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Materials research at the Defence Metallurgical
Research Laboratory

P. Rama Rao

Introduction

Defence Metallurgrcal Research Labora-
tory (DMRL), Hyderabad, 1s a major
matertals research establishment under
the Defence Research and Deveclopment
Organization. The genesis of the labora-
tory lies in the formation of the
Technical Development Establishment
{Metallurgical) at Ichapur near Calcutta
four decades ago tn 1950. DMRL, as 1t
18 known today, may be said to have
come intoe being in 1963 (15 October
1963) as a result of the bifurcation that
separated R&D from defence inspection
in recognition of the need 1o set up a
wholly dedicated research laboratory
for materials development. The mandate
of the Iaboratory consists of three
aspects: {i) R&D for generation of new
materials and technologies for defence
hardware; (i) R&D on futurstic
materials, products and processes so as
to provide the country with advanced
technology options; (iti) metallurgical
investigation coverage to the Serwvices
(Army, Navy and Awr Force). This
mandate, as well as the evolutionary
aspect of the scientific elements of the
materials discipline, underlics the ethos
of DMRL R&D work, which may be
described as grafting new alloy techno-
logy on growing metal science.

In regard to fulfilling the mandate 1n
specific terms, DMRL’s accomplish-
ments have included critical product
supply {e.g. tungsten carbide ammuni-
tion components, light alloy castings for
aerospace agencies, magnets for rocket
launchers, oxygen-free igh-conductivity
copper for pressue gauges, to name a
few), technology transfer (such as for the
manulacture of aircraft brake pads,
clutch discs for heavy military vehicles,
tungsten alloy-based antitank ammunt-
tion, stee! core antitank ammunition,
steel and composite armours, to name
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the major ones), and a large number of
metallurgical investigations of various
types for selective indigenization of
defence hardware (e g. torpedo suspension
bands, . transmission shaft for the
armoured personnel carrier, brazed heat
sinks for mounting electronic compo-
nets) as well as for the understanding
and prevention of the failure of compo.

-nents {e.g. MIG 23 zeroengine blade

farlure, rocket motor casing failure}.

Reactive metal extraction represents a
gap area in the indigenous metallurgical
R&D scenarto. DMRL has focused
upon this field and has set up demon-
stration plants for extraction of titanium
and magnesium. Based on this work the
Government of India has in principle
taken a decision to set up a 1000 ton
titanium sponge processing plant in
India. Extraction facilities for making
neodymium and lithium are also in an
advanced stage of being established.

Recogmzing the itnportance of mater-
1als processing for component develop-
ment, DMRL has set up a range of
l[acilities which are complementary to-
those existing elsewhere within  the
country. Faalities for isothermal forging,
superplastic forming, electroslag casting,
tnert pas atomization, cold and hot
1sostatic pressing, laser processing, light
alloy castings, directional sohdification
and single-crystal component castings
may be cited in this context. Thus,
development of the complex techno-
logies for special product processing
(hke the directionally solidified and
single-crystal aeroengine turbine blades,
powder processed integral blade-disc
misstle component and the (tanium
alloy air bottles) has been a thrust area
in DMRL. Emphasis currently is laid
on analysis of the scientific issues
underiying these processes for optimzing
process controls and achieving higher
quality products. Computer simuiation
and modelling is a part of the new
approach employed to optimize process
and component manulacture,

it is noteworthy that DMRL has over
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the years successfully contnbuted to the
creation of new institutions to serve
specific areas of high technology for
defence as well as civilian applications.
Four such major 1nstitutions have come
int@ existence through the initiative of
DMRL during the last 15 years. These
are {1} the Mishra Dhatu Nigam Limited,
Hyderabad, for manufacture of special
steels, superalloys, titanium alloys and
refractory metals meeting stringent
quahlity speafications; (i) the Heavy
Alloy Penetrator Project located at
Tiruchirapalll for manufacture of tung-
sten alloy-based antitank ammunition—
the first Ordnance Factory to come up
on the basis of thdigenous design and
techaology; (111} Non-Ferrous Materials
Technology Development Centre (NFT-
DC) which 15 an untque venture suppor-
ted by four public sector undertakings,
namely Hindustan Copper Limited,
Hindustan Zin¢ Limited, National
Alummmum Company Limited and
Bharat Alummium Company Limited
with DMRL acting as the nodal agency.
The primary objective of the Centre,
which has brought about cooperative
R&D between the industry and a
defence laboratory, Is to promote
speciality nonferrous materials develop-
ment for industrial and commercial
exploitation, (tv) Indo-Sovict Advanced
Research Centre for Powder Metallurgy
for which sanction has just been accorded

by the Government. This will be located
at Hyderabad and devoted to promote
product development based on powder
processing 1n collaboration with the
Savicl Union under the umbrella of the
Integrated 1 ong-Term Programme of
Cooperation in Science and Technology
hetween India and USSR, NPMRY and
Byelorussian Powder Metatlurgy Asso-
ciittton will aet iy the nodal inplement-
i instriuQons. The Department of
Sctence and Technology, Government
of Inda, wil be the supporung aodal
Government Departiment,

DMRL Y rescarch  programmes  are
amed at gamning a scientfic undenstand-
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g of the miatenals developmient from
the stage of sclecing themr chemical
compostiton, their processing, ¢haracteri-
zation 4nd conversion to components,
Some recent rosults which are an
outcome of the on-going projects are
presented in the following sections

Current research activities in advan-
ced materials

Intermetallics

Tuamum alimdes.  The intermetalhe
Ti,Al possesses high-temperature pro-
perties substantially superior to those of
the conventional utantum alloys but 1s
extremely brnttle. The last decade has
seen the development of Ti,Al-based
alloys with acceptable room temperature
plasticity and these alloys are now on
the thresheld of commercial exploita-
tton by the acrospace mmdustry. The
design of such alloys s essentially based
on the prninciple of stabilizing the high-
temperature ductile bee phase of tita-
nium (f) through alloying. Niobium has
found favour as the preferred f stabilhizer
since it also results in beneficial changes
in the nature of slip.

At DMRL, the cntical 1ssue of room
temperature  plasticity i Ti;Al-Nb
alloys has been investigated through a
sertes of experiments designed to under-
stand the role of microstructure (the
shape, size, distribution and volume
fraction of the constituent phases of
these alloys) and the intninsic effect of
Nb in solid solution. The analyses
include the charactenization of the
falure mlauon and propagation mecha-
nisms as influenced by the eflfect of
structure on the micromechanmisms of
plastic flow. Such an analysis reveals! =?
that ductility 15 achieved primanly by
delaying the onset of cleavage crack
nucleation in Ti,Al by relaxation of the
stress  concentration at Ti; Al gran
boundarntes by the ductile § phase
(Figure 1). At veolume fractions above
20% the f-phase will retard crack
extension as well,

Work at DMRL has also explored
the effect of Nb on phase equiibrna and
transformations along the (Ti,Nb, _ ), Al
sectton of the ternary system Advanced
techmques of analyucal electron micro-
SCOpY, such das convergent-beam electron
diffraction and channelling-enhanced
microanalysis have been utihzed to
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Figure 1. A schematic description of stress
intensification at Ti; Al grain boundaries due
to anwsotropy and inhomogencity of shp in
this phase The stress concentration can be
relicved by a second phase which deforms in
a more 1solropIc manner.

TIaAl -
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Figure 2. Phasespaces it the (T, Nb, _ ) Al
seclion

show that Ti,Al ennched with Nb
possesses an orthorhombic rather than
the hexagonal symmetry® and that the
f-phase orders to a B2 structure (Figure
2). The site occupation of various
atomc species n these ordered struc-
tures has also been determined®®, The
phase spaces which arise as a conse-
quence have been identified” and an
exploration of the thermodynamic factors
which underhe these phase equilibria is
in progress®,

Mechanisms of ¢reep in two phase
Ti,Al-Nb allovs In the temperature
regime of nterest have been determined®.
Figure 3 shows the tranution from
diffustonal creep to dislocation creep
with increasing stress at 650 C and also
indicates the strong effect of the mor-
phology of the Ti,Al shape on creep
resistance The improved creep strength
of these muluicomponent intermetallic
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Figure 3. Stress-strain rate plot of a T, Al
base alloy as a function of microstructure, A
transition from diffusional creep (stress expo-
nent or slope equal 1o 1) to dislocation creep
{stress exponent or slope equal to $ s
observed The aspect ratio ol the T Al
gramns strongly mfluences creep strength

L0
OMAL -Togp L AL LDY

1ib
N[O )18

170 |
“ﬁ\‘“ TR B

To ALLDY

Ilu ha-

160
: L I

W0 700 300 500 S60 800 705 900
TEMPERATURE i°{}

YIELD STRESS /DENSITY(MPa/gmem ')

Figure 4. The speafic yield stress ol a
DMRL-Ti,Al base alloy compared with a Ni
base superalloy (INCO 718) and the most
advanced high-temperature titamum alloy
(IMI 834) currently available commercially

alloys compared to disordered hep
titantum is primarily due to a reduction,
by about two orders of magnitude, of
the frequency factor in both lattice and
grain boundary diffusion as a result of
ordering,

Figure 4 illustrates the specific strength
as a function of temperature of a typical
Ti,Al base composition developed at
DMRL'" in comparison with a nickel-
base superalloy INCO 718 and a
modern commerical high-temperature
titanium alloy, IM1 834 The retention
of strength in the Ti Al alloy to a
temperature as high as 700 C 1s note-
worlhy

Nickel alununides. It is well established
that the flow stress of ordered nickel
aluminide and its alloys exhibits an
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Figure 5. The true strain—temperature plot
for Wi;Al mdicating the bounded region
(shaded] exhibiting anomalous flow behaviour.

anomalous increase with increasing
temperature! !, Recent work at DMRL
has shown that the anomaly in the flow
stress-temperature behaviour disappears
beyond about 2% strain in the case of
directionally solidified nickel alumi-
nides'?. This result, in conjunction with
the Iiterature data, indicates a closed
region 1n the temperature—true strain
space, as itlustrated 1n Figure 5, only
within which ithe yield and flow beha-
viour of Ni Al is anomalous,

Nickel alloys

Nickel-base superalloys are extensively
used as a structural matenal in atrcraft
gas turbine engines because of thetr
exceplional creep resistance at elevated
temperatures. Some of the most critical
components like the gas turbine blades
and discs are currently made from
advanced nickel-base superalloys. If we
consider the blade profile, 1t is seen that
these superalloys have to be shaped 1o
complex forms and with different section
sizes. DMRL is engaged in research
concerned with the problem of creep
embrittlement that nickel-base super-
alloys suffer in oxygen (amr) environ-
ment, if the oxide scale is etther absent
or does not form with sullicient
rapidity!3~ 15, Under such conditions,
the creep embrittlement becomes parti-
cularty impartant n investment cast
components having thin section stze, To
study (his  effect, creep  lests were
conducted on an Inconel X-750 mickel-
base alloy using three dilferent geo-
mictries —sohd, Nal and tubular. It was
pbserved that ume-to-fracture was pro-

gressively shortened as the spécimen
thickness was reduced'® (Figure 6.q)
The creep behaviour exhibited by the
alloy i the three specimen geometries
was compared on the basis of similar
section size. It emerged that the times-to-
rupture of tubular specimens were
considerably longer than those of the
flat and the solid specimens (Figure 6,a)
while the minimu:n creep rate at all the
applied stresses was found to be nearly
unaffected by the specimen geometry. It
was further noted that the equivalence
of creep life data with different geo-
metries can be obtained if the compari-
ston 18 made at a constant value of the
rat1io of the cross-sectional area to the
perimeter (Eigure 6,b),
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Figure 6, a. Time-to-rupture as a function
of section size for nickel base superalloy
specimens Of diferent geometnes.
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Figure 6, & Time-to-rupture as a function
of rato of cross-sectional area o the
perimeter for nickel-base superailoy spece
mens of dulegnt grometoics,
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Ultra-light alloys

Magnesium-lithium alloys which have a
very low density (~1.36gcm™ %) are
now f{inding Increasing usage in the
aerospace mdustry since they offer up to
25% weight savings over the conven-
tional magnestum alloys. Melting and
casting procedure for the highly reactive
Mg-Li alloy has been optimized at
DMRL?’. These alioys are being
currently used mainly for non-structural
applications, since their full-scale co-
mmercial development has been impeded
by their poor creep resistance. Recent
work at DMRL!® has shown that the
creep resistance of a Mg-Li-Al alloy
can be substantially improved by minor
additions of zircontum (Figure 7).

Aluminium-lithium alloys

High specific stiffness and strength
compared to the conventional alumi-
ntum alloys has spurred the develop-
ment of Al-Li alloys worldwide for
aerospace applications. DMRL, in line
with the above trend, has taken on a
major programme for the developrnent
of Al-Li alloys. Substantial work has
been carried out to optimize the micro-
structure through appropriate choice of
melting, casting, processing and heat
treatment schedules!”-2°,

Al-Li alloys exhibit considerable
degree of anisotropy mn mechanical pro-
perties due to a strong texture and an
aligned grain structure. A recent study
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Figure 7, The c¢ffect of zitconum addiion
on the room temperature cicep bvhaviour of
Mg Ly alloys
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Figure 8. The strength differential effect in Al-Li alloys under monotome and cyclc loading conditions.

conducted at DMRL on a quaternary
Al-Li alloy Alcan 8090 in T&ES5I
condition to determine the anisotropy
in mechanical properties has revealed
the existence of a ‘strength differential
(SDY, which is seen to be directional??,
The results from low cycle fatigue and
tensile tests are presented i Figure 8.
The Al-Li alloy in the longitudinal
direction exhibits a lower compressive
flow stress compared to the tensile flow
stress (Bauschinger effect} at low strains.
The stretch given to Al-Li alloys during
processing to enhance the precipitation
of S phase is responsible for this beha-
viour. However, the SD efiect, characten-
zed by a compressive flow stress higher
than the tensile flow stress, prevails at
all strain levels in the L+45° and LT
(L +90°% directions {see Figure 8) and at
higher strains in the L orientation.

Metal matrix composites

As a part of the detailed research
programme at DMRL to evaluate the
influence of materials as well as process-
related vanables on the mechanical
behaviour of aluminium matrix com-
posites, the specific influence of the type
of reinforcement on the mechanical
behaviour of both aluminium and 2124
alloy matnx has been investigated. Four
different remforcements {20% volume
fraction), namely TiC, B,C and TiB,,
were added, to the aluminium or
2124 ailloy matrix. It s clear from
Figure 9 that TiC is the most effective
among the four reinforcements in both
alummium and Al 2124 alloy matrx.
Continuing work at DMRL?? on Al-
TiC composite has resulted in the
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finding that a substantial improvement
in strength levels {up to 67% increase in
UTS) and hardness (up to 80%) can be
achieved by subjecting this composite Lo
a special thermal treatment. The 1ncrease
in strength is mainly due to the stgnifi-
cant refinement of the microstructure as
illustrated in Figure 10,

Al-S1C composites show dissimilar
creep behaviour when tested in teasion
and compression®® (Figure 11). In ten-
ston, because of the early onset of the
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tertiary stage, the minimum creep rate
does not correspond to the true steady-
state creep rate above a transition
stress. From the measurement of change
in density per umit strain to fracture, it
appears that such a transition is
associated with the relative contribu-
tion of cavitation and necking to the
fracture process; below the transition
stress, cavitation seems to be dominant
whereas necking is observed above the
transition stress?’.
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Figure 9. The effect of particulate remforcement on the mechanical behaviour of

alumimum composties.
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Figure 10. Optical micrographs of Al-20 vol.% TiC composite. (&), as hot-rolled (b},
subjected to special thermal treatment.
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Figure 11. Crecp behaviour of Al-SiC composite under tension and compression.
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High energy magnels

A major research programme to develop
Nd-Fe-B magnetic materials has been
launched at DMRL in view of the fact
that India has large resources of rare
earths. A primary requirement for ob-
taining high coercivity in Nd-Fe-B
alloys s a fine gram structure of the
ferromagnetic phase surrounded by a
non-magnetic Nd-nch phase at grain
boundarnes. Such a ‘composite’ structure
prevents domain wall displacement and
rotation and postpones nucleation of
reverse domains leading to high coerci-
vity. Figure 12 illustrates the typical
microstructure of the Nd-Fe-B alloy
developed at DMRL. It shows grains of
ferromagnetic Nd,Fe, B phase (dark
regions) almost insulated from each
other by Nd-rich bright arcas as
required for high coercivity. Values for
the energy product in excess of 30 MgOe
have been consistently achieved.

Machinable glass-ceramics

In a mica-based glass-ceramic, machina-
bility with conventional metal working
tools ts achieved when flourmica is the
crystalline phase, Micas are sheet-
structured silicates that are strong and
cleavable. Interlocking microstructure of
randomly ortented fine-sized crystallites
confer machinability as these crystals
deviate a crack and arrest microscopic
fractures. A glass ceramic of K, O-Si0~
MgO-Al,O,—F composition was pro-
cessed at DMRL through me!t as well
as gelation route. A hot-pressed gel
powder was found comparable to
commercial macor.

The advantages of gelation route rest
in (1) high homogeneity, (i1) fine particle
size, and the glass phase at temperatures
lower compared to the melting point of
oxides {1450°C).

In calcia—yttriza—alumina-silica system
a glassy silicate is obtained at 250°C.
On {further heat treatment, Ca, Y (510,),
crystals form above 900°C. These needle-
shaped crystallites interlock (Figure 13)
and give rise to good machinability n
the glass-ceramic.,

Plasma spray coutings

The major activity in plasma-sprayed
coatings at DMRL is the development
of thermal barrier coatings (TBC) on Ni-
base superalloys for their use 1n aviation
gas turbine engine parts, such as the
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Figure 12. Microstructure of Nd—Fe-B magnetic alloy.
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combustion chamber and the after-
burner. Eflorts are also underway to
develop msulative ceramic coatings to
protect the turbine components, such as
blades and vanes, at high temperatures.

As an integral part of the above
programme and to evaluate the import-
ance of the vaponzation of the particle
and the resultant particle s1ize reduction
during the plasma spraying process,
modclling of the plasma—particle interac-
uon has been carried out?%-23,

The reduction in the size of the
particle due t0 vaporization, as predicted
by the model, has been venfied experi-
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mentally. This was done by plasma
spraying the particles of a narrow size
range in water and measuring the
reduction in the average size of these
sprayed particles. The experimental
results corroborate the predictions of
the model, as shown in Figure 14.b.

Current research activities in ad-
vanced processing technologies

Metal-mould reactions in tuanmum

castings

Casting technology is expected to pro-
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Figure 14, b. Particle size distnbution of
yttna stabihzed zircoma powder (a) belore,
(b) after it was plasma sprayed in water.

vide a viable and ¢conomical route for
producing near-net-shaped titanium
components. However, special and expen-
sive mould matertals are required to
alleviate/munimize the reacuvity of
titanmiom. In this regard a detalzd study
was recently attempied at DMRL to
evolve a methodology for qualitative
and quantitative evaluation of nter-
facial reactivity of titanium with mould
materials during casting. Microhardness
profiles and analysis of oxygen conta-
mination provided an index for evalua-
tion of the reactivity of titanium?¢~ 2%,
Microhardness profiles (Figure 15)
dehneated two distinct regions, one of
which is characterized by a low value of
hardness which s mvanant wath distance.
The reaction products are untformly
distributed in this region. The second
region ts characterized by a sharp
decrease in microhardness with distance
from the metal-mould interface. Thts
region represents a diffusion zone for
sofutes that dissolve into titanmium from
the mould. The composition-depth pro-
files (Figure 16) determined by scannming
clectron probe microanalyser in the as-
cast titammum were found to be similar
to those of the microhardness profiles
(Figure 15). implymg that microhard-

CURRENT SCIENCE, VOL. 60, NO. 5, 10 MARCH 1991
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Figure 15. Microhardness as a function of
distance from surface for titanium cast in

sodium silicate-bonded zircon mould contamn-
ing 7.5% ZrQ, and fired at 1473 K.

ness can be considered as an index of
the contamination resulting from the
metal-mould reaction. This approach of
evaluating reactivity was extended to
determine the thermal stability of oxide
face coats®® agawnst liquid titanmium for
the investment casting process. The
refative stability of evaluated oxides, in
the order of increasing stability, followed
the sequence: CeQO,, 2Zr0O,, Gd,0,,
didymium oxide, Sm,0,, Nd,0, and
Y,0,. The grading did not follow the
free energy data of the formation of
these oxides. A better correlation with
experimental observations was cobtained
when the solubility of the metallic
species In titanium was also taken into
consideration?’,
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Undercooled structures by rapid
pressurization

In the rapid cooling techinmiques the melt
IS made to cool so rapidly that
nucleation does not occur until the melt
attains a high degree of undercooling. It
was postulated that undercooling could
result by rapidly shifting the equilibrium
melting point to higher temperatures.
According to Clausius—Clapeyron equa-
tion, equilibrium transformation tem-
perature of any exothermic reaction
increases with pressure if it is accom-
pained by volume reduction. Solidifica-
tion of majority of metals 1s one such
example. In such materials rapid press-
urization should produce significant
undercoohing.

This novel idea of rapid pressuriza-
tion has been demonstrated on the Pb-
Sn system??. Sn-30 wt% Pb alloy discs
were initially pressurized to 0.5-1.0 GPa
in an opposed anvil device with tun-
gsten carbide anvils and heated to 10—
20°C above the estimated melting point.
Then the specimen was step loaded to
the final pressure. The samples were
then cooled before relaxing the
pressure. Undercooling of the order of
017 ,where T is the liquidus tempera-
ture, were obtained and resulted in
microstructures comparable to splat
cooled samples, as tflustrated in Figure
17. A ment of this technique is that it
makes bulk undercooling possible.

Processing of high T, superconductors

The full potential of high-temperature
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Figure 16. a, Compoution depth profile showing diffusion of Zr and 31 in the as-cast

tutanium at the metal (tanum) mould (ZrQ,) interface.

{ilanum concenlralion.

b, Corresponding vanation in
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Figure 17. The similanty of the surface
microstructures of the tin-lead alloys obtai-
ned using the conventional splat cooling
(a), and rapid pressunzation (b) techniques.

superconductors ltke YBa,Cu,0O, can
be realized only if the problems related
to their fabricability leading to low-
current densities can be solved. The low
current denstty 1s mainly due to the Jack
of an aligned microstructure and the
presence of non-superconducting phases
at grain boundaries or microcracks.
Recent pubhished work suggests that the
above problems can be overcome in the
case of the YBa,Cu,0, superconductor
(T.=92K} by the use of the ‘melt
growth process®. This process leads to an
oriented microstructure and also elimi-
nates the occurrence of non-super-
conducting phases at the grain boun-
dariecs. DMRL has adopted the melt
growth process to the fabrication of
YBa,Cu,0, material. hgure 138,a
shows the aligned microstructure of
YBa,Cu, (), obtained by the melt growth
process while Figure 18,b, a microgeaph
obtained using polarized hght, reveals
the enistence of parallel twm boundarnes
cotting across several grans.

Processing of nichel-baxe superalloys

The nichel-base superalioys are prone to
segrepation resulitng in ithomogencous

]
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rigure 18. Allhgned microstructure of YBa,Cu,0, superconductor using the melt growth

process.

precipitation of carbides, if they are
made by the conventional casting route.
Consequently much effort has gone into
processing these alloys through the
powder route Prealloyed powders are
usually sintered at high pressures and
elevated temperatures in a hot isostatic
press (HIP) and then subsequently
forged. All aspects of the processing of
nickel-base superalloys by the powder
route have been reviewed recently!.

At DMRL, the mnfluence of HIP
parameters on the microstructure and
mechanical properties of a nickel-base
superalloy (APK1) has been characteri-
zed>?, These studies indicate that poorer
mechanical properties are obtained if
carbide networks are present along the
prior particle boundaries (PPBs). A wo-
siep HIP procedure resulted 1in a fine

302

grained, PPB-decoration-free micro-
structure and mnproved mechanical pro-
perties?®Z.

The PPB precipitation in superalloys
made by the powder route can also be
mmimized by the optimization of com-
position and heat treatment schedules
In this regard, work at DMRL has
indicated that a high boron (008 wt%)
containing PM superalloy has signifi-
cantly lower PPB precipitate networks,
and as a result exlibits a higher creep
rupture Itfe** (Figure 19). In a related
study?®, the effect of heat treatment
schedules on the mechanical properties
of a PM low-cobalt nickel-base super-
alloy was investigated. It was observed
that the heat treatment which resulied
in a bimodal distmbution of gamma
prime and discrete carbide precipitation

A LOW BORON AlL v
% HIGH BORON ALLODY

54 r—

3]

ZGI—

20

{30 [3
10 A8 Ale {20 %

- A8 410 .o
Lo =Y B s

IL5*C/160 MPa  13X°(/64D MPa 76D°C $90 MPa

STRESS RUPTURE LIFE HOURS

Figure 19. A companson of stress-rupture
properties of low boron (a), and high
boron {b) mckel-base superalloy

at grain boundanes offered a superior
combination of tensile and stress rupture
properties®®.

Finite element analysis of pressure
sintering of porous aggregates has been
carried out at DMRL to simulate the
HIP process. Using such an analysis** it
has been possible to evaluaie the local
stresses, stram rates and densification
rates as a function of location as well as
time. A typical result from the FEM
analysis indicating the sequence of pore
closure and deformation parttern in a
porous component undergoing 1sostauc
pressing is illustrated in Figure 20. It
has been observed that the local densii-
cation rates depend on the inttial pore
size, pore distnibution in us neigh-
bourhood, extent of boundary wall
friction and finally on the mode of
pressing (uniaxial or isostatic)’®. This
analysis in conjunction with the simple
probability considerations of forces on a
porous aggregate undergoing pressure
stntering has also led to the concept of
effective pressure?433,

Mechanical alloying

Mechanical alloying is a process intially
developed for producing dispersion-
strengthened alloys from powder blends.
The process employs repeated welding,
fracturing and rewelding of powder
particles in a dry, high energy ball
charge, to achieve an extremely deformed
metastable structure which can contain
dispersoids uniformly dispersed in the
matrix. During mechanical alloying (MA),
the welding, rewelding and homogeneous
blending of the powder components
take place by impact on the surface of
the grinding media. Large quantity of
heat is generated during the process
which can enhance diffusion among the
components, and can also promote

CURRENT SCIENCE. VOL. 60, NO. 5, 10 MARCH 1991
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Figure 20, Sequence of pore closure and deformation pattern in a porous component,
with mitially rounded pores, (a), isostatic pressing, (5), umaxial pressing, (), uniaxial
pressing without boundary wall friction, (d) with boundary wall inction,

recrystallization in the heavily cold
worked powder. Thus the process offers
many controls to achieve an engineered
microstructure, In the one extreme,
cycles of cold work and recrystalliza-
tion during the process enhances diffu-
sion and leads to alloying of the
component elements®® and is used to
advantage in developing ODS nickel-
base alloys with elongated grain struc-
ture. At the other extreme, with the
suppression of recrystallization and the
development of saturation level disloca-
tions, an amorphous structure can
result’’. There is an almost unlimited
range of microstructurcs between the
two extremes that can be achieved in
MA systems. Current research at DMRL
on the system Al-Ti with carbide/oxide
dispersions indicate the possibility of
using the extended ductility at relatively
high strain rates*®, Other devclopments
under inveshiganon include high-strength
compobsite structures.

Special test techmiques

Interfacial segregation in engineering
alloys using Auger electron spectro-

scopy

In the past Auger electron spectroscopy
(AES) had been applied with much
success in explaining through grain
boundary chemical analysis some of the
well-known embrittling phenomena,
notably temper embrittlement, creep
cavitation and intergranular stress
corrosion cracking. Mote recently, the
focus at DMRL has been on a rclatively
new theme that aims to link particulac
grain boundary [eatures analysed by
AES, the bulk chemical composition,
the way the material has been treated
and the final product properties. The
emphasis 1s to maxmmize fracture resist-
ance in terms of toughness at specified
levels of strength in special engineering
stecls through suitable modification of

CURRLENT SCILNCY, YOL. 60, NO, 5, 10 MARCH 1991
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grain boundary chemistry with the help
of appropriate measures during the
processing of the steels. An important
instance in this regard is that of 17Cr-
4Ni precipitation hardened stainless
steel wheremn the variation in impact
toughness was explained 1n terms of
grain boundary segregation of phos-
phorus and carbon3%4° (Figure 21)
Underlying the evolution of grain boun-
dary chemistry are the mmteraction pro-
cesses among trace and alloying ecle-
ments (Figure 21). The ready appli-
cability of AES to the documentation of
interaction processes through measure-
ment of grain boundary segregation
isotherms (Figure 22,q) and determina-
tion of interaction maps {Figure 22.b)
has been demonstrated*! =43, The inter-
action processes (V-P) and (V-N)
documented in Figure 21 seem to have
a bearing on the uncommon beneficial
effect of ‘upper bainite’ on toughness in
upper bainite-martensite mixed micro-
structure** in a low alloy high-strength
steel. It is essential to view interaction
maps in association with interaction
severity (index of the magnitude of
interaction process)-temperature plots
(Figure 23), if the effect of microstructure
on grain boundary interaction processes
is to be examined*®, Another important
application area where grain boundary
isotherms can be employed is in eluci-
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dating the role of applied stress on grain
boundary chemistry*® #® [Figure 24).

Analysis of trace elements in OFHC
copper

A process for the manufacture of
oxygen-free high-conductivity copper
has been developed at DMRL. This has
necessitated the standardization of the
procedures for the analysis of a number
of trace elements present in this matenal
as a quality assurance requirement.
Though direct flame furnace atomic
absorption {AAS) and the inductively
coupled plasma (ICP) technique are
generally used for analysing most of the
elernents in copper, analysis of phos-
phorous at three ppm level and below,

304

and zinc and mercury at one ppm level
poses special problems.  Analysis  of
phosphorus at this level 15 not possible
by AAS and analysis by ICP emission 1s
severely hindered by spectral inter-
ferences®’.

To overcorne these interferences a
method of separation of copper and
other trace constituents from phos-
phorus based on electrolysis and 10n-
exchange chromatography has been
developed. Elcctrolysis was resorted to
separate 99.9% copper by following the
ASTM standard method (E-53:82) To
confirm that phosphorus was not co-
deposited with copper, a phosphorus-
certified copper standard was  also
electrolysed. The electrolytes were washed
and the spent soluttons reduced 10 a
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Figure 23. Interaction seventy vs tempera-
ture plots for martensitic 26N 04Cr-0 28Mo-
01V low-ailoy steel
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mll

Figure 24. Segregation 1sotherms for P, N
and S recorded at 773 K on unstressed (sohd

limes) and stressed {broken lines} 2.6WN)-
0.4Cr0.28Mo-0.1 V steel. Bars indicate the

range over which the values were measured.

volume of Sml by evaporation over a
hot plate. The final solution m 10m
HCl was passed through ion-exchange
resin column (Dowex 1-X8 200 mesh)
to separate ron, residual copper and
other metalhic impurities, which would
otherwise interfere m the phosphorus
anaiysis. Phosphorus is absorbed on the
resin and 1s then eluted with 10 m H(Y,
and phosphorus content 1s determined
using 213.618 nm line by plasma emis-
sion spectrometric method. Phosphorus
to less than 1 ppm level could be
determined by this method*’.
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Analysis of grain orientation in gas
turbine blades

DMRL, over the last decade, has
acquired considerable expertise in the
manufacture of cast gas turbine blades
for aircraft engine applications. In
particular, DMRL has been able to
produce in-house single crystal, directio-
nally solidified (IDS) and investment cast
gas turbine blades of complicated, three-
dimensional profiles  from nickel-base
superalloys. In both DS and single
crystal blades, the onentation of the
grain or grains has a strong influence on
their mechanical behaviour, especially
the creep life. This 1s illustrated in Table
1 for a DS, IN-100 alloy, Even a small
deviation (—1 degree) of the (001
orientation of the grain from the stress
axis causes a dramatic reduction In
creep life.

The above discussion indicates the
importance of the measurement of grain
orientation with reference to the major
stress axis in the case of DS and single
crystal turbine blades on a routine
basis. At DMRL, test methods based on
X-ray techmique have been used for this
specific purpose. The results presented
in Table 1 have been obtained using
such an X-ray technique.

J,c single-specimen technique

The J-integral is increasingly used as a
fracture criterion for characterization of
low-strength structural matenals. The
multiple-specimen technique for the
determination of J,., the critical value
of J near the onset of crack propaga-
tion, requires at least five specimens. It
IS time-consuming, €Xpensive in terms
of material requirement and testing
resources. Single-specimen technique
overcomes these difficulties. An applica-
tion software based on partial unload-
tng comphiance has been developed at
DMRL to evaluate J|. using a single
specimen®® (Figure 25,4 and b). Typical
data obtained on mild steel are shown
in Figure 25.c. J,~ value derived through

Table 1. Dependence of creep rupture life
. 0n grain onentalon in 100 alloy at 870°C.
) Deviation ol ) Ruplture
1001] from Lile
slress axis (h)
One gramn 05 637
Two yramns 2 &7 270
One gramn 31 136
one grain 47 139
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the single specimen technique (227
kJ m™ %} matches well with that derived
from the multiple specimen test data
(233kIm™%,

Detailed research on fracture toughs-
ness of particle-free single phase materials
has been undertaken at DMRL. Expeni-
mental results pertaining to the effect of
grain size, test temperature and solute
additions on the ductile fracture (ough-
ness J,~ of Armco iron are presented in
Figure 26. J| ~ increases with decreasing
grain stze and follows a parabolic
relation with d~ Y% while KN (Ko
derived from J ) varies lincarly with
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Figure 25. Flow diagram showing the
operation of (a&), the on-line test control
software JICT, and (b), post-test analysis
routine JICE. (e), J vs crack extension plot
for mild steel.

d"Y? (Figure 26,a)*°. The fracture

toughness of bce Armco iron is strongly
dependent on test temperature®®, as
tlustrated \n Figure 26,h. At lower
temperatures the fracture mode changes
from ductile to cleavage and 15 accom-
panied by a drastic reduction in tough-
ness. A sigruficant increase in fracture
toughness 15 segn mm the temperature
range 383) to 573K as a result of
dynamic strain ageing {Figure 26). A
further Increase In temperature docreases
Jy~ and peatly attains the room tem-
perature value at 773 K. On the other
hand, the fracture toughness of e

s
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nickel 1s less sensitive to temperature
variatton and decreases gradually with
the increasing temperature (Figure 26,b).
It 1s mteresting to note that in erther
case a close analogy 1s scen between the
vartation of strain hardening exponent n
and the fracture toughness with tem-
perature {Figure 26,¢). Increase in n
leads to a larger plastic zone ahead of
the crack tip, which renders the crack
intttation process that much more dif-
ficult leading to higher J .. Detailed
investigations on the effect of solute
additions on the fracture toughness of
bce 1ron have established that cobalt
additon significantly improves tough-
ness while silicon addition drastically
decreases the same®! (Figure 26.4).

Mixed-mode fracture

Most work 1n fracture mechanics so far

306
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Figare 26. a, Vanatwon of fracture tough-
ness with grain size for Armco iron.
b, Variatton of f{racture toughness with
temperature for nickel and Armco iron.
¢, Yanation of strain hardeming exponent

with temperalure for mckel and Armco
iron. d, Eliect of solute additions on ductile

fracture toughness of Armco tron

has been devoted to mode I fracture.
However, in most practical situations
structures are subjected to complex
loading and can have cracks onented in
any direction with respect to the
loading axis. Also tn some cases inttally
mode | cracks can reorient and grow
under mixed-mode loading conditrons.
Hence, i1t s essential to study crack
initiation and propagation under mixed-
mode condrtions. In recent years, experi-
mental and theoretical studies on mixed-
mode fracture are gaining momentum.
Although standard test procedures are
yet to emerge, In principle, one can
follow procedures similar to those for
mode 1 fracture with shght moddications
in specimen destgn, loading fixtures and
data analysis.

Currently, mixed-mode fracture beha-
viour of alummmum-Iithium alloys s
being investigated at DMRL. This has

|
# 200 L O &40 A,

been fuelled by experimental observa-
tions of tmitial mode 1 cracks deflecting
and growing under mixed-mode {mode
[-mode 1) conditions in the case of
Alcan 8090 alummnium-hthium alloy
sheets, Macroscopic crack deflections
have been observed in R-curve sheet
specimens tested in L-T orientation but
not in T-L onentation. This is illustra-
ted 1in Figure 27. A simple theoretical
mixed-mode analysis was done to predict
the increase in slow stable ¢rack growth
resistance (Kg) in L-T onentation
compared to T-L orientation. [t
predicts®?2,

[KadL-+=[KgJr-y sec &,

where 8 Is the crack deflection angle.
The agreement between the experi-
mentally observed and theoretcally
predicted R-curves in L-T onentations
1§ good. This is also illustrated in Figure
27. The imphications of this analysis for
Al-Li alloys are that the resistance to
slow stable crack growth can be increa-
sed by controlling the microstructural
features which promote large crack
deflections.

High-strain rate plastic flow beha-
viour

A novel test technique, called the
dynamic indentation (D) technique, has
been developed at DMRL 10 charactenze
the high-strain rate plastic flow beha-
viour of metallic matenals. This techmigue
involves impacting the test material
with very hard tungsten carbide balls
over a range of velocities vsing a single-
stage gas gun as ulustrated in Figure 28,
The size and profile of the craters
formed on a test material, as a result of
the tmpact of the ball, are then
measured. These data along with the
impact velocity are then utilized to
generate the flow stress-strain curve of
the test matertal as shown elsewhere®>.
The flow stress-strain curves obtained
using the DI technique actually corres-
pond to high-strain rate, adiabatic
deformation conditions as opposed to
the conventional low-strain rate, iso-
thermal flow curves obtainable from
tenstle tests. In Figure 29, the high-
strain rate stress-strain curves typical of
copper and iron obtained using the DI
technique are illustrated. The statc
stress-strain curves are also indicated in
the same figure for compartson. In the
case of copper, the stress-strain curves

CURRENT SCIENCE, YOL. 60, NO. 5, 10 MARCH 1991
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are simiar at low- and high-strain rates
except for the fact that it is uniformly
stronger at higher strain rates. In
contrast, in the case of iron, the high-
strain rate flow stress increases with
increasing strain, attains a peak value at
a critical strain and then starts decreas-
ing with further increase in strain. The
above decrease in flow stress beyond a
critical stram is due to the localization
of plastic deformation as demaonstrated
elsewhere>?.
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Figure 27. a, Crack path morphology for
T-L ornentation 1 2mm thick sheet. #,
Crack path morphology for L-T onentdtion

m  2-mm-thick sheet, ¢, Experimentally
obtained R-curves in T-L and L-T onenta-
ttons along with the theorencally predicted R-

curve in L-T onientation in 2-mm-thick sheet
(matenal ALCAN 8090 Al-Li alloy).

Solid particle erosion

Many of the components of the thermal
power plants, aeroengines and pipeline-
transporting slurrtes undergo significant
erosion during service. At DMRL, two
erosion test facilities, one for room tem-
perature erosion tests and the other for
1ests at elevated temperatures, have been
set up. A schematic view of the erosion
rig 1s shown in Figure 30. Using this ng,
erosion resistance of a variety of test

Phota Diodes Sample Hulder

Gun Barrel

SN

Sample

g 1

L]

Gas {ylinder frigger

b
%I]}. i

Timer

Figure 28. A schematic view of the gus gun facihty ublived for carrying ocut dynamuc

indentation test.
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materials eroded with a variety of
erodent particles and at vartous impact
angles, velocities and test temperatures
have been characterized®* ™7, Frgure
31, wherein the variation of the erosion
rate of 304, 316 and 410 stainless steels
with test temperature is illustrated®5-37,
represents the typical erosion data that
can be obtarned.

High-speed sliding wear

Wear resistance of materials at high-
sliding velocities is relevant to the
development of aurcraft brake pads and
wear-resistant gun barrel materials or
coatings. At DMRL, a friction dynamo-
meter which can be utilized to carry out
high-speed wear tests in various test
configurations has been recently set up.
A schematic view of the dynamometer 1s
given in Figure 32,a. The main compo-
nents of the dynamometer are the drive
system, the hydraulic loading system
and the monitoring system. To conduct
the test using the dynamometer, test
samples are screwed onto the stationary
disc and slid against the bottom,
rotating disc and the load 1s applied
simuitancously. The load can be vaned
in the range 50 to 10,000 kg and can be
applied either monotonically or in a
cyclic fashton. In the latter case, the
cycle time can be controlled m the range
10 to 1000 sec. The shiding speeds can
be varied in the range 1 1o 10 m sec™ .
During the test, the wear rate, the
friction coefficient and the interface tem-
perature are monitored continuously,
The tnbological behaviour of the carbon—
carbon composites (self-mating} has
been evaluated recently using the dyna-
mometer, Typical friction data obtained

as a part of that study are tllustrated in
Figure 32,b.

X-ray and quantitative imuage pro-
cessing using Scanning electron
microscope {(SEM)

Image processing of any X-ray analog
or sequential signal produced by the
electron column can be carried out by
Kevex advanced mmaging system post-
toned at DMRL. Quantitative muge
analysis can be carricd out for counting
the number of partwles, area penimeter,
et¢. The following example iliustrates
the use of guantitative image analysss,
The W-Ni Fe hguud phase sintered
alloy samples which exlubited a wide

37
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3C¥

range with respect to tensile ductility
were examined to estimate the size of
the W particle and volume fraction of
the matnix phase using the image
analysis system of the Jeol SEM. Imapges
were acquired in the Kevex using
advanced 1mmaging techniques, and
quantitative feature analysis was carr-
ied out The above image and feature
analysis indicated a correlation between
the tungsten particle size and tensile
elongation as illustrated in Fipure 33,

Convergent beam electron diffraction
and  channelling-enhanced  micro
analysis using the transmission elec-
tron microscope

The convergent beam electron diffrac-
tion (CBED) technique use a converging
beam of electrons focused on to the
specimen in a transmission electron
microscope (TEM). This technique helps
in determining the crystal symmetry and
space group by observing the symme-
tries exhibited by the diffracting crystal
in  high-symmetry zone axes. Since
Friedel's law breaks down for electron
diffraction, thes technigue 15 also suited
for determining the lack of centre of
inversion. At DMRL, using CBED, an
orthorhombic phase has been identified
in the Ti-Al-Nb system as indicated
earlier 1In the section on intermetalhcs.
More recently, it has been shown®® that
a hydrogen-induced phase transforma-
tion can convert the a, phase to an
orthorhombic phase. However, 1n this
transformed phase, there is no definite
Nb-sublattice as indicated by the [001]
CBED pattern in Figure 34.

Channelling-¢nhanced microanalys:s
1s ideally suited for the determination of
site occupation of a speciiic species in a
known superstructure. At DMRL, using
the above technique, the site occupation
for a number of ¢lements has been
determined 1n two-ordered mtermetallics,
namely Ti,Al(DO,,) and Ti,AINb (B2)®.
In this techmque, the crystal is oriented
in a 2-beam condition and energy
dispersive spectroscopy (EDS) peaks are
compared for vartous deviahion para-
meters (s). The ratio of nteasities
obtatned for at least two s values and
also in the non-channelling condition
can then be used to determine the
specific site occupation. Some results
obiained in the above manner are given
in Table 2.

CURRENT SCIENCE, VOL. 60, NO. 5, 10 MARCH 99}
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Other research activities

In addition to the research work dis-
cussed in the last three sections, con-
siderable work has been carrred out 1n a
number of related and complementary
areas. In the area of new matertals,
extensive work on the solidification
behaviour, structure and mechantcal
properties of quasicrystals®® %% ther-
mal, mechanical and electrochemical
behaviour of ‘metallic glasses®? ™74,
structure-mechanical property correla-
tions in newer steels®*4%9% and the
toughening mechanisms in alumina-
silicon carbide ceramic matrix compo-
sites’? has been performed. DMRL has
developed considerable expertise in the
area of superplastic forming of titanium
aluminides’® and titanium alloys™*-’°.
Surface modification of titanium alloys

through the use of laser’” and explosive
compacting of high expansion alloys’®
typify the novel areas of matenals
processing wherein work is in progress.

Another area where considerable work
bhas been done pertains to the analytical
and numerical modelling of a variety of
processes and phenomena. Examples of
such work during the last three years,
include the modelling of high-tempera-
ture creep deformation’, intergranular
creep fracture®©~%% the dynamics of
high velocity impacts®®~®3, erostve and
abrasive wear®® ®® and rapid solidifi-
cation®?-*C, The participation of DMRL
in the ‘ASM-NBS phase diagram’
programme and the evaluation of 90
binary phase diagrams of the tungsten
system®!' %% as a part of this pro-
gramme deserve mention.

AVERAGE PARTICLE SIZE

I P v

FERCENTAGE ELJYGATION

Fipure 33. Corrclation of tungsten partwle mize with per cent ¢longation
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Approach to future R&D

In conclusion it is gratfying to state
that over the years DMRL has made
tangible progress in technology in terms
of product and process development on
the one hand, and on the other iIn
regard to basic research supported by
modern test techniques. The work of
DMRL in both these spheres has by
and large found acceptance. We have
referred to, i the above report, the
products and processes developed by
DMRL that have actually gone into
service not only in defence but also in
civihan sectors. Similarly, DMRL re-
scarch has been published in referced
and reputed journals. These two activi-
ties, namely technology for product/
process development and origmal re-

Table 2. Site subshitution behaviour of a
number of elements In the mtermetatiics
T,Al (DO, ) and f,(B2)

CHANNELLING-
ENHANCED
THERMODYNAMIC X-RAY
MODEL MICROANALYSIS
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Figure M. Orthorhombic distortions of the phase in a2 Ti-24 at per cent Al-15 at per cent Nb alloy Facts and aricfacts.

s. Orthorhombic phase occurning as an equilibrium phase. b, Ansing out ol hydrogen pick-up during thin foill preparation.
[001] CBID irom ‘O phase in 8 Nouce the non-umform intenstires spots showing defimte Nb sublatuce occupancy n the
compound Ti,AINb, d P{001] CBED pattern from the hydrogen-induced phase. Nb occupies the Ti sublattice in (T1,Nb),Al as

evident from equal intensities of the spots next to the transmitted beam

search for new understanding of matenal
behaviour, needless to say, often call for
distincily different skills Even so every
endeavour has been made at DMRL to
sustain a certain relationship, perhaps
not in a structured form. The expenence
has been that often the research expertise
has been tapped at the stage of the final
dehivery of the product process or up-
gradation of the same. It is also note-

310

worthy that many of the special test
techniques were developed specifically
with a view to charactenze the behaviour
of matenals under conditions that
simulate the environment iIn actual
application. However, we have been
meaning to stnive to bring about an
altogether new form of juxtaposition of
research and technology —as we reahze
more and more the imperative of

creative research feeding into the product
and process development from con-
ceptualizaton to commercialization.
What 1s needed for this is an appropriate
culture that can bring about research-
driven development. It s earnestly hoped
that the current ambience and striving
by DMRL staff and scentists will
generate such a culture the permeatmg
influence of which 1s so essential, for the

CURRENT SCIENCE. VOL. 60, NO. 5, 10 MARCH 1991
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aim is to register notable firsts In
materials technology in the international
context.
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