () Apparent density (p,)  Compact Ratio (Cy)

085 FEE]

266 0.97 274

STIO2H2%Ge 2,60 0.98 2.66
WTiD2+4%Ge  2.56 0.99 2.60
AM2I%TIOZ6%Gr 2,52 1.03 245

Table 2 Green density (;_:)g) and Cnm}mct ratio
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Fig.1 Plots of Density versus pressure (MPa),
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Fig.2 Plots of % theoretical density versus pressure
(MPa), Gr, Graphite = C

3.3 Microstructural sintered

composite

analysis  of

The microstructure of sintered pure Al is shown
in Fig.3 (a) and composite containing various wt.
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% of TiO, and graphite are shown in Fig:s 3(b-e).
The uniform distribution of TiO, reinforcements
in the Al matrix was observed for the Al-2.5%TiO,
composite [Fig.3 (b)]. The distribution of TiO2 in
the matrix along with graphite is shown Fig. 3(c &
d) for the hybrid composites. Agglomeration of
TiO, and graphite were identified in the composite
contains 6% of graphite with 2.5% TiO,. From the
microstructure analysis it can be seen that, the pure
Al contains pores and these pores are occupied
by the reinforcement particles in Al-TiO, and Al-
TiO,-C composites.

Fig.3 Microstructure of (a) sintered pure Al
and (b-e) Al+2.5%Ti02, Al+2.5%Ti02+2%C,
Al+2.5%Ti02+4%C and Al+2.5%Ti02+6%C

composites
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3.4 Hot upset forging
3.4.1 True axial stress versus True axial strain

Fig. 4. shows the graph drawn between true axial
stress and true axial strain of Al, Al+2.5%TiO2,
Al+2.5%TiO,+2%C, Al+2.5%TiO,+4%C,
Al+2.5%TiO,+6%C composite preforms. Evidently,
the true axial stress required was more for lower rate
of deformation at the initial stage while compare
with final stage for all the preforms. The addition of
reinforcement increases the stress level. The reason
for the increase in applied stress is due to the closing
of pores by the fine reinforcement particles. Among
the different preforms, the sintered plain Al exhibits
the largest level of deformation at lowest axial stress
values. Addition of 2.5% TiO, to the Al matrix
and 2, 4 and 6 % of graphite to the Al+2.5%TiO,
composite required more applied stress than the
stress required for pure Al preforms for any level
of deformation. The sintered composite preforms
containing 2.5% titanium dioxide and 6% graphite
needed more applied load for the same level of
deformation. Hence it is understood that, the
addition of the reinforcement resists the plastic
deformation during the hot upsetting. The hard
reinforcement is surrounded in the soft Al matrix
resulting greater resistance to plastic deformation
[Fig. (6)]. Addition of these reinforcements
contributed to the microstructural changes in the
composites.

3.4.2 True axial stress versus Lateral strain

Fig. 5 shows the plot between true axial stress and
lateral strain for Al, Al+2.5%TiO,,Al4+2.5%TiO,
+2%C,Al+2.5%Ti0,+4%C, Al+2.5%Ti0 +6%C
compacts . It is evident from these curves that the
lateral deformation trend was very similar to that
observed for axial deformation.
magnitude of lateral strains (lateral deformation)
was smaller than the true axial strain (axial
deformation). It could be also understood that the
lateral deformation was lower for Al+2.5%TiO "
Al+2.5%TiO,+2%C,Al+2.5%TiO +4%C,

However the
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Al+2.5%TiO,+6%C composites preform than pure
Alpreform. Better lateral deformation was observed
for the plain Al preforms and the addition of TiO,
to the Al matrix and addition of graphite to the
Al+2.5TiO, composite aftfected lateral deformation
of the combosites.
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Fig. 5 Plots of true axial stress versus lateral
strain, Gr, Graphite = C

3.43 True axial stress
theoretical density

versus Percentage

Fig. 6 shows the variation of percentage theoretical
density with respect to true axial stress for the
preforms containing various weight percentages of
titanium dioxide and graphite during hot upsetting.
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The better densification was observed for the plain
Al preforms for the lowest applied stress. Addition
of 2.5 wt. % TiO, to Al matrix decreased the
densificationalittleand required more applied stress.
In the same way, the addition of 2, 4 and 6 wt. % of
graphite to Al+2.5%TiO, composite decreased the
densification while the required applied true axial
stress increased. In the case of pure Al preforms the
pores were deformed during hot upsetting while;
in the composite preforms the pores were occupied
by (TiO, & C) reinforcements. The latter resisted
the deformation and took more applied stress for
further densification. The poor densification was
observed for Al+2.5%TiO, composite containing 6
wt. % of graphite as compared with pure Al preform.

3.4.4 Percentage theoretical density versus True
axial strain

Fig. 7 shows the plots of percentage theoretical
density versus true axial strain used to study the
densification and deformation behavior of the
preforms during hot upset forging. The trend
observed for all the preforms were similar and the
better densification and deformation was observed
for the plain Al. Addition of titanium dioxide and
graphite to the Al matrix decreased the densification
and deformation due to the matrix work hardening.
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Conclusions

« Aluminum hybrid composites containing
various weight percentages of TiO, and Cwere
synthesized through powder metallurgy
route and their densification and deformation
characteristics were studied during hot
upsetting.

» The maximum apparent density, tap density
and minimum compact ratio were obtained for
Al+2.5%TiO,+6%C composite.

« Microstructure analysis of sintered
specimens revealed a uniform distribution of
reinforcements (TiO, and Graphite) in the Al
matrix.

« The sintered pure Al exhibits better deformation
and densification during hot upsetting.
Addition of TiO, and Graphite reinforcements
to the matrix material decreased the axial as well
as lateral deformation.
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Abstract: Hot Isostatic Pressing (HIPing) is an effective bulk manufacturing process of materials for advanced,
strategic, engineering or priority applications. However, HIPings main deficiency is its nature of batch processing,
which limits its utility in industry for bulk processing. A simple conceptual framework proposed recently by the
main author of this paper drew upon some ideas from different fields such as Space Technology, Inter-Ocean
Travel, Glove Boxes, In-line Annealing, besides small Components in use for VHP or HT environments. However,
to illustrate the idea further to enable development by teams of engineers, detailed designs are developed with
perspective views for three possible configurations. Two of these include mechanical automation for material
handling within the Zones. The proposed design is expected to make HIPing, when further developed, into a
widely usable and more affordable bulk manufacturing process adaptable by many more genres of industries
than presently possible in its existing batch avatar.

Key Words: Continuous Hot Isostatic Pressing, Continuous HIPing, C-HIPing, Design Configurations, Batch
HIPing, Near Net Shape, Production Capability Enhancement.

I. Introduction HIPing. The recent paper on Continuous HIPing
[5] first provided a simple conceptual framework
using examples of existing technologies in Inter-
Ocean Travel through Channels, Vacuum/Gas
Handling in Glove Boxes, Conveyor Systems
in In-line Annealing, Space Technology for
Spacewalks, besides small Components/Accessories
developed for use in wvarious VHP and HT
environments. Presently, the trend in near-net
shape manufacturing has been toward developing
bigger and bigger Batch HIP Units. The largest HIP
was indicated to be [6] the Giga-HIP* owned and
operated by Metal Technology Co. Ltd. and made
by Avure Technologies with loads up to 28 metric
tons at temperatures up to 1350 °C and pressures of
118 MPa and dimensions of 4.2 m by 2.05 m. Avure
announced recently the development of the largest
and fastest HIP [7], TeraPi, for manufacture of
impellers, turbines and manifolds. TeraPi is capable
[6] of handling 75 ton load with a work zone of
3.14 m by 5 m and is provided with automated

Hot Isostatic Pressing (HIPing), in its sixth decade
of service to the P/M communities around the
World, continues to receive much attention [1-
3] by academicians and researchers in materials
processing and industrial managers with dedicated
and regular conferences, reviews, overviews,
patents and process HIP modeling software. Due to
the utility of HIPing as an important and potential
net shape manufacturing process in emerging
economies such as India, the PM Conferences in
India have in the recent past witnessed discussion
of summary [2] of HIPing process and utility,
difficulties associated [4] with densification during
HIPing, porosity development during use of HIPed
samples [3.4], conceptualization for extension
of HIPing into a continuous process [5] for
broader utility, affordability and wider practice in
manufacturing and the causes for and containment
of porosity development [3,4] in compacts upon
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loading and unloading of parts. In reality, most
engineering industries in emerging markets may
not be able to easily justify expensive operation of
Batch HIP, which tends to be prohibitive except for
high-end components. To realize its full potential,
it is imperative that Batch HIP has to evolve into
a Continuous HIP process such as that of a Blast
Furnace by adapting features presently in other
technologies or by developing other necessary
features and by integrating them. To this end,
three design configurations are presented to
serve as a starting point for development by HIP
manufacturers, who are also inclined [8].

II. Engineering Design - A Few Relevant
Fundamentals as per Dieter and Schmidt

As per Blumrich [9] “Design establishes and defines
solutions to and pertinent structures for problems
not solved before, or new solutions to problems
which have previously been solved in a different
way.” National Research Council concluded [10]
that the real key to world competitive products lies
in high quality product design. Summarizing the
Importance of Engineering Design Process, Dieter
and Schmidt [11] observed that

1. “Decisions made in the design process cost very
little in terms of the overall product cost but
have a major effect on the cost of the product”

2. “You cannot compensate in manufacturing for
defects introduced in the design phase”

3. “The design process should be conducted so as
to develop quality cost-competitive products in
the shortest time possible”

Dieter and Schmidt [11] had also defined the Four
C’s of Design as Creativity, Complexity, Choice
and Compromise. The Complete Design Process
had been divided into 7 Phases by Asimow [12] in
what he termed as Morphology of Design, which
saw slight changes by Dieter and Schmidt [11] (as
below) to the Asimow’s Terminology to conform to
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current practice: Conceptual Design, Embodiment
Design, Detail Design, Planning for Manufacture,
Planning for Distribution, Planning for Use, and
Planning for Retirement of the Product.

The present paper deals with Embodiment Design,
while a preceding paper [5] at PM-10 dealt with
the Conceptual Design. As per Dieter and Schmidt
[11], the Phases of Conceptual and Embodiment
Design may be considered to be composed of
different aspects as below:

Conceptual Design [11]:

Define problem, Gather information, Concept
generation, Evaluate and Select component.

Embodiment Design [11]:

Product architecture, Configuration
Parametric design and Detail design.

design,

Here, the present paper deals with the Product
Architecture. Dieter and Schmidt [11] defined
Product Architecture as determining the
arrangement of physical elements of the design into
groupings, called modules that are also known as
subsystems or clusters.

Based on the Type of Interface, Dieter and Schmidt
[11] classihed Modular Architectures as the
following:

1. Slot-Modular (with each interface being different
type)

2. Bus-Modular (a common interface or bus to
which modules attach and detach)

3. Sectional-Modular (common and identical type
interface between modules attached permanently)

Accordingly, the proposed Architecture here may
be termed as Sectional-Modular sub type.

All the Design Phases are discussed in much further
detail by Dieter and Schmidt [11] in their seminal
compilation on Design, which would be useful for
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any Design Team from any type of Industry. One
may argue that the proposed design herein (and
its preceding Conceptual Design Proposal [5] by
the Main Author in a previous PMAI Conference)
for Continuous HIPing process is justified in the
attempt to improve productivity (and thus improve
cost effectiveness for more possible applications)
in an otherwise almost prohibitively expensive
near-net shape P/M manufacturing Batch HIPing
process, especially in emerging markets.

III. Proposed Approach to Continuous HIP
Design

A concept model for Continuous HIPing with 5
zones (pressure vessels) and 4 intermittent locks

(Fig. 1) had recently been suggested [5]. The three
alternative design configurations proposed here
share the common ideas of zones (with steady
temperature and pressure being maintained within
each zone and inevitable slight variations due to
adjoining locks), intermediary locks between the
zones (with ramping up or down of temperature
and pressure for equalization with preceding or
succeeding zones for opening of adjoining doors),
differential conveyors, sliding doors for locks and
regular subsystems found in Batch HIPing for
maintaining temperature, pressure, vacuum and
gas levels along with corresponding instruments for
measurement and control. In addition, provision is
made forstacksand automated/ robotic manipulation
in two of these specific configurations with a single
conveyor for storage of samples or components
undergoing HIPing within each zone. Conveyors
proposed are of differential nature, which are either
limited to within each zone and within each lock
or may straddle the adjoining zone and lock as per
final design and practical convenience. The robotic
manipulators/arms may be modeled after a human
functionality for maneuverability with primary arm
(body), secondary arm (upper arm), tertiary arm
(forearm), quaternary arm (palm) and knuckled
grippers (fingers with knuckles). Although these
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designs are presented as a first step, the idea behind
them may be developed further with considerations
of different operating variables, suitable materials
for Pressure Vessels, stresses involved at operative
temperatures and pressures and safe operating
variables. The exact dimensions and shapes of the
pressure vessels (zones), locks, conveyors, robotic
manipulators and stacks would depend on rigorous
analyses.
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writh 4 TP Locks and > T&F Lones

Fig. 1: Sketch of Conceptual Design of Continuous
HIPing [5]

IV. Design Configuration - 1 Cylindrical - Single

Conveyor - with Robo-Arm for Storage Stacks
A cylindrical shaped pressure vessel is easy for
fabrication with cost benefit and provides an
advantage in terms of associated stresses when

compared to more complex shapes. Each Cylinder
serves as a Zone.

Zi Zone(i=1,2,3,556,7)
a ambient conditions/zone
s soak conditions/zone

Ti,Pi Temperature and Pressure (i = a, 1, 2, 3, §, 5,
6,7,a)

Cir Conveyor Roller (i=1,2,3,5,5,6,7)and (r=A
or B)

LxyLock b/w Zone xand Zoney (x,y=2a, 1,2, 3, §,
5,6,7,a)
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Fig. 8: Right View of a Cylindrical Zone with a
Lock on either side (in forefront)
A series of cylinders (Figs. 2 to 4) interconnected
with interspersing locks can provide a means of
achieving Continuous HIPing. Fig. 5 provides an
Isometric of a single cylinder. In this configuration,
the storage is provided within each zone as stacks,
with provision for robo-arm (Figs. 6 to 8). The
heaters and insulation are arranged within each
zone and ports may be clubbed together in one
central port or separated as allowed by stress
considerations. The parts enter through one end
of the series of pressure vessels and progressively
go through increasing stages of temperature and
pressure within each zone, before reaching the
target temperature and pressure in the soak zone
at the central cylinder. Then these parts are passed
through the subsequent zones with consecutively
decreasing temperature and pressure after soaking
for required duration in the central cylinder and
by the time of ejection through the opposite (exit)
side they reach ambient temperature and pressure.
Of course the ambient temperature and pressure
(entrance side and exit side) can be higher than
room temperature and atmospheric pressure if
the material system sees no degradation for those
conditions. The stacking and part handling can be
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done by robo-arm within each zone. The robo-arm
is at the center of each zone with a feed conveyor
and relay conveyor before and after robo-arm base
situated at the center. Robo arm is further explained
in a subsequent section.

V. Design Configuration - 2 Cylindrical - Double
Conveyor - without Robo-Arm or Storage

Stacks

In the case where a robo-arm is considered not
feasible due to the severe operating conditions
or not adaptable due to the increased installation
costs or operational difficulties, it is essential to
provide more space to facilitate zone-soak by use
of double conveyors, which may be independently
operated. Figs. 9 to 11 show the series of cylinders
interconnected by locks, while Fig. 12 is that of a
single cylinder. Figs. 13 to 15 provide detailed views
of the twin parallel conveyors within each zone that
serve the dual purpose of material movement and
soak-storage. Unlike in previous configuration
with two discrete conveyors, one before and one
after robo-arm assembly within each zone, here, the
conveyors are continuous within each zone as there
is no robo-arm assembly at the center of conveyor.
However, in this configuration two such parallel
conveyors are there within each zone to provide
operational flexibility besides soak-storage space
in lieu of storage stacks with robo-arm handling
the parts in the previous configuration. For any
of the proposed configurations, the sliding doors
placed on the interconnecting locks open to enable
entry, exit or transfer of parts between zones. The
smaller size/volume of the locks (compared to the
zones) also allow easy, economical and fast ramp
up/down cycles of temperature and pressure. The
equalization of temperature and pressure within the
lock with the temperature or pressure of either the
succeeding/preceding zone just before opening of
the lock doors, allows such process to easily enable
the handling, transfer or movement of the parts
from one zone to another zone without any load
differentials on the doors either to open/close.
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a ambient conditions/zone Cir Conveyor Roller (i=1,2,3,§,5,6,7)and (r=F

so or R) (F = Front; R = Rear)
s soak conditions/zone

LxyzLockb/wZonexand Zoney (x,y=2a, 1,2, 3,5,

Ti,Pi Temperature and Pressure (i = a, 1, 2, 3, S, 5, 5,6,7.a) (z=ForR)

6,7,a)
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Fig. 11: Isometric View of Cylindrical Zones
in Series with two Locks on either side

Fig.12: Isometric View of a Cylindrical Zone with
adjoining Two Locks on sides
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Fig. 13: Top View of Single Cylindrical Zone with
Two Locks on each side

VL Design Configuration - 3 Cuboid - Single
Conveyor - with Robo-Arm for Storage Stacks

Ifa box-shaped configuration is preferred, a cuboid-
shape may substitute for the cylindrical pressure
vessels. However, as a preliminary consideration,
the cuboid shapes may not be preferable over the
cylindrical shapes due to stress concentrations at
corners. The rigorous analyses of suitable

Zi Zone(i=1,2,3,5,567)

Ti,Pi Temperature and Pressure (i = a, 1, 2, 3,5, 5,
6,7, a)

Cir Conveyor Roller (i=1,2,3,5,5,6,7)and (r= A
or B)

Lxy Lock b/w Zonex and Zone y (x,y=a, 1,2, 3,5,
5,6, 7,a)

Fig. 14: Front View of Single Cylindrical Zone
with Two Locks on each side
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Fig. 15: Right View of a Cylindrical Zone with Two
Locks on each side (in forefront)

Fig. 16: Top View of Cuboid Zones in Series with One Lock adjoining Two Zones

56

TRANSACTIONS OF PMAIL VOL. 40 (2), DECEMBER 2014



CONTINUOUS HOT ISOSTATIC PRESSING - POSSIBLE DESIGN
CONFIGURATIONS

Biading [Boor
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Fig. 20: Top View of Single Cuboid Zone with a
Lock on either side
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Fig.19: Isometric View of a Cuboid Zone with a
Lock on either side

configurations, which could form the next step in
the development of a Continuous HIPing process
can help decide which type of configuration is
suitable considering all relevant factors of design,
fabrication and material performance at the
expected operating conditions of the equipment.
As earlier discussed in the first two configurations,
Figs. 16 to 18 provide different views for a series of
cuboid pressure vessels and Figs. 19 to 22 provide
detailed views of an individual pressure vessel.

Robo-arm Assembly in this configuration is
explained further in the next section. All the three
configurations suggested so far consider 7 zones,
with 6 intermittentlocks and one entry lock and one
exitlock. The exact number of zones and locks may
also depend upon the final designer, while taking

into account the temperature and pressure limits
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of the soak zone, needed ramp-up and ramp-down
cycles and the time ranges needed for the entire HIP
cycle for different kinds of materials.

VIL. Design of Robo-arm Assembly

A suitably designed robo-arm (Figs. 23 to 25) may
be developed by taking into consideration the final
designs of zones (pressure vessels), locks, conveyors
and stacks that can be accommodated within zones.
As to the electronics/ mechanics of robo-arm, the
nuclear and under-sea exploration industries could
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Fig. 23: Side View of Robo Arm

Fig. 24: Isometric View of Robo Arm

Fig. 25: 3D-view of Gripper
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VIII. Suggestions for Further Work

Continuous HIPing complicates the process of
modeling the effects of simultaneous application of
temperature and pressure even further due to the
added feature of continuous movement of parts to
be HIPed through Zones and Locks and the need
for feedback and control loops about temperature
and pressure due to their minor fluctuations while
opening and closing of the locks to facilitate the
material movement between zones. Continuous
HIPing as a process would require dedicated
teams consisting of design engineers, materials
engineers, electronic engineers, high pressure
physicists, mathematical and physical modeling
and CFD experts (to understand the very dynamic
and simultaneous influences of temperature,
pressure, time and spatial movement) and computer
visualization experts (for precise positioning
during stacking by robo-arm and movement of
parts by differential conveyor systems). Although
developing Continuous-HIP may appear to be much
effort, the successful outcome could dramatically
further boost the appeal of HIPing as a bulk
manufacturing process for near-net shape products
of all materials and for all kinds of applications. It
has been estimated recently that 1000 HIP systems
have been installed [13] since 1970. With projected
growth of PM industry, which is presently fueled
by Automobile sector, other Sectors such as [6]
Oil and Gas production, Power Generation are
also presently significantly purchasing HIP PM
products. Hence the design and development
costs for this continuous process of HIPing can be
justified for any established HIP manufacturer.

IX. Conclusions

Essentially Continuous HIPing (or C-HIPing),
for most part, converts the temporal scale of a
Batch HIPing (with one pressure vessel) into the
spatial scale of Continuous HIPing (with a series
of pressure vessels) with consequent savings in
time and costs. As can be easily understood from
proposed configurations, this approach bestows
continuous nature to the process of HIPing while

TRANSACTIONS OF PMAL VOL. 40(2), DECEMBER 2014

reducing the time-line with potential to make the
process very cost effective for other engineering
components as well. Other benefits of Continuous
HIPing would include higher productivity and
easier adaptability for other routine engineering
components. However, this process requires much
computer-based visualization, automation for
material handling, maintenance-free compatible
design and higher installation costs. The safety
aspects would also require careful scrutiny due
to even more complex operations than in Batch
HIPing process.
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Abstract: In the present study, mechanical alloying was successfully employed to synthesis nano-crystalline Al
6061 alloy powders reinforced with 2 wt.% TiC and 2 wt.% AlLO, at nano level. The crystallite size of Al 6061
matrix powder was affected by the addition of various nano reinforcements. Using Williamson-Hall analysis,

the crystallite size and lattice strain of various aluminum composite powders were investigated with broadening

of X-ray diffraction (XRD) peaks. Lattice parameters of nanocomposite powders were estimated by using XRD.

The effect of reinforcement and milling time on nanocomposite were also studied. XRD results showed that the
crystallite size of aluminum reached 68 and 57 nm respectively, after 30 h of milling in the case of Al 6061+2 wt
9% TiC and Al 6061+2 wt .% AlLO, nanocomposite powders with uniform particle size distribution.

Keywords: Mechanical alloying; Characterization; X-ray diffraction

1. Introduction

Aluminum metal matrix composites (AMCs) are
attractive for structural, automotive and aerospace
applications due to their light weight and moderate
specific strength [1-2]. Recently, the interest to
increase aluminum strength for applications in the
aerospace and aeronautic industries has motivated
the study of aluminum matrix composites (AMCs),
which can exhibit better mechanical properties
at medium and room temperatures. Most of the
aluminum alloys possesses the density of 2698
kg/m’® which is near that of pure aluminum. The
melting point of pure aluminum is 660°C which
is relatively low melting temperature compared to
other potential matrix metals. These characteristics
facilitate on processing of Al-based MMCs by solid
state routes, such as powder metallurgy, and also
by casting methods [3]. Around 20% of aircraft
components are being manufactured by Al-based
MMCs [4]. Among all the aluminum alloys, Al
6061 posses excellent formability in addition to high
strength and good corrosion resistance[5]. Various
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solid state and liquid state processing methods have
been attempted and discussed to synthesize nano
alumina reinforced AMCs. One of the important
advantages of solid state processing methods to
produce nanocomposites is that it is possible to
introduce a high volume fraction of reinforcement
and still achieve a uniform distribution [6].

Powder Metallurgy (PM) is one of the common
and versatile processes used in the fabrication of
Aluminum metal matrix composites by mixing the
metallic matrix powder and reinforcements followed
by compaction and high temperature consolidation.
Mechanical alloying (MA) is a solid state powder
processing that allows production of homogeneous
materials starting from blended elemental powder
mixtures. The high-energy ball milling process
generally involves repeated cold-welding, fracturing
and re-welding of powder mixtures in a planetary
ball mill [7]. This is now known as mechanical
alloying or mechanical milling. The process in which
mixtures of powders are milled together is denoted
by mechanical alloying (MA); it involves material
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transfer to obtain a homogeneous alloy by repeated
deformation /welding /fracture mechanisms.
Mechanical alloying leads to uniform distribution
of the reinforcement as well as inducing a significant
reduction in crystallite size and increase in lattice
strain. The most common reinforcements for
aluminum are SiC, TiO,, TiC, B,C, AIN, Al O, and
CNTs. Addition of ceramic reinforcements such
as SiC, ALO,, TiC, B,C and ZrO, to metal matrix
improves hardness and thermal shock resistance
[8]. Al-TiC composites combine the ductility and
toughness of the aluminum matrix with the strength,
stiffness, hardness and wear resistance of the TiC
particles and are attractive candidates for structural
applications, especially in the automotive sector.
Among all ceramics, alumina has high hardness,
compressive strength, wear resistance, thermal and
chemical stability and high elastic modulus [9].
Al-AL O, composites have a high potential for very
specific applications such as aerospace and military
weaponry [6]. Thus, we used nano level TiC and
nano level alumina as reinforcements due to high
availability, low cost and over all good properties.

The main aim of this work is to investigate the effect
of the above two reinforcements and milling time on
crystallite size, lattice strain and lattice parameter in
Al 6061 matrix.

2. Experimental work
2.1.Materials

Aluminum alloy 6061 was produced by blending
the entire high pure elemental powders with
composition as per table 1. The pure aluminum
powder of average particle size of less than 45 um
as a major matrix material and other pure elemental
powders such as silicon, iron, copper, manganese,
chromium, zinc and titanium as remaining matrix
materials supplied by Alfa Aesar, USA were used.
The chemical composition and mesh size of the
pure elemental powders used in this study is shown
in Table 1.
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The reinforcements were used as follows:

% Titanium Carbide of 95% purity, <200 nm
particle size supplied from Sigma Aldrich,
China.

% The gamma phase nano size alumina of purity
99.5% with an average particle size 40-50 nm
APS powder supplied by Alfa Aesar, USA.

2.2, Synthesis of composite powder

The elemental powders required to make Al 6061
were blended in a two station (Insmart Systems,
Hyderabad, India) planetary ball mill, at 280 rpm
for 2 h. No grinding media and process control
agents were used during the blending process.
The blended powders were regarded as the 0 h
mechanically milled powders. The nano size TiC
and nano size alumina were added initially with 0 h
mechanically milled powders in the same planetary
mill The milling was performed under high pure
wet agent (Toluene) to avoid the formation of
intermetallic compounds during milling as reported
in the earlier works [10]. Highly hardened nine
steel balls of 20 mm diameter of each 33.5 g mass
(totally 301.5 g) together with 30 g mass of Al 6061,
2 wt% reinforcement powder mixture and toluene
(C.H.CH, supplied by Ranbaxy, India) were sealed
in a hardened stainless steel vial. The ball to powder
(BPR) ratio was approximately 10:1. The plate speed
of mill was set to 100 rpm and the corresponding
bowl/ vial speed was 280 rpm. The MA processing
time was 30 h: however, in order to avoid significant
temperature rise, 20 minutes of milling was
alternated with 20 minutes of cooling. The milled
powders were taken out at regular intervals of time
1, 5, 10, 20 and 30 h for crystal structural analysis.

Mame ol | Bikcn | lon | Copper | Mangarese |Magnesim | Chremeum | Zinc | THankm | Muminum |
Elomanis sl Fo Cu Mn Mg = In i a
Elemant I T
cancendalion
{gravimaric,
wl. )

# Al powelers are more than 99 % purity ued mesh size of 524

LEO | 0700 | 0.276 0.150 100 0.135 | 0250 a.450 Bl

Table I Chemical composition to make the Al 6061
alloy powder.
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2.3.Powder Characterization

X-ray diffraction analysis was carried out to
determine the crystallite size and lattice strain
of the milled powder samples on D/Max Ultima
III; XRD machine (Rigaku Corporation, Japan).
The samples were exposed continuously to Cu Ka
radiation (A=1.5406 A") at a scanning speed 2’ per
min operating at 30 mA and 40 KV. It’s scanning
range of 20"-80" in steps of 0.02. Crystallite size and
micro strain were determined using the standard
Williamson-Hall analysis [11].

ﬁ}]M.COSHﬁ“=|:ﬂ}+ 4g sin@, (1)
1

Where k is the shape factor (0.9), A is the wavelength
of X-ray (1.5406), 6, , is the Bragg angle and t is the
crystallite size normal to the reflecting planes and
g is the lattice strain. The instrumental broadening
corrected line profile breadth, B, as a full width at
half maximum (FWHM) were calculated based on
each reflection of 20. The first four Al reflections
(111),{(200),(221)and (31 1) were used to
construct a linear plot of B, cos 0, , against 4 sin
B, Crystallite size (t) was obtained from the
intercept c (i.e. c= kA/t) and the strain (g) from the
slope (i.e. m=¢).

The actual lattice parameter was determined for
each of the Al diffraction planes (111),(200),(22
0) and (3 1 1) from XRD patterns. The actual lattice
parameter was obtained from the intercept [11], by
constructing a linear plot between the calculated
lattice parameter for each Bragg’s angle and the
corresponding value of cos’0/sinf. The value of
lattice parameter depends on the level of atomic
diffusivity.

3. Results and discussion
3.1.XRD analyses

The XRD patterns of the as received powders such
as pure aluminum, pure titanium carbide and pure
alumina powders are shown in Fig. 1(a)-(c). All the
major peaks (1 1 1), (200),(220)and (31 1) of
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aluminum were identified as belonging to Al with
the FCC crystal structure and a lattice parameter of
a=0.40504 nm. All the five peaks (111), (200}, (220),
(311) and (221) of TiC were identified as belonging
to TiC with the lattice parameter a=0.4329 nm. The
XRD pattern from the 50 nm alumina particle size
powder was identified with three peaks (1 1 0), (1
11) and (2 1 1) as belonging to alumina with the
lattice parameter a= 0.3923 nm. The diffraction
peaks are broad due to small particle size.

Fig. 2 (a)-(b) shows XRD patterns of AL6061-2 wt.%
TiC and Al 6061-2 wt. % Al O, nanocomposite
powders after 0, 1, 5, 10, 20 and 30 h of MA. Fig.
2 (a)-(b) shows that the peaks of aluminum for the
(I 1 1),(2 0 0)and (2 2 0) planes identified
the Al 6061-x wt. % TiC and Al 6061-2 wt.% Al O,
nanocomposite. Peaks for Si, Mg, Fe, Cu and
Mn, which are related to Al 6061 alloy, were not
detectable due to their low volume fraction [12].
These components were expected to dissolve in the
Al lattice. Some peaks of nano level titanium carbide
were observed. However, alumina peaks could not
be identified. Itis reported that, the Al O, particles
formed during milling are very small in size about
25 nm and exhibit amorphous structure [13-14].
However, once amorphous alumina is formed, if the
strong Al-O band will suppress the atomic mobility
necessary for rearrangement of the atomic structure.
Then alumina remains amorphous and the peaks of
this phase cannot be identified in the XRD patterns
[15]. This result is in good agreement with those
reported by Tavoosi et al. [15] and Sivasankaran et
al [16]. Table.2 shows grain size and lattice strain of
powders after 5, 10, 20 and 30 h of milling.

Laltica Sirainin %
Wil Fowdar (h}

Powder Grah sz in nm
Mikad Pawdar (h)

[T B 5 0| 20 | 30 [ e LY 0 20 EL|
310 | 195 | 144 | 105 | &7 BE | 002 | 008 | 0.09 | 0.162 | 0478 | 0224

BT BOE1-2 WL 5

| nanacompesita | | | | | | | | |
AIEDS12wL™ | 245 | 210 | 167 | @1 | 83 | B7 | 006 | 000 | 040 |0dz4 | 0467 | D488
A0, | 4

nanacampasite

Table .2.Grain size and latfice strain of powders
dafter 0, 1, 5, 10, 20 and 30 h of milling.
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Fig.2. XRD patterns of (a) Al 6061-2 wt. % TiC
nanocomposite powders after 0, 1, 5, 10, 20 and 30
h of MA. (b) Al 6061-2 wt. % Al,0, nanocomposite

powders after 0, 1, 5, 10, 20 and 30 h of MA.

Fig. 3 (a)-(b) shows FWHM intensity of four
diffraction planes as a function of milling time for
Al 6061-2 wt.% TiC and Al 6061-2 wt.% Al O,. For
the above two cases, FWHM value increased with
increase in milling time. For (1 1 1) and (2 0 0)
planes TiC reinforced Al 6061 nanocomposite had
low values compared with Al O, reinforced Al 6061
nanocomposite. However, after 30 h of MA (2 20)
and (3 1 1) planes had almost same value for TiC
and Al O, reinforced Al 6061 nanocomposites. As
the milling time increased, significant reduction in
peak height and increase in width was observed as
explained by earlier researchers [7, 17-18] and this
may be described to a severe lattice distortion and
grain size refinement.
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Fig.4 (a) shows the crystallite size decreased
significantly from around 310 nm to 68 nm and
lattice strain was increased from 0.032 % to 0.224
% with increase in milling time O to 30 h. The
crystallite size began to steadily decrease up to a
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processing time of 10 h. Further processing (up to
30 h of MA) slightly decreased the crystallite size.
Conversely, the lattice strain remarkably increased
up to 10 h and continued to slightly increase
thereafter. The slight decrease in the crystallite size
and slight increase in the lattice strain indicated the
attainment of steady state milling at 30 h. From Fig.
4(b), it appears that the reduction of crystallite size
had occurred from initial stages and the refining
effect weakened when the milling time was longer
than 20 h. Further processing (up to 30 h of MA)
slightly decreased the crystallite size. The initial
crystallite size was about 250 nm and after 30 h, it
reduced to about 50 nm. However, the lattice strain
remarkably increased up to 30 h. The lattice strain
increase with milling time was due to distortion
effect caused by dislocation in the lattice [15].
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Fig.4. Variation in crystallite size and lattice
strain with milling time (a) Al 6061-2 wt. % TiC
(b) Al 6061-2 wt. % AL O,
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The lattice parameter reported for the pure FCC-Al
at room temperature was 4.0496 A [19]. The lattice
parameter reported for Al 6061 nanocrystalline was
4.0473 A for milling 40 h [10]. In this investigation,
the lattice parameter for Pure Al was 4.0504 A and
also Al 6061 nanocrystalline without reinforcement
was 4.0485 A for 30 h of MA. Lattice parameter had
decreased from 0.40485 nm to 0.40475 nm with
increase in milling time from 0 h to 30 h for the 2
wt.% nano TiC addition as shown in Fig. 5(a). From
the Figure, it is clear that the lattice parameter began
to decrease as the function of milling time from 0 h
to 30 h. The lattice parameter had decreased from
0.40492 nm to 0.40455 nm with increase in milling
time from 0 h to 30 h for the 2 wt.% nano Al O, as
shown in Fig. 5 (b). This effect was expected due
to the dissolution of other minor alloying elements
related to Al 6061 and the milling agent [16].
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Fig.5. Lattice parameter variations with milling
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4. Conclusion.

The present study examined the synthesis, structural
evolution, characterization and mechanical
behavior of Al 6061-2 wt. % TiC and Al 6061-2 wt.
% AL O, nanocomposite powders prepared by MA.

The following conclusions were obtained during
this study:

+

% The bulk nanocrystalline Al 6061 matrix
reinforced with 2 weight percentage of nano TiC
and alumina particles of nanocomposites were
successfully produced by MA.

¢+ The crystallite size of nanocomposite powders
with function of milling time were investigated
and reported. It was found that the addition of
hard ceramic particles of nano TiC and nano
Al O, influenced more on the matrix powder
crystallite size.

% Around 68 and 57 nm of matrix crystallite size
was achieved after 30h MA for Al 6061-2.0 wt. %
TiCand Al6061-2 wt. % Al,O, nanocomposites.

%+ The lattice strains induced in the powders had
increased with increasing milling time.

%+ The lattice parameter had also decreased with
increasing milling time for Al 6061-2 wt. %
TiC and Al 6061-2 wt. % Al O, nanocomposite
powders. o
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DEVELOPMENT OF IMPREGNATED AGGLOMERATE
PELLETIZATION (IAP) PROCESS
FOR FABRICATION OF (Th,U)O, MIXED OXIDE PELLETS
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Abstract: Impregnated Agglomerate Pelletization (IAP) technique has been developed at Advanced Fuel
Fabrication Facility (AFFF), BARC, Tarapur, for manufacturing (Th, **U)O, mixed oxide fuel pellets, which are
remotely fabricated in hot cell or shielded glove box facilities to reduce man-rem problem associated with *2U
daughter radionuclides. This technique is being investigated to fabricate the fuel for Indian Advanced Heavy
Water Reactor (AHWR). In the IAP process, ThO, is converted to free flowing spheroids by powder extrusion
route in an unshielded facility which are then coated with uranyl nitrate solution in a shielded facility. The dried
coated agglomerate is finally compacted and then sintered in oxidizing/reducing atmosphere to obtain high
density (Th,U)O, pellets. In this study, fabrication of (Th, 3%U)O, mixed oxide pellets was carried out by IAP
process. The main motive for developing the present IAP process was to further reduce powder-handling, man-
rem and improve the homogeneity of fuel pellets.

The pellets obtained were characterized using alpha autoradiography. The results obtained were compared with
the results for the pellets fabricated by other routes such as Coated Agglomerate Pelletization (CAP) and Powder
Oxide Pelletization (POP) route.

Keywords: IAP, CAP, (Th,U)O,MOX

1. Introduction fast enough to avoid the accumulation of dose from
the daughter nuclides of **U. The well established
conventional ‘Powder Oxide Pelletization’ route is
suitable for fabrication of high-density (Th, ***U)
O, pellets. It has, however, the disadvantage of
‘radiotoxic dust hazard’ as it involves handling of
fine fuel particles. The conventional method has
many mechanical steps such as mixing, milling,
precompaction and final compaction which require
automation at every stage of operation in shielded
glove box facility to reduce dose. But, fine powders
have poor flowability, which makes automation and
remote fabrication difficult [4].

Thorium utilization is an important aspect of Indian
three stage nuclear power program. Construction
of thorium based 300 MWe Advanced Heavy
Water Reactor (AHWR) is an important step for
this purpose. ThO, containing nearly 4% **UQ,
(composition in wt.%) is the proposed fuel for the
Advanced Heavy Water Reactor (AHWR) [1,2]. The
mixed oxide pellets are generally prepared by the
conventional powder metallurgy route. The high
gamma dose associated with daughter products
of **U and the high specific radioactivity of **U
makes fabrication of (Th,”*U)O, fuel difficult. The

daughter products of 22U (half life 68.9 y) are *?Bi
and *™TI, which emit strong gamma radiation of
1.8 MeV and 2.6 MeV, respectively [3]. Handling
of **U bearing materials therefore, requires remote
and automated operation in hot cells or shielded
glove boxes to protect the operators from radiation
[4-7]. Alternatively the process should be made
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Other methods of fuel fabrication such as (a)
Sol-Gel Microsphere  Pelletization (SGMP),
(b) Impregnation, and (c) Coated Agglomerate
Pelletization (CAP) have been proposed to
minimize the number of process steps requiring
shielding operation, which in turn reduces the man-
rem problem. The CAP route involves extrusion,
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spherodization, coating of ThO, spheroids with
desired amount of UO, powder, final compaction
and sintering. Advantages of the CAP technique to
produce (Th,U)O, fuel are [8]:

+ Minimization of number of process steps which
require shielding.

+ Reduction of powder handling procedures.
+ Reduction of man-rem to operators.

Despite these advantages, the CAP route has
certain disadvantages such as sticking of U0,
powder during coating to processing equipments
and glove boxes, non-uniform microstructure
and inhomogeneous uranium concentration in
thoria matrix [9]. A new fabrication technique
Impregnated Agglomerate Pelletization (IAP) has
been developed at Advanced Fuel Fabrication
Facility (AFFF), Bhabha Atomic Research Centre
(BARC), Tarapur for making (Th,U)O, mixed
oxide pellets. The main motive for developing the
present IAP process was further to reduce powder-
handling, man-rem and improve the homogeneity
of fuel pellets.

This paper deals with the procedure for fabrication
of Thoria based mixed oxide pellet by IAP route
using ThO, spheroids and uranyl nitrate solution
as the starting material and characterization of fuel
pellets. (Th,U)O, pellet fabricated by IAP route was
characterized by alpha autoradiography to verify
distribution of fissile element which is criteria for
the selection of manufacturing process [10]. The
results obtained from the IAP route were compared
with the properties of the pellets fabricated by CAP
and POP route. In this work, natural U was used to
simulate U,

2. IAP process

Impregnated Agglomerate Pelletization (IAP)
technique was developed at Advanced Fuel
Fabrication Facility (AFFF), Bhabha Atomic
Research Centre (BARC), which uses uranyl nitrate

solution for coating instead of UO, powder used in
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CAP route. The flow-sheet for fabrication of (Th,U)
O, pellets by IAP process is divided into the work of
shielded and unshielded facilities as shown in Fig.
1. The schematic diagram of IAP process is shown
in Fig. 2. Characteristics such as apparent density,
tap density of ThO, used in this study are given in
Table 1. As received ThO, powder was milled in
attritor at 200 rpm for 40 min using high chromium
steel ball so as to break its platelet morphology.
The milled ThO, powder was converted into free
flowing spheroids by extrusion. The extrusion route
involves mixing of milled ThO, powder with organic
binder (polyethylene glycol), lubricant (oleic acid)
and water in an appropriate proportion (1:1:8 wt.%)
with the help of planetary mixer. The ThO, paste
obtained was extruded through the perforated
rollers. ThO, extrudes so obtained were dried by
heating in an oven at 70-100°C for 1 h to achieve
sufficient handling strength for spherodization. The
dried extrudes were converted into the spheroids
with the help of spherodiser. The spheroids obtained
from spherodiser were sieved to remove the fines.
All the above operations were carried out in normal
alpha tight glove box facility, since only ThO, was
handled up to the sieving stage. _

The following operations were carried out in the
shielded facility:

(a) Spray coating of ThO, spheroids with uranyl
nitrate solution and drying of coated spheroids.

(b) Compaction of coated spheroids.

(c) Sintering in air and reducing atmosphere (N, +
7%H.,).

(d) Pellet loading and encapsulation into fuel rods.

BET surface area (ml.-"kg) 3.7Z%10°
Apparent density (kg.-"ml] 1.05x10°
Tap density (kg/m") 1.262x10°
Particle size (pm) 3.75

Total impurities (ppm) < 1000

Table 1 Characteristics of starting ThO, powders
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Un Shielded Facility

Milled ThO; Binder mixing in  Binder + Lubricant

p(:v'd&A planetary mixer + Water
Thi}; paste /

Extrusion
Drying at 70°C
Spherodization

Fresh U as
urany| nitrate

Spheroids (B00 1000 pm)

Shielded facility Spray coating with
urany! mitrate solution

Compaction

Sintering in Air/ (Na2+7%H:) atmosphere

Encapsulation

Fig.1 Flow sheet for the fabrication of (Th,”’U)O,

pellets by IAP process
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Fig.2 Schematic diagram of IAP process for
fabrication of (Th,”*U)O0, pellet.

3. Experimental
3.1 Extrusion and Spherodization

Asreceived ThO, powder is milled in attritor at 200
rpm for 40 min using high chromium steel ball so as
to break its platelet morphology. The milled ThO,
powder is converted into free flowing agglomerate
by extrusion route. The extrusion route involves
mixing of milled ThO, powder with 1% organic
binder (polyethylene glycol), 0.8 % lubricant (oleic
acid) and 8 % water in desired proportion with the
help of planetary mixer. The ThO, paste obtained
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is extruded through the perforated rollers. ThO,
extrudes so obtained are dried in an oven at 100°C
for 2 hrs to achieve sufficient handling strength for
spherodization. The dried extrudes are converted
into the agglomerate with the help of spherodiser.
Optimum organic emulsion addition eliminates the
external lubricationrequirement during compaction
and helps in attaining good strength of pellet [11].
From Table 2 it is observed that agglomerates
obtained through extrusion spherodisation route
shows higher tap density and narrower particle size
distribution.

Agglomerate Binder % Apparent density Tap density Size
Precompacts granules 2 2.54 i34 -8
Spheroids 2 270 344 = 100 pm

Table 2 Physical characteristic of Agglomerate

3.2 Preparation of uranyl nitrate solution

Uranyl nitrate was prepare\d by dissolving a required
amount of nuclear grade uranium dioxide (UQ,)
powder in concentrated HNO, solution. The uranyl
nitrate solution was evaporated and diluted with
lower molarity HNO.. The solution was analyzed
for uranium content by both gravimetry as well
as volumetric method. Gravimetric analysis was
carried out with an aliquot of solution containing
150-200 mg of uranium. The aliquot was taken
in a pre-weighted silica crucible. The sample was
heated to 200°C till dryness and then to 800°C in air
until a constant weight was obtained. The weight
of the sample so obtained was taken as the weight
of stoichiometric U,O,. Alternatively, uranium was
also analyzed volumetrlca]ly in which an aliquot of
the solution containing approximately 200 mg of
uranium was first reduced from U (VI) to U (IV) by
an excess of Fe (II) in concentrated H,PO, medium.
The selective oxidation of excess Fe (II} was carried
out by HNO, in presence of Mo (VI) as a catalyst
followed by titration of U (IV) with standard
K,Cr,O, solution after dilution with 1 M H SO .

3.3 Coating of ThO, spheroids

Spray coating was also tried. Coating of uranyl
nitrate solution on ThO, spheroids was carried out
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in tablet coating pan with baffle rotating at 50 rpm.
The spray nozzle which atomizes the uranyl nitrate
solution in fine droplet with the help of compressed
air was attached with the coating pan. The hot air
dryer was also attached with the coating pan for
drying the coated spheroids. The calculated amount
of uranyl nitrate solution was spray coated on ThO,
spheroids rotating in coating pan to achieve the
desired composition. The amount of uranyl nitrate
solution coated on ThO, spheroids was determined
from weight gain of spheroids after coating.

3.4 Pelletization of coated ThO, spheroids and
sintering

The coated spheroids containing 3 to 5 % UO, which
had been prepared by IAP process using_ ThO,
spheroids (1 mm size) and uranyl nitrate solution (2_
M) were cold compacted into (Th,U)O, mixed oxide
green pellets. The compaction pressu}e was varied
from 250 to 300 MPa. The green density of the
compacts was in the range 62-65% of the theoretical
density. The green pellet was nominally 11.2 mm
in diameter and 10 mm in length. The sintering
of ThO,-4%UO, pellets made by IAP route was
carried out in air at 1400°C for 4 h. Pre-calcination
treatment before sintering was not carried out for the
pellets which were made in oxidizing atmosphere.
However, the pellets which were made in reducing
atmosphere were pre-calcined in air at 500°C for 2
h so as to convert uranyl nitrate to uranium oxide
form ie. UO, or U,O,. Afterwards, the pellets were
sintered in reducing atmosphere at 1650°C for 4 h.
The pellets sintered in air at 1400°C for 4 h had a
nominal diameter of 9.6 mm and length 9 mm.

4. Results and discussion

(Th,U)O2 mixed oxide pellets were characterized by
the following measurements:

« Geometrical density
« Thermogravimetry (O/M)
« Alpha-autoradiography
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4.1 Density

The green and sintered density was measured
geometrically. The density of the pellets sintered
in oxidizing atmosphere (air) at 1400°C for 4 h was
compared to that of the pellets sintered in reducing
atmosphere (N,+7%H,) at 1650°C for 4 h (Table 3).

From the above results it was clear that high density
(Th,U)0, pellet can be fabricated using IAP process.
It was possible to make high density (Th,U)O, pellet
by IAP process without addition of any conventional
dopants such as Nb,O,, CaO and MgO. The density
of (Th,3%U)O, pellets sintered in air at nearly
1400°C was 94.6 % TD.

In reducing atmosphere, however, a higher sintering
temperature of 1650°C was needed to have the
same composition, and the density was only
approximately 90% TD (Table 3).

4.2 O/M ratio

O/M ratio of the sintered pellet was measured
thermogravimetrically. The O/M ratio of pellet
sintered in air was slightly higher than that of
pellet sintered in reducing atmosphere due to the
interstitial oxygen introduced into the fluorite
lattice during sintering in air.

Composition Density (*TD) O/M ratio
Oxidizing Reducing Oxidizing Reducing
(Th, 3%L10; 94.6 90.9 201 2.00
(Th, 3.75% U0, 93.1 9] .4 201 2.00

Table 3 Density and O/M ratio of (Th,U)O, pellets
sintered in oxidizing and reducing atmosphere

4.3 a-autoradiography

Macroscopic homogeneity ie. the distribution
of fissile element-rich particles was evaluated by
means of alpha-autoradiography. The CR-39 film
was initially immersed in hot water for 1h and then
pre-etched in 6 M KOH solution at 343 K for 4 h.
The mounted specimen was ground and polished to
get a uniform and flat surface layer. The pre-treated
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alpha sensitive film was then put over the prepared
specimen and fixed with the help of adhesive plastic
tape. The inverted specimen was put over a smooth
flat surface and a load was applied to have a close
contact between the mount surface and the alpha
film. After exposure for sufficient time, the film
was removed and etched in 6 M KOH solution at
343 K for 1.5 h. Alpha-autoradiograph of the pellets
fabricated by IAP route was compared with those of
the pellets fabricated by CAP and POP route.

‘When the size of fissile element-rich particle islarge,
the temperature of the region around the particle
rapidly increases under the condition of transient
operation of reactor due to increase in localized
fission reaction, which may lead to local melting in
the worst case. The presence of fissile rich zone in
the pellet affects the fuel performance as they act as
hot spots generating high temperature. It enhances
fission gas release resulting in increase of fuel pin
internal pressure [12-13]. Seo it is necessary that
the size of agglomerate should be as low as possible
and its distribution through the matrix should be
uniform.

Fig.3 shows a-autoradiograph of (Th,3.75%U)O,
pelletfabricatedbyIAP route. Alpha-autoradiograph
of IAP pellet sintered in air at 1400 °C showed
uniform distribution of uranium in thorium
matrix. It did not show any fissile rich or deficient
area. On the other hand, the a-autoradiograph
of (Th,3.75%U)0, pellet fabricated by CAP route
showed non-uniform distribution of uranium in
thorium matrix. The solid arrow in Fig.4 indicates
fissile rich area in the pellet, while the dotted
arrow indicates fissile deficient area. Fig.5 shows
a-autoradiograph of (Th,4%U)O, pellet fabricated
by POP route sintered in reducing atmosphere at
1650°C, which indicates the uniform distribution of
uranium in thorium matrix. The homogeneity of the
pellet fabricated by CAP route was slightly inferior
as compared to that fabricated by POP route. From
Figs.3 and 5 it is seen that the homogeneity of the
IAP pellet sintered in air at 1400°C was comparable
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to that of the pellet fabricated by POP route sintered
in reducing (N,+7% H,) atmosphere at 1650°C.

From the above discussion it becomes clear that the
homogeneity of the pellet fabricated by IAP route
is better than that of the pellet fabricated by CAP
route and comparable to that of the pellet fabricated
through POP route.

e g N
Fig.3 a-autoradiograph of (Th,3.75%U)0 , pellet
fabricated by IAP route sintered in air at 1400°C
ford h

—_
m

Fig.4 a-autoradiograph of (Th,3.75%U)O0, pellet
fabricated by CAP route sintered in air at 1400°C
fordh

Fig.5 a-autoradiograph of (Th,4%U)O, pellet
fabricated by POP route sintered in N -7%H, at
1650°C for 4 h.
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5. Advantages of IAP process

Advantages of IAP over CAP technique to produce
(Th,U)O, mixed oxide fuel:

1. Reduction of powder handling procedures.

2. In the IAP process, highly radioactive **UQ,
powder, which tends to stick to processing
equipments and may cause man-rem problem
to operators, is not used. Moreover, the steps to
use **U are decreased in the fabrication route.

3. The process can be coupled with the reprocessing
plant. The use of purified uranyl nitrate fed
trom ion exchange columns for coating of ThO,
spheroids may simplify the fuel reprocessing
operations. This will eliminate precipitation or
washing operations which were required to be
carried out in shielded area and thus reduce the
amount of radioactive waste produced.

Advantages of IAP over POP technique to produce
(Th,U)O, mixed oxide fuel:

1. Reduction of powder handling procedures.
2. Reduction of man-rem to operators.

3. Reduction of the number of steps which requires
shielding.

6. Conclusions

In this study it was demonstrated that high density
ThO,-UO, pellets can be fabricated by IAP route
using ThO, spheroids and uranyl nitrate solution.
The sintered pellet was characterized in terms of
uranium distribution and grain size. The following
conclusions have been drawn:

1. Homogeneity of pellet fabricated by IAP route
was better than that by CAP route as the latter
showed non-uniform distribution of uranium
in thorium matrix.

2. Homogeneity of the pellet fabricated by IAP
route sintered in air at 1400°C was as good as
the pellet fabricated via the POP route which
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had been sintered in reducing (N,-7%H,)
atmosphere at 1650°C.

The high sintered density, uniform microstructure,
optimum grain size, good homogeneity, coupled
with reduction of powder handling and man-
rem indicate that the Impregnated Agglomerate
Pelletization (IAP) method has emerged as a
suitable alternative to the conventional powder
oxide pelletization (POP) route for the fabrication
of (Th,U)O, mixed oxide fuel.
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Abstract: Titanium Matrix Composites (TMCs) should have adequate corrosion resistance in air and acid
environment apart from having good mechanical properties. The matrix microstructure, shape and vol.% of
the reinforcement and interface play an important role in controlling these properties. Ti-(TiB+ TiC) composites
were prepared by sintering of titanium and B, C (different sizes and vol.%) compacts. Corrosion behavior
of unreinforced titanium and composites were investigated by Potentiodynamic test and Electrochemical
Impedance Spectroscopy (EIS) in a simulated marine environment consisting of 3.5% NaCl solution. The study
revealed that the composites exhibit marginally lower corrosion resistant than unreinforced titanium. In case of
composites, corrosion resistance is found to be decreasing with decreasing B,C particle size and increasing vol.%
of the TiB-TiC reinforcement. This aspect is further established from impedance graphs. Preferential corrosion
attack, possibly due to galvanic effect at the interface between second phase and the matrix is demonstrated
through SEM studies.

Keywords : Titanium Matrix Composites, B 4C particle, corrosion, Potentiodynamic test, Electrochemical
Impedance Spectroscopy.

1. Introduction The present work aims at determining the corrosion
Ti-(TiB+TiC)  composites

fabricated through pressureless sintering process

Technology is taking great strides in areas of aero chiatacleristics:  of

space, chemical, marine, thermal managing systems,
electronic packaging system and recreational goods
etc, thereby creating the necessary impetus for
development of tailor made materials. Among
the tailor made titanium  matrix
composites (TMCs) are leading in the forefront

using varying volume fractions and particle sizes of
B,C powders as initial reinforcements in de-aerated
3.5% NaCl solution at room temperature which
simulates the marine environment. PDS & EIS tests
were carried out. The study aims to understand
the degradation mechanism of Ti-(TiB+TiC)
composites, which causes loss of their properties
under marine environmental conditions. The effect

materials

due to their inherent attractive characteristics like
high temperature properties, wear resistance and
oxidation resistance [1]. Some areas of use for
titanium based composites in non aerospace areas
are valve spring retainers and valves, automotive
springs, steam turbine blades etc. [2-5]. Just as
important as the mechanical properties of TMCs
is their corrosion resistance. TMCs are multi
component systems which introduce additional

of initial B,C particle size and volume fraction of
TiB-TiC reinforcement on corrosion resistance of
TMCs are also examined.

2.0 Experimental Study
2.1 Materials

variables to the kinetics of corrosion during
electrochemical activity.
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The raw materials chosen for the preparation of
the composites in the present work are powders
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of commercially pure (CP grade) titanium
(Ti) as matrix material, boron carbide (B,C) as
reinforcement.  Titanium powder [d,, =13pm]
was obtained from M/s Yasoda Special Metals Pvt
Ltd, Hyderabad and was produced by Hydride-
Dehydride route. The chemical composition of CP
grade titanium powder is given in the Table 1. Three
difterent sizes of boron carbide powders (500%#,
800# and 1200#) were procured from M/s Electro

Abrasives, USA.

Element | Fe Mg | Ni | Cr | Si I [
Weight (%) | 0451 | 0087 | 0063 | 0107 | <0.005 10192
Element L5 0] . N T H T Ti T
Weight (%) | 0038 115 | 008 | 00260 | =9794 |

Table 1 : Chemical analysis of the titanium
powder

2.2 Synthesis of Composites

Ti-B,C system was used to fabricate a composite
having TiB and TiC as final reinforcements in the
titanium matrix. The powder metallurgy process
involving pressureless sintering was adopted for
in-situ production of reinforcements. The in-situ
reaction is

5Ti+BC >4 TiB+TiC (1)

Initially excess titanium over and above the
stiochiometric Ti content based on eq. (1) was
taken so as to have metallic titanium matrix in
which the in-situ formed TiB-TiC reinforcements
are distributed. The initial contents of titanium and
B,C powders were so adjusted to have 10 to 30 vol.%
reinforcement (TiB+TiC) in the final composites in
the increments of 10 vol.%. The initial B,C powders
having mesh sizes of 500# [d_, =16um], 800# [d_ =
8um] and 1200# [d, , =3um] were used in synthesis
of composites and d,, values of these powders
are referred to as initial powder particle sizes for
convenience. The powders of titanium and boron
carbide in predetermined quantities were weighed
using an electronic balance with an accuracy of
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0.01 gm. The weighed powders were placed in a
cylindrical plastic container and subjected to mixing
for 24 hours using a roller mill rotating at 30 rpm.
The blended powders were cold compacted into
25mm dia. x 20mm thick compacts at a pressure of
60 MPa for 30-45 seconds. The green compacts so
obtained were subjected to pressureless sintering
under 2x10~ mbar vacuum at a temperature of 1723
K (1450°C) for a period of 1 hr. Sintering resulted
in fully densified integral compacts which are free
from cracks and warpage. Shrinkage of 16-18%
has been observed in the dimensions of the cold
compact as a result of sintering. For simplicity
various samples fabricated
using alphabets and prefixes as shown in Table 2.
Unreinforced CP titanium was designated as
These designations were used throughout the text

were numbered

for brevity and simplicity.

Designation Vol.% of Particle size of Vol.% of
{TiB+TiC) B,C Ti matrix
) _reinforcement
il — 100
By 30 # 500 (16 pm) 70
B 20 # 500 (16 pm) 80
By 10 # 500 (16 um) 90
Cio 30 # 800 (8 pm) 70
Cas 20 # 800 (& pm) 80
Cio 10 # 800 (8 pm) 90
Dyg 30 #1200 (3 pm) 70
Dy 20 # 1200 (3 pm) 80
D 10 #1200 (3 jim) 20

Table 2 : Designation of different composites
under study based on initial B,C particle size and
final reinforcement vol. %

2.3 Specimen Preparation

Disc specimens of 14 mm diameter and 3 mm
thickness cut from the composites were mounted
in epoxy and polished using various grits of 200,
400 and 600 followed by cleaning with distilled
water and then with acetone. These specimens were
exposed to the corrosive environment in such away
that the exposed surface area of the specimen was 1
cm’. Potentiodynamic polarization measurements
and electrochemical tests were carried out for
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corrosion studies. The corrosion test cell had the
classic configuration of three electrodes a Platinum
electrode as counter electrode, a saturated calomel
electrode as reference electrode and the coated
metallic sample composite sample as working
electrode shown in Fig. 1. For this all samples were
immersed for 1 hour in 3.5% NaCl solution purged
with N, gas. Polarization data and impedance
data were collected using a computer controlled
Solartron Electrochemical interface (Model SI
1286) and Impedance analyzer (Model SI 1260).
Potentiodynamic scans were performed by applying
potentials from -1v to +2.5v open circuit potential
(OCP) with a scan rate of 1 mV/s. Corrware
and Corrwiew software are used for performing
experiment and analyzing the data respectively.

Usanlloscope Cell

Fig. 1: Schematic diagram of electrochemical
testing equipment

The electrochemical impedance scan was carried
out using an AC signal of 10 mV amplitude applied
over a bandwidth from 100 kHz to 0.01 Hz. at OCP
through Z plot software. The data obtained is given
in the form of Bode plots. The impedance data is
fitted with suitable equivalent circuit models using
Zview2 software and the results were analyzed. All
the tests were carried out three times to check the
reproducibility. After the corrosion test the samples
were examined by SEM to study the nature of
corrosion attack.
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3. Results & Discussion:

The influence of initial B C particle size and
reinforcementvolume (TiB + TiC) intitanium matrix
composites on corrosion behavior were investigated
by potentio dynamic polarization method and
electrochemical impedance spectroscopy (EIS).

Figs. 2, 3 and 4 illustrates the potentiodynamic
polarization plots for B, C and D composites
with varying volume fraction of reinforcement in
comparison with bulk titanium. One common
feature among Figs. 2 to 4 is that, the transpassive
region decreased and the corresponding current
density increased to higher values at a constant
potential with increasing
of reinforcement compared to CP titanium.
Upon analyzing the polarization test results,
the parameters such as corrosion current and
polarization resistance can be obtained and the
same can be utilized for quantification of corrosion
magnitude. The outcome of such an exercise is
presented in Fig. 5.

volume fraction

fa b e’y

Fig. 3: Polarization curves for C composites
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Fig. 4: Polarization curves for D composifes

The variation of corrosion current I . a measure
of corrosion rate, as a function of vol. fraction
of reinforcement is shown in Fig. 5. Although
I, increased marginally up to 20 volume%
of reinforcement, subsequently I _ increased
significantly at 30 vol.%. Amongst the composites,
F composite clearly depicts highest corrosion
current. The effect can be depicted more clearly
in Fig. 6 wherein, the corrosion rate (mm/year)
is plotted against the particle size. It is clear from
Fig. 6 that 30 volume% reinforced titanium exhibits
highest corrosion rate as illustrated above. Thus, it
is clear that the presence of reinforcement decreased
the overall corrosion resistance of titanium.
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Fig. 5: Corrosion rate vs. volume% of
reinforcements of the B, C and D composites
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Fig. 6 : Corrosion rate vs. particle size

Covino & Alman. [6]
titanium matrix composites and revealed that the

studied corrosion of

sintered titanium (d,, 44 pum) showed an active
passive behavior and no trans passive region in
their potentiodynamic polarization studies in
acidic medium and varying temperatures[6].
The polarization curves for Ti + TiC and Ti +
TiB, composites showed increased currents for
higher particulate concentrations and at higher
temperatures. Secondary passivation peaks were
observed in the Ti + TiC composites which was
not shown in the Ti + TiB, composites due to the
presence of TiC phase in the former composite.

The more insight can be brought in by means of
micrographic analysis of samples after the corrosion
tests. Towards this purpose, the corroded samples
were subjected to SEM examination after removing
them from the solution, cleaning in distilled water
and drying under hot air. Fig. 7 illustrates the SEM
micrograph of unreinforced titanium. A cear
grain boundary attack is visible. It might be due
to the fact that grain boundaries are high energy
sites and can easily be attacked under the corrosive
environment. The presence of Fe in CP grade
titanium as an impurity (Table 1) also contributes
to corrosion process by galvanic effect. However,
titanium always has natural oxide film over its
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surface which protects it from corrosive attack.
Therefore, the presence of higher passive region
as seen in Fig. 2 is thus understandable. On the
other hand when reinforced titanium composite is
subjected to corrosion, the presence of secondary
phases contributes to corrosion activity by
providing easy sites for attack by the way of galvanic
effect as these phases are more noble in nature as
compared to CP titanium. If this is true, then the
corrosive attack should take place at the interface
between reinforcement and the Ti matrix. To get
more insight into this aspect, the titanium matrix
composites were also subjected to SEM analysis.
Fig. 8 illustrates the SEM micrograph of B
composite after the corrosion test. The presence
of corrosion activity at the reinforcement and
titanium matrix is clearly evident. Thus, the higher
the volume% of reinforcement, the less would
be the area fraction of passive film over titanium.
Therefore, such relatively lower passivation drives
the material towards corrosion attack. The less is the
size of particles the more is the surface area under
attack. Therefore with the increase in volume%, the
passive region decreased to lower potential with
concurrent increase in current density as illustrated
in Figs.2 to4. Thus, the increased corrosion rate can
be quite understandable.

Fig. 7 : SEM image of titanium afier corrosion
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Fig. 8 : SEM image of B, composite after corrosion

Although above analysis provides a clear evidence
of corrosion mechanism in titanium matrix
composites, it did not provide the mechanistic
approach to corrosion. For that purpose,
electrochemical impedance analysis was carried out
on the same samples just before polarization tests in
3.5% NaCl. The electrochemical impedance spectra
obtained after perturbation of 10 mV are presented
in the form of Bode plots. Fig. 9 (a) - (b), Figure
10 (a)-(b) and Fig. 11 (a)-(b) represents bode plots
for B, C and D composites respectively. The charge
transfer resistance obtained after fitting RC circuit is
depicted in Fig. 12.
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The perusal of Figs. 9 to 12 suggests the
following :

(a) CP Ti clearly depicts single time constant (1 RC
combination) and highest impedance.

(b) Two time constants (2 RC combinations)
were observed in Ti reinforced composites.
The second time constant becomes distinctly
noticeable with the increase in volume% of
second phase.

(c) The magnitude of impedance decreased with
increase in volume% of reinforcement.

The presence of single time constant in titanium
is due to the presence of highly passive film on
Therefore titanium exhibits highest
If the
mechanism of corrosion process as examined
and proposed based on the polarization and
corresponding post corrosion SEM examination of
titanium matrix composites is true, the presence of
active interface between the matrix and second phase

its surface.
impedance among all the composites.

should reflect as a second time constant during the
impedance analysis. In line with this explanation,
the appearance of second time constant with the
increase in volume% of reinforcement is due to the
interface between titanium and reinforcement. Due
to presence of reinforcement the passive film over
titanium is not continuous thereby indicating lower
impedance (Fig. 10). Therefore, the higher the
volume?% of reinforcement, the higher the interfacial
attack between matrix and second phase and the
lower would be the corresponding impedance.

4. Conclusions:

The PDS method revealed the increase in corrosion
current density and the start of passivation easily
with increase in volume% of second phase for all
composites. Increasing volume% of second phase

increases the propensity to corrosion by providing
easy sites (active) for localization. The interface
between second phase and the matrix is attacked
preferentially, may be due to galvanic effect. From
impedance graphs it can be concluded that the
pure titanium shows passive (capacitive) behavior.
Increasing volume% of second phase clearly
delineates two time constants thereby providing
direct evidence of interfacial attack. The second
pronounced with
increasing volume% of second phase.

time constant becomes more
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Abstract: Lead zirconate titanate ceramics with exceptional dielectric and piezoelectric properties are causing
lead pollution and environmental problems because of high toxicity of lead oxide and its volatility during
heat treatment. Currently the research trend is towards the development of lead-free piezoelectric ceramics
with reasonable piezoelectric properties. In the present paper lead-free piezoelectric ceramics BNKT,
Bi, (Na, K, )1-xSrxTiO (where x=0, 0.02, 0.04, 0.06 ) are prepared by conventional solid state route. XRD
studies are carried out to confirm the perovskite crystal structure. Calcination studies are carried out to optimize
the properties. The powders are pressed into disc shape of 10 mm diameter and 1.0 mm thickness. The green
bodies are sintered around 1200°C to improve the density. The relative densities of all the samples are determined
by Archimedes method. The effect of Sr doping on piezoelectric properties like piezoelectric charge coefficient
(d33), and coupling coefficient (Kp) are discussed. Dielectric properties are studied by varying the strontium (Sr)
doping. Partial doping of Sr on BNKT ceramic improved the piezoelectric and dielectric properties substantially.
The electric measurements reveal that the ceramic with x=0.04 & 0.06 has better piezoelectric and dielectric
properties. The obtained properties are piezoelectric charge coefficient (d33), 140 pC/N, dielectric constant
(e), 850 and dielectric loss (tan &), 0.045. The developed BNKT ceramics are highly used in sensing, energy
converting and energy generating applications.

Keywords: BNKT; Dielectric; Piezoelectric; XRD.

Introduction metal and its toxicity is well known. Some of
the symptoms of lead poisoning are headaches,
constipation, nausea, anemia and reduced fertility
etc. Continuous uncontrolled exposure could cause
more serious symptoms such as nerve, brain and
kidney damage. The toxicity of lead oxide and
its high vapor pressure during sintering process
not only causes environmental pollution but also
generates instability in composition and electrical
properties. Even if the production is well managed
environmentally the whole life cycle of the material
needs to be considered including the end-of- life
stage where PZT containing waste might end up in
corrosive conditions. This must be taken seriously
especially in case of large volume consumer
application [3]. Hence extensive research is being
carried out to develop lead free piezoceramics.

Lead free piezoceramics are namely of three types
tungsten bronze type, bismuth layered structure
and perovskite type ferroelectrics. Except
perovskite these structure have small piezoelectric
properties [1]. The perovskite type ceramics seem
to be suitable for actuator and sensor applications.
On the other hand bismuth layered structured
ferroelectric ceramics seem to be a good material
for ceramics filter and resonator application
[2].  Perovskite structured Bi Na TiO, [BNT]
ceramics as reported by Jaffe are considered as
one of the promising candidates which have
properties comparable to PZT that dominates the
market of piezoceramics. PZT materials generally
contain more than 60 wt % lead. Lead is a heavy
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BNT has large remnant polarization, P, (38uC/
cm’), high Curie temperature, T (320°C), low
piezoelectric charge coefficient d, (58pC/N) and
high coercive field E (7.3 kV/mm) compared to
PZT ceramics [5, 6]. To improve the ferroelectric
and piezoelectric properties lots of other perovskite
ferroelectrics have been added into BNT to form
new BNT based solid solutions such as BNT-BaTiO ,
BNT-Bi, K, TiO,  BNT-BaTiO,-Bi Li TiO,,
BNT-Ba(Ti,Zr)O,, (Bi,Na )Til-x(Zn, Nb,)xO,,
BNT-BT-La Na TiO, etc. Among these BNT-
BT and BNT-BKT are studied intensively because
of simple processing route and high piezoelectric
properties [4-10]. BNT-BKT forms a complex
perovskite structure with a mixed A site occupation
of (bismuth, Sodium and potassium) and titanium
as single ion in B site. BNT and BKT forms solid
solutions of various crystal symmetries, depending
on the ratio of BNT to BKT. Higher amounts of
BNT forms rhombohedral phase while BKT rich
compositions are tetragonal. The morphotropic
phase boundary is located between ratio 15 to 20%
of BKT where optimized piezoelectric parameters
are obtained [11-13]. Doping of BNKT ceramics
with La, Li, Pr, Ce, Co, Ta etc. has been studied by
few researchers [1, 5 and 14] to obtain improved
dielectric and piezoelectric properties. In the
current paper, the work is dedicated towards the
study of dielectric and piezoelectric properties of Sr
doped BNKT ceramics.

Experimental

The conventional solid state ceramic fabrication
technique was used to prepare BNKT based
ceramics. BiQOJ, TiOz, NaECOJ, KQCO] and SrCO1
were the raw materials (> 99% purity) used for
preparing stoichiometric = composition, Bi0.5
(Na, K )], Sr TiO, (where x=0, 0.02, 0.04, 0.06).
Raw materials were mixed in a ball mill using
zirconia media for 24 h in ethanol. After mixing
the suspension was poured into metallic dishes and
ethanol was evaporated by keeping it in hot air oven
for 6 h at 120°C. The dried mixture was calcined
at 1020°C for 2.5 h and again mixed in ball mill
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for better homogeneity. Discs of 10 mm diameter
and 1.2 mm thickness were compacted by using
hydraulic press. XRD analysis of the powder was
carried out to confirm the phase formation (D8,
Bruker). These pellets were sintered at temperature
in the range of 1175- 1225°C. The densities of the
sintered pellets were measured by using Archimedes
method. The pellets were electroded with silver paste
and subsequently poled by applying high DC field
of 4.5 kV/mm at 60°C. Dielectric properties of the
pellets were measured using dielectric spectrometer
(Novacontrol, Germany). Piezoelectric properties
were measured using d,, meter (Berlincourt, UK).

Results and Discussion

XRD patterns of BNKT and Sr doped ceramics are
shown in Fig 1. It is observed that the ceramics
possess a pure perovskite phase and there is no other
secondary impurity phase is present. It also reveals
that Sr has diffused into BNKT lattice to form a new
solid solution. A slight broadening of peaks are
observed in Sr doped BNKT ceramics which may
be due to decrease in grain size.

The variation of density with increase in Sr content is
shown in Fig. 2. It is observed that density increases
with Sr content in BNKT ceramics. The increase in
density can be explained by defect chemistry and
vacancies. Increase in Sr content leads to increase in
oxygen vacancies and better diffusion of Sr doping,
which results in denser ceramics. But continuous
increase in Sr (> 3%) content results in saturation
of density.

; B T
7| .
; f
i
) " g )
Fig. 1 XRD pattern of BNKT and Sr. Doped BNKT
ceramics
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The variation of dielectric constant with Sr content
measured at frequency of 1 kHz is shown in fig.
3. It is observed that dielectric constant increases
with increase in Sr content. The result indicates that
Sr?' ions replace similar sized A site cations such as
K', Na' and/ or Bi*' ions rather than smaller B site
cations (Ti'). The ionic size of Sr*', Bi*', Na', K" and
Ti** are 12.7 nm, 13.6 nm, 13.9 nm, 16.4 nm and
6.4 nm respectively [14]. The increase in dielectric
constant with Sr is due to the (i) increase in density,
(ii) broader XRD peaks (iii) decrease in grain size
and (iv) long range interaction of dipoles. The finer
grain size leads to higher dipole-dipole interaction,
polarization and domain wall motion.
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Fig. 3 Variation of dielectric constant with Sr
content
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Fig. 4 Variation of dielectric loss with Sr content

The wvariation of dielectric loss with Sr content
measured at frequency of 1 kHz is shown in fig.
4. Tt is observed that dielectric loss increases with
increase in Sr content. It is common with the partial
addition of dopant increases the conductivity (high
concentration of charge carriers) of the material
which in turn increases the dielectric loss. It is
possibly due to the addition of Sr the conduction
current and the conduction of absorption current
increase resulting in increase in dielectric loss [15].
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Fig. 5 Variation of piezoelectric charge coefficient
with Sr content
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Fig. 5 shows the variation of piezoelectric charge
coefficient with Sr content. The piezoelectric charge
coefficient increases with increase in Sr content.
Increase in piezoelectric charge coefficient is due to
theincrease in the density of ceramics. Increasein Sr
content, increases the probability of spontaneously
aligned dipoles in one of the equilibrium position
which gives rise to piezoelectric response of the
materials. The modification of BNKT with Sr
causes more disordering in the system, which causes
increased the piezoelectric charge coefficient.

Conclusions:

In this paper, Sr doping on Bi, (Na K )]
St TiO, (where x=0, 0.02, 0.04, 0.06 ) ceramics
were studied as superior candidates for lead free
piezoelectric materials to reduce environmental
damage. Lead-free BNKT ceramics were prepared
successfully using solid state route. The effects of
variation of Sr substitution on structural, dielectric
and piezoelectric properties were investigated. XRD
revealed broader peak for Sr doped BNKT samples.
The dielectric and piezoelectric properties of BNKT
ceramics had increased with Sr doping. This
material was considered to be one of the essential
candidates for sensing and actuating applications.
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IT SOLUTIONS TO WAREHOUSE DESIGN APPROACH
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Abstract: Increased and spiraling demand for a more variety and higher volumes of the products with the ever
present constraint of available space are pushing the need of optimum warehouse (re)design and its cost effective
operations. IT solutions may significantly increase the efficiency and effectiveness of warehouse design process
and operation through decreased labor efforts, chances for error and time needed for order picking. The paper
presents the use of IT Tools in design of Warehouse and its inherent functions of inventory maintenance and order
picking. Optimization of most aspects of warehouse is done by developing a computerized generic warehouse
layout design that can be adapted by any industry and also tweaked for specific requirements. The ultimate goal
of such optimization is to balance long term capital costs such as land and infrastructure for the Warehouse and
short term functional costs such as material handling and labor consistent with projected growth.

Keywords: Warehouse design, Redesign, Information Technology (IT), PM Industry, Order Picking.

1. Introduction

Warehousing is essentially a comprehensive storage
and logistics solution for efficiently attaining the
organizational objectives of different kinds of
entities, be they from core industry, service industry,
online stores, call-to-order services, front lines
of defense corps, not-for-profit organizations or
emergency response agencies [1]. Warehouses must
be flexible structures to provide quality, efficiency
and effectiveness of the logistics operations in a
very demanding, competitive and uncertain market
[2]. The main aspects of a warehouse could include
material handling system, warehouse operators,
manual labor, maneuvering space, racks and
stocks to store. An efficient and robust warehouse
must balance among the costs associated with all
these factors to keep operating costs down, while
improving the customer service and satisfaction.
The need to redesign may arise from increased
volume or variety or both of products leading to
a slower material movement with extra handling
and heavier costs [3], an outcome which small
companies cannot bear.
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Use of Computer Software/ Information Technology
(IT) may exponentially decrease design team’s
efforts. With the improvements in IT, it becomes
possible to develop tools to handle warehouse and
inventory issues more efficiently [4]. This may add
costs to operation administration, but this cost is
comparatively justified with higher profits. IT is
one of the most important factors enabling eftective
supply-chain management [5], while guaranteeing
enhanced organizational performance [6]. Several
researchers have found evidence that IT is associated
not only with improvement in productivity and
economic growth [7]. The recent advances in IT
provide many challenges and opportunities for
getting inventory management right [8].

The wider use of computation and simulation [sic]
(in PM Industry) has resulted in reducing the cost
and processing time, while providing improved
quality [9]. Computerized systems automate
continual inventory monitoring functions, which
become economical and efficient to implement
[8]. This paper presents how Computer Software/
IT may be used in warehouse design, inventory

87



IT SOLUTIONS TO WAREHOUSE DESIGN APPROACH
FOR ITS COST EFFECTIVE OPERATIONS

maintenance, material tracking and material
delivery. A computerized generic design of a
warehouse is presented which may be tweaked for
specific requirements of a particular warehouse.

2. Research Background
2.1. Warehouse Design

The design of a warehouse is a highly complex
problem, which includes a large number of
interrelated decisions [10,11]. Singh and Kumar
proposed [1] an integrated and lean approach to
warehouse design by optimization of Material
Handling, Space and Labor requirements with
decreased company operating cost and better
customer service and with a balance among the
capital, functional and maintenance costs. In USA,
the capital and operating costs of warehouses is
about 22% of logistics costs [12] and around 25% in
Europe [13]. As observed in the USA [14], the value
of wholesale trade inventories is approximately half
a trillion dollars [15] and inventory maintaining
costs (interest, taxes, depreciation, insurance,
obsolescence and warehousing) in 2004 have been
estimated at 332 billion dollars [16]. North America,
Europe and Japan are amongst the major PM parts
users in automotives with the usage exceeding over
70% of the total market [17].

2.2.1IT in Warehouse Design and Operations

Govindraj et al., summarized [18] computer-based
tutors from the works of others [19-23] in use for the
past 30 years and under improvement with advances
in computing, instructional systems design, artificial
intelligence and the cognitive science. Rapid
development of computing hardware and solvers for
optimization, simulation, and general mathematical
problems, one might reasonably expect a more
robust design-centric research literature [14].
Hung and Fisk presented [24] economic sizing of
warehouse with the help of Linear Programming.
Perlmann and Bailey developed [25] Computer-
Aided Design software allowing a warehouse
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design team to quickly generate a set of conceptual
design alternatives. Rushton et al. presented [26]
Computer Simulation to test the impact of different
volume throughputs and identify the consequences
on the rest of the Supply Chain, while Rowley
presented [27] evaluation and assessing expected
performance. Roodbergen and De Koster developed
[28] an algorithm for a warehouse with three cross
aisles, one in the front, one in the back, and one in
the middle. Ito et al. proposed [29] an intelligent
agent based system to model warehouse. Use of
computer tools such as OL09 and specific modeling
language IDEF0 in warehouse designing has been
discussed by Kostrzewski [30]. Baker and Canassa
summarized [31] the tools used in each warehouse
design step. According to De Koster et al. [32]
random storage policy will only work in a computer-
controlled environment. More automation may
reduce labor cost, but increase the investment cost
[33]. Use of IT and computer software may ease
warehouse operations in conjunction with complete
automation and retrieval system, but due to high
associated costs, integration of IT and Automation
is not recommended for small scale facilities.

2.3.PM Industry Growth Potential

PM industry has its roots in 1900s since the
production of tungsten filament for lamp industry
and the growth potential of PM in 21st century is
enormous [9] and the industry worldwide should
develop global technology, statistics and standards
for global technology exchange. Utilization of PM
parts in automotive has increased steadily in the
past decade [17].

3. Functions of Warehouse

Bartholdi and Hackman presented [34] four main
reasons why warehouses are useful. Primary
functions include [18] receiving, storage, order
picking and consolidation, packing, and shipping
and in some cases other functions such as value-
added operations. They may also serve to
accumulation and sorting [35], customization [36],
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asamixing point [37], to recover products, materials,
and product carriers from customers to redistribute
to other customers, recyclers and OEMs [38] and
to transport to workstations, seal out of season
products [39]. A warehouse does this by being an
interface between demand and supply of the raw
material, products, components, accessories, by-
products, tools, consumables and donations in kind
[1]. Fig. 1 shows streamlining of operations and
their dependence on warehouse especially in the
context of Automobile and P/M industry [1]. The
Functional Structure of Warehouse [40] is shown in
Fig. 2.

Fig. 2 Functional Structure of Warehouse [40]
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4. IT Solutions in Approaches to Warehouse
Design

Design often requires a mixture of analytical
skills and creativity [10]. Computer Software/IT
Solutions have proved to be catalysts in accelerating
the speed and delivery efficiency of researchers
and designers resulting in increased accuracy and
reliability of various functions.

4.1.Data Gathering and Analysis

4.1.1. Data Gathering: Hatton referred to use of
software by some design companies to extract
data from company computer systems [41].
Computerized information systems provide large
historical datasets to use in the design process
[42]. The kinds of data required for warehouse
design had been discussed recently [1]. Data can
be gathered from software such as SAP, ERP, MRP
and past production history and requirements etc.
The data may also be gathered by online surveys
and questionnaires filled by warehouse stakeholders
(warehouse manager, operators or supply personnel
and production personnel) or even sourced from

operation statistics.

4.1.2. Analysis: Design starts with the analysis of
information provided via different databases: an
item master, an inventory master, vendor shipment
history and order master [43]. It may contain
analysis of Part Grouping to define a Design
Principle, exceptions to Design Principle and
defining Trade-off Principle with optimum Labor &

Material Flow and Space Utilization.

A. Design Principle/ Grouping: Design of a
warehouse is a complex problem due to the large
number of interrelated decisions sometimes with
conflicting objectives [35]. Each part can be given
a number according to its priority and frequency of
use such as nnnn.hp for high priority, nnnn.hf for
high frequency and correspondingly nnnn.mp and
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nnnn.mf for medium and nnnn.lp and nnnnlf for
low. Here, n should be an integer for easy computer
sorting. This will allow segregating all the parts
with high accuracy and reliability within seconds.
According to Singh and Kumar [1] Design Principle
can be based on any of three criteria, i) relational
grouping, ii) alpha-numerical order of part name /
number and iii) priority and frequency of use. As
per them a typical Grouping sequence for a PM
Industry may be a) expensive parts, b) explosive
or highly reactive powders and gases, ¢) contact
frequency and complementary parts, d) heavier
parts, e) stackable parts or non-stackable parts and
f) alphabetical order or their part number.

B. Trade-off Principle: Microsoft Excel appears
to be constrained in sorting only upon one basis.
Software can be developed that can sort based on
more than one criterion with a given sequence
priority to each base to tradeoftf among them.

a. Priority of Item vs. Frequency of Use: Different
scenarios may be studied by computer simulation
of parts and cost associated with the priority and
frequency use. Software may be developed which
can count costs associated with each and every part
per unit of storage time and the loss due to delay
at times with different possible scenarios. Priority
may be based on the inherent value of the part,
availability in the market, geographical distance of
the supplier, complexity or hassles in procurement,
unforeseen volatile situations that could make a
part a priority item, emergency-related/ safety-
maintenance equipment among other possibilities.
While trading-off it becomes easier to take decisions
based on cost (qualitative analysis rather than
quantitative analysis, although quantitative may be
more rigorous in its analysis).
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Fig. 3 Priority vs. Frequency Metric [1]

Parts associated with higher monetary value may
be kept near manufacturing/ assembly facility. Fig.
3 illustrates the design decision strategy for five
different such options or combinations.

4.1.3. Material and Labor Flow Analysis: Material
along with its associated overhead accounts for
approximately 55% of product costs [44]. Harit
and Taylor introduced simulation as 45] a feasible,
inclusive, and cost-effective means of evaluating
alternative solution approaches and equipment
components and presented framework for the
design and analysis of large scale material handling
systems. As proposed recently Eq. 1 illustrates the
close interdependent relationship among labor
costs, travel time and travel distance [1].

labor costs a travel time a travel distance --(Eq. 1)

This will lead to a holistic warehouse design with
integration of optimized space, reduction of labor
and material handling, more efficient operators and
fork lift drivers, increased accessibility and thus
reduced operating heads with optimized investment
to maintain adequate reserve.
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Fig. 5 Generic Warehouse Layout [1]

‘While looking at material and labor flow for multiple
activities such as receiving, sorting, indexing,
stacking, issuing, picking, packing and shipping,
Time-Cost optimization should be considered. Fig.
4 shows a typical material and labor flow analysis for
a manual operated or semi-automated warehouse,
whereas Fig. 5 visualizes a generic warehouse layout
design especially for PM Industry. Siemens PLM
Software provides for material flow simulation
which can further optimize material flow [46].

4.1.4. Computation and Iterations: Errors and
limitations associated with tedious computations
and consequent decision making by design team
may be eliminated by the use of computational and
statistical software. From the data gathered
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where, Qmax, quantity to be stored,
Q,, maximum quantity per box/carton and

N, is number of boxes to be stored

Rounding off the value of N * will yield N,.

The designer may use spreadsheets, such as MS
Excel to speed-up arithmetic calculations, improve
reliability and accuracy and reduce drudgery.
Suggested templates for the calculation of required
number of boxes are provided in Table 1 and Table
2, which are extensions of proposals made earlier

[1].

AP B PRI o Yooy gl wors e i
Table 1: Template for Calculation of Required No.
of Boxes for Storage in Warehouse (in Design)
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Table 2: Template for Final Placement of any Part
for Storage

4.1.5. Draft, Design and Visualization: 2-D
design software such as AutoCAD can be used for
graphical representation. By using AutoCAD, the
designer may draft the top view of each sub-rack
and front view of each rack to provide inputs about
utilization of space and volume respectively for use
by warehouse designer and operators. Even a 3-D
model is even more desirable for real time depiction
of space availability, volume utilization and actual
positioning or picking of parts.

4.2. Tterative Simulation of Design Alternatives:

With the help of looped algorithms the optimum
operation of proposed design can be examined
before implementation for best possible accessibility.
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Createsoft developed Simcad Pro Simulation
Software for warehouses with the capabilities to
simulate slotting, picking, receiving, congestion
analysis, capacity planning, facility layout & design
and ERP/WMS connectivity with optimization of
schedule, staffing, congestion, slotting, picking,
receiving and overall warehouse efficiency.

5. IT Solutions to Real-time Warechouse

Operations

A WMS (Ware House Management System) is a set
of software that directs almost all activities in the
warehouse, including receiving, put away, location
of storage areas, order picking, electronic data
interchange with trading partners, and inventory
tracking [8]. Software algorithms taking care of
order grouping and release, storage slot allocation,
pick location allocation, planning shipments,
sequencing pick instructions, and routing order
pickers are used to realize the desired performance
[47]. It is proposed that degree of automation
possible is limited by the capital cost and access to
financing sources.

5.1.Three Dimensional Visualization

For mapping and 3D visualization of warehouse
layout and storage protocols, a wallkthrough virtual
warehouse may be developed for each final design
with size, shape and location of each storage rack
and its sub-racks, volume, size and shape of each
carton/bin or even of non-packageable parts. With
such functional software, it would be possible to
track in real time, the occupancy and available
options. Many ware houses use locator systems,
which is computer software that directs where any
given part or product should be stored [8]. Fig. 6
is such a proposed 3-d configuration with a logical
indexing scheme for easy location of parts and can
be based on the 2-D layout provided in Fig. 5. The
proposed scheme for indexing in Fig. 6 and Fig. 4
has 3 subscripts, with the 1st subscript referring
to x-coordinate (no. of row, from plant entrance
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Fig. 6 Proposed 3-D Configuration and Indexing

side to plant side), 2nd subscript to y-coordinate
(no. of column, from right to left) and the 3rd to
z-coordinate (no. of sub-rack, from floor to ceiling).

5.2.Inventory Records

With the help of SAP, ERP, MRP the inventory
record management could be very easily handled.
Inventory management software permits the
warehouse to have real-time information on the
inventory status of all items in the warehouse [8].

5.3. Order Picking

Bar code system allows the order picker to simply
run use a wand across the cases to be selected,
which then confirms whether the correct item
was selected in the proper quantity and may be
associated by Radio Frequency (RF) system [8].
Computer tools may also be used to determine
shortest order picking route [32,48]. Goetschalckx,
and Ratliff presented [49] an algorithm which can
be implemented in real time on a microcomputer
to determine the optimal number and location of
stops and to specify the items to be picked at each
stop. Automated and robotized picking is only used
in special cases (e.g. valuable, small and delicate
items) due to its high capital investment [32]. RF
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technology may further be extended using GPS
systems to direct the order pickers to the right rack
even, especially in Warehouses that are very huge as
in the case of Online stores such as Amazon.

6. Conclusions

Warehouse design is a complex process due to the
different constraints and variables. There may not
be one best design solution in the strictest sense, but
a clutch of optimal solutions, which can be arrived
at much more easily using IT and computing power.
The optimal warehousing approach and indexing
schemes should allow even unskilled and semi-
skilled operators to be able to easily go about their
routine work without any errors being committed
while storing or order picking. Simple 3-D
visualization schemes may be developed along the
lines suggested by each individual manufacturing
unit and its associated warehouse based on their
specific needs and demands and avoiding any
recourse to expensive branded software solutions
in this non-productive leg of the manufacturing
process.
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