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It gives me immense pleasure to mention that National Conference on Advances in Materials and
Materials Processing (AMMES) was successfully conducted by the Department of Metallurgical &
Materials Engineering, NIT Srinagar or2Z32May, D15.

When the whole valley of Kashmir was severely affected by the devastating flood in September'14 NIT
Srinagar was no exception. Hostels, Library, Director's Lodge, Cafeteria, Hospital buildings were severely
damaged. In spite of all these odds, | anpjato mention that we could complete our semester in time

and the students did not suffer any session loss although all other institutions in the valley had to
suspend their academic activities. This was possible mainly because of the constant supEenvare
rendered by alt-right from the sanitary staff to the top management.

Under this backdrop, conducting a National Conference at NIT Srinagar is highly commendable. This only
shows the commitment and dedication of the team. The previous Confereoocelucted by the
department was about twenty years ago. To add to our pleasure, we had this time Dr. Srikumar
Banerjee, Chancellor, Central University of Kashmir and Former Chairman, Atomic Energy Commission as
the Chief Guest in the inaugural functiorhavdelivered a lecture on Shape Memory Alloys.

61 abstracts were shortlisted for the conference of which 30 were selected for presentation. Abstract
book was released during the inaugural function. In the Proceeding Volume 16 papers and a lecture
presened by Prof. Indranil Manna, Director IIT Kanpur are accommodated.

The areas covered in this conference were vast including Laser Assisted Direct Manufacturing, Shape
Memory Alloys, Low Temperature and Superconductor Materials.

| convey my sincere gratitedto the authors for choosing to send their papers in this Conference. |
sincerely thank all the members of the Editorial Board for the support and cooperation.

£

PROF. RAJAT GUPTA
DIRECTOR

NIT SRINAGAR
PATRON (AMMES)
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LASER ASSISTED DIRECT MANUFACTURING AND
SURFACE ENGINEERING

INDRANIL MANNA, J C Bose Fellow
Indian Institute of Technology KANPUR and KHARAGPUR

imanna@iitk.ac.in; Web: www.imanna.org

x  Fundamentals of LMP

x  Laser-matter interaction

x  Laser assisted manufacturing

x  Laser surface engineering (LSE)

x  LSE of SAE 52100 ball bearing steel
x  Laser cladding of AISI H13 tool steel

x  LSA and LSM of Ti alloys (biomedical)

Manufacturing

x  Manufacturing: Production of goods/services for use or sale using raw material, labor,
design, tools/machines, processes.

x  Manufacturing produces wealth, jobs, opprtunities, trade, infrastructure, self reliance,
stability and growth.


http://www.imanna.org/

x  Examples: synthesizing, casting, molding, forming, machining, joining, prototyping,
polishing, surfacing, etc.

x  Total worth of manufacturing worldwide is about $ 9.9 trillion (EU = ~22%, USA ~ 18%,
China ~ 19%, Japan ~ 10%, Germany ~ 6%, India < 0.2%)

x  Manufacturing contribution to GDP ~ 10% <MAKE IN INDIA >
Evolution in Manufacturing

x  Science (know why?) to Engineering (know how?)

x Need/demandy Utility Y Real time manufacturing

x  Impr ovisationY DesignY Innovation Y New approach

x  Prototyping Y CAD/CAM Y Direct/ Digital manufacturing

Digital/Additive Manufacturing Process Direct manufacturing of complex
components using CAD/CAM

Table | : Additive Manufacturing Technologiesi

Name Working Principle
Selective Laser Uses CQ laser to selectively fuse polymecoated
Sintering (SLS) metallic powder (stored in bed) one layer at time.

Requires debinding, sintering, and infiltration

Direct Metal Laser Similar to SLS. Patterns energy in powder bed but
Sintering (DMLS) directly sinters a two-phase metallic powder system.
Requires infiltration

Selective Laser Melting | Selectively melts metallic powder with an focused
(SLM) laser. Does not require additional posprocessing. Can
make extremely small features




Electron beam melting
(EBM)

Uses a 4.8 kW electron beam to selectively scan and
melt layers of metal powder

3D Printing (3DP)

Use of a printer head to print binder polymer over a
metal powder bed. Requires sirgring and infiltration

Multi phase jet
solidification (MJS)

A metal powderbinder mixture is extruded through a
heated nozzle to create layers (fused deposition
modeling). Requires debinding, sintering, infiltration

i Table Il Additive Manufacturing T echnologies

or, SSM-SFF)

Extrusion and Deposition of Deposition of semisolid metal through
semi solid metals (EDSSM, | a nozzle (similar to fused deposition

modeling)

Laser Engineered Net
Shaping (LENS)

(DMD)

OR, Direct Metal Deposition is fed into laser beam by nozzle .

Melting powdered metals with a high
powered Nd-YAG laser. Metal powder

Shape Deposition
Manufacturing (SDM)

Combination of laser cladding (LENS
process) with subtractive machining

Ultrasonic object
consolidation (UOC)

Solid-state joining techniques deposit
layers of tape to form solid aluminum
parts, followed by trimming step

(LOM)

Layer object manufacturing Selectively cuts stacks of sheet metal

and fuses the layer together

Computer i aided

engineering maerials
(CAM-LEM)

manufacturing of laminated layers from green tapes, stacks the

Similar to LOM, selectively cuts

layers with robot arm, and offers more
complex internal geometry and wide
material selection

Light Amplification by Stimulated Emission of Radiation




Light Amplification by Stimulated Emission of Radiation

LASER: W Diagram of a Laser Cavity
3 t
Pumping ot S 9 . s

= - s B e Rear mirror Front mirroe
Gain medium ing medium

Delivery + Stage I | ey < |» . Arvotcation medun 3
m ) EXCIIBUOHV

Nd:YAG solid-state laser

Highly Partially
reflective reflective

R Flashlamp (pump source) mirror

Light Amplifi cation by Stimulated Emission of Radiation
Why is it different from ordinary light?

Y Coherent (both spatially and temporarily)

Y Monochromatic (DI/l = 10™°)

Y Low divergence (Straight line)

Y High power density is achievable

Laser-Matter Interaction C onversion of Photon to Lattice Heat
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[ LASER RADIATION |

REFLECTIVITY
PLASMA LOSSES
SURFACE LAYERS

R

[ ELECTRON GAS |
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MULTIPHOTON?

[ ELECTRON-PHONON |
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CONDUCTIVITY,
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[ LATTICE HEAT |

— HEAT TRANSFER |

[ HEATING EFFECTS |

Directed Energy Beam Irradiation of Matter

Auger recombination
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Q Electron @ Hole

(1) Interband absorption

(2) Intraband absorption

“““““ = Electron -electron collision

~~—~—— Electron-phonon collision

Lasers

Intensity,

I(z,t) = Iglt) (1-R)exp (-xz)

Depth,z
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Laser Material Processing Classification

Laser material processing

Involving change of phase/state Involving no phase change

| !

solid — vapour, solid — liquid solid — solid

| | |

» Machining (cutting, drilling etc.)  « Joining (welding/brazing) = Surface hardening

¢ Deposition/coating = Surface alloying/ciadding  + Banding or forming
» Laser spectroscopy » Rapid prototyping «» Semiconductor annealing
+» Laser-assisted purification * Reclamation  Shocking/shot-peening
Forming Joining Machining Surface engineering
= Bending/straightening « Welding + Cutting » Surface alloying/cladding
* Manufs_:cturing * Brazing » Drilling + Surface melting/remelting
» Coiouring/deposition  « Soldering/sintering  + Scribing/marking  » Surface amorphization
+ Rapid prototyping + Repair/reclamation  « Cleaning « Surface hardening/shocking

Laser AssistedMaterial Processing

108 -
®Shock hardening
. -

NE Surfacs, . Drilling

= amorphization

§_ ®tazing ® Cutting

= : [1m.vaPOURIZATION |
1] -

S ® Alloying Marking

S04 e

5 Bendin [11.MELTING | .
T ending Weldi Cleaning
g 1.HEATING . py ,:{;‘-i‘ting

=4 g

s Magnetic T f:r . ® Cladding

‘c'gmf-'é? h';:?r%senir';go |on. ® Reclamation
Colouring @
oD -
10 \ lSterec:lltl'uagr{:lp Yy ® \
108 166 10% 102 100

Log (interaction time ), s

Processing window for laser material processing



Laser Assisted Machining
Machining processes:

Y Cutting, drilling

Y Marking, scribing

Y Cleaning, polishing

Y Patterning, texturing

Y Rust/ coating removal
Characteristics:

Y  Fast, atomatic

Y Remote operation

Y  No specimen claming

Y Versatile, any material

Y Negligible HAZ damage

Lens

Laser Beam

Gas Inlet

Gas Jet

Work-piece

Laser cutting using (a) transmissive, (b) reflective optics

Laser assisted micromachining

Micro pattern machined on steel

13
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Scope: Removal of paint; cleaning of rust, cleaning of concrete

Laser assisted JOINING

/ welding direction

15
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Brazing
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z LASFR BEAM CLAMPING AND

lé“ WELD POOL FRESSURE DEVICE
Y
I
S — |

LOVER| \___/ ABSORBENT J

APPLICATIONS:

Filter cases of automobiles

Low weight padymeric spectacles
Keyless go card in luxury automobiles

Low cost high volume welding of components Examples: polymeric pump and plastic window

i

. dT .0 d [, dT )
Por g o dx; ! 8.1‘,-£ dx; J
Refeof gain o Rateofenrgymputperut  Raeofemrgyiputperut Source
prwichme whoeyoumsion  obnebycodekn e
adTg _ fQn & f(x*+y?)3 &dT 6 _
K = = Yo h(T ., -T K = T, -T,
?d_zgu’b I’b2 expé% rbz 9 hc( ub I,t) ?E l% hb( Ib )
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Limitation:
A Requirement of pressure
A Material dependence
A Problem of contact

A Residual stress

Experimental Results

Shear strength of the joint (MPa)

Pressure 200 300 500 600 800 900
(kPa)

Speed
(mm/s)
1.6 52 54 65 70 7.0 52
2.7 47 49 55 60 73 53

18



Laser Assisted Fabrication

Moving
mirror
Loser {oscillating)

Solid
prototy pe

Piston moves down

T ] Support

] Resin
§ medium

{b) Moving
mirror
é Laser { oscilloting )

Rolter to spread
powder

D

Loose powder
E?%type

1
i Packed non-bonded
Piston moves powder

downwards

I

Schematic of LAF by (a) stereolithography and (byelected laser sintering

J. Dutta Majumdar and I. Manna, Sadhana 28 (200356425

Low Density Cellular Materials

19



(a)

A

High-strength, low weight can be successfully applied for any type of structural components
that require low moments of inertia, such asrms for industrial robots

Ability to absorb impact can be used for lightweight armored plating on military vehicles,
or bumpers on automobiles

Fluid can be passed through the internal geometry of these structures for active cooling
(satellites against elar heating)

Body implants needs surface with porous structure

Development of Compositionally Graded Componerit Human Prosthesis/Implants

The Electrode Brit tle Interface - Initial Trial

Laser

R
-




Columnar dendrites After deep etching

I. Manna, W. M. Steen and K. G. Watkins,Scripta mater.37 (1997) 561568.

The Tip Region- Front View




bchanical

, Wear, Erosion

Chemisorption, Oxidation Friction, Fretting

Surface Engineering Approach
Material Removal Surface Modification Material Addition
(Machining, Polishing) (Alloying, Hardening) (Deposition, Cladding)
Surface Engineering

Tailoring the microstructure/composition of the neaurface region (nmamm) to enhance surface
dependent properties

Conventional

Carburizing, Nitriding, Electroplating, Painting, Calorizing, Diffusion Coating
Directed Energy Beam Techniques

lon beam, Electrobeam, Laser beam

LSH of Austempered Low Alloy Steel

22



LSH of Austempered Low Alloy Steel

5 =
AIM: Harder Austempering 1000

I 850°¢C
surface by LSH - a0 |-

| Sample preparation | G

on tougher core o

I g ool
Laser: CO, Laser surface H ‘E

- @ -
Power: 2.5 kW hardening (LSH) g @ 310%
Speed: 12-20 mm/s I 2 L
De-focused beam Controlled removal of
Shroud gas: N, surface 2 - A - +

Time (h)
[ I I I ]

XRD FE-SEM | |Hardness || Wear || Residual Thermal profile

stress modeling

Annealed

MICROSTRUCTURE and XRD

MICROSTRUCTURE and XRD

e Marten5|te+ ghermdlzed carblde B 1000l A Ferrite (martensite)
- v V Austenite
S oA T . it o Carbide
v
e . 3 i . o
v v =S ® ( < 8000 | Top layer
s =5 oh - Cda ~—
k. J‘n-ua-o-"‘"""""- > AR A AL
'g Intermediate layer|
=45
% 4000 | (z pm)
X : = XRD profiles
: ¥ e i 4 3
A
Hardened surface (Rc ~61-63) + ' o | A& Ao
Bainitic core (Rc 56-58) ) ) ; . _ Substrate
30 40 50 60 70 80 20
" 20 (degree)
Amw — 15} Substrat
£ g
2 TSt s
7 : §
§ 200 20 mm/s el o Intermediate layer]
.g 16 mm/s §
x 12 mm/s 2 Top layer
600 - — B st
Substrate without LSH g
i 3 A ; ; Basu et al, 5
o 100 200 300 400 500 s - t t 9
Depth from surface (um) cripta mater ° 1 2 3
Microhardness profiles 56 (2007) 887 Siiding distance (m)

Wear test results
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THERMAL PROFILE MODELING

_ Ag/v
2 R(t+t) g

e
-1, expé
é

T = Temperature of the substratd, = Initial temperature of the substrate
A = Absorptivity at the sample surface = Incident laser power

| = Thermal conductivitya = Thermal diffusivity (=l/r c)

r = Densityc = Specific heat

v = Laser scan speed

r = Radius of the beam

to =r2/4a

z= Vertical depth from the surface

y = Perpendicular distance

Depth from surface, z (um)
o 150 300 450 600

1500

1500

-
L%
o
o

1200

900

600

Temperature, T (°C)
Temperature, T (C)

300

0
100 150 200
Time, t (ms)

Temperature profile as a function of time at differentdepths @) from surface for scan speed 16
mm/s and variation of temperature as a function of depth from surfacezj
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Melt zone, jﬂg&gﬂr;rgi::, residual stress =300
I Pa, hardness = 500-1000 VHN, thickness =
10-20 pm

L5H zone, martensitic, residual stress =-400

250-300 ym
Substrate, bainitic, hardness =~600 WHMN

Cross sectional view

Mg Alloy Components in Automibile

Tailgate inner
door panel

=

Steering hanger beam

-

Cylinder head cover

<

Intake manifold
- t ‘ ‘
g 5

@

Surface Melting of Mg Alloy MEZ

MPa, hardness =~850-500 VHN, thickness =

Melt zone

L5H zone

10 pm =5

Basu et al,
Scripta
Mater.

56 (2007)
287-350
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Mater Sci Eng A361 (2003) 119

Ti Alloy Components

!
)

.

LSA of Ti with Si/Al

Dutta Majumdar et al, Mater. Sci. Eng., A266 (1999) 123

(]
N




Oxidation Resistance Improvement

0.0003F{ay
H 0.0002
=
5 ooom Ti(Si+3A0)  TiaseAD
0.0000 por<=* TiSh
[¢) 100 200 300 400
| 0.0020
{b)
C.00L5| i
H
B pooro
E]
0.0005 | TUS+3AL
77777 TICASI+ATY
Ti(S1) 4
200 Y0z = Tis S
23Rz,
az
K
o - 3 - ] TiOz - Vi Sin
1_;_.‘((?;3:&0 _"°“ R = R =127 riovias
TiESivAD ] '.'.‘._"‘sﬂ.._.u,.ﬂ A -
3] 50 100 150 200 250 S
¥ (hy

Pure T

Kinetics of isothermal oxidation at (a) 950, (b) 1050, (c) 1150 K

LSC of Fe-Cr-Mo-Y-B-C BMG on SAE 52100 Steel

Intensity (a. u.)

LAl a2 ull.L‘.‘MlM”hHlL.a iy walll it i bk s |iiwh“mhiﬂlld.ll.ﬁ..l.luhll b IH\UJL“.-IllI iubiodide.

0 30 40 &

20 60 0 S0 90 100
2 Theta (deg)

“~ FegB X a-Fe
® Fe,C, 1 YBqa
m Cr;Cg

8000

2.0 kW, 3.6 m/min, double
M 254 _x 2.0 kW, 2.6 m/min, single
2.0 kW, 2.5 m/min, double

4000

Intensity (a.u.)
Intensity (a.u,)

1.6 KW, 3.6 m/min, single

KW, 3.6 m/min, double

.5 KW, 2.6 m/min, double

1.5 kW, 2.6 m/min, single

l N 2.0 kW, 3.5 m/min, single

n n " "
40 60 80 100 120 140
20 (degree)

' .
40 60 80 100
20 (degree)

After cladding
Power: 1.5 kW power, Scan speed: 350 cm/min,Type: double scan
Basu et al., Surf Coatings Techn@02 (2008) 2622631

AISI H13 Tool Steel: Die Material for PDC

27



Powder. H13 tool steel
System High power 6 KW diode laser

Spot Size 3 mm

N VER S /#8 Hardness (average) |
_ A SRS 3 N WA = 620 VHN
~ 4 : 2 4 % s B & SN

Clad
Zone 1 height

Zone 2 Interdiffusion
zone

Zone3
I Heat affected
Zone 4 ks

Substrate

Single clad crosssection

. _Processing
% s =~ direction
8o “Micro-tensile sample
60 sin longitudinal direction

licro-tensile sample __—>
Yiransverse direction

~ Ltastclad
-3.00 x[mm] 0.00 3.00-3.00 o wr, *

Laser energy density distribution



800

-
=
T

Microhardness (VHN)
g
Ll

il IR —————————
o

400 b

0 b

300 bt L ! ! ! L

0 2 4 6 8 10
Distance across multi-track clad (mm)

Laser cladding

Micro -Tensile Behavior of Laser Clad

1800

1600 |-

g

1200

Stress (MPa)
g8 8

&
=3

200

0 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8
Strain (%)

Co-axial
Nozzle
- 5

/

Laser Beam

and Powder

Laser Clad Interaction

Sample v UTS | Elongation
D S(tsgg;h (MPa) | (%)
1 1229 | 1457 7
2 1379 | 1757 4.7
3 1425 | 1712 2
4 1296 | 1622 8
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N Carbidesinath <

% ‘maférj’slté 2 AN

‘ 28+0.05

‘ | 4.5+0.05

k‘ 1G20.05 |
\ |

05— - —-— - —

i

R1.5£005 340,05

10+0.05 ‘

|

‘ 28+0.05 |

LSM: TiB -TiN Composite Coating on Ti

A BN powder (5/15 wt%) and Ti6Al4V alloy powder mixed with diluted polyvinyl alcohol
solution

A Ti6AI4V powder: 507 150mm

A BN powder: 0.57 2mm

T~ AlLANI/ICDNI
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© Strong peaks ofTisN; »followed by TiB and TiN observed in all the coating

€ No TiB, phase observed

o:BN *:aTi
*a Z z &
| a: Ti,N, ., b: TiN, c: TiB
c
lI)a | b 15BN-400/10
AR LA . o
3 *a o
L r.
1]
£ H ——— 5BN-400/10
3 Cudl b
ap s C‘, c *
3 s DAY |7 i . ,M/tw.‘..mm,,/\"\,
o *
|
“‘ . i - Ti64-5BN powder
|
1‘\ : A JLL * » *
™ Mtsiirond Sl o My PPN N,
. . . : :
30 40 50 60 70 80
20

Daset al. Scripta Materialia 66 (2012) 578581

Mechanical Properties

1200

1100}
Z1000 |
& 900 |
£ 800}
s 700 }
» 600
£ 500t
S
S 400 b
300 |

200

08

Cross section microhardnes _

Ti substrate: 232° 10 Hv

—+—=400W, 10 mm/s
-=-300 W, 20 mm/s

=

SiC Coating

06

0.

2 04

06

O 0 0

300/20 coating: 976 71 HV
400/10 coating: 1167 194 HV

Hardness depends on reaction products, size, concentration and dispersion of hard SiC
particle in the matrix

Dry sliding against SgN,4 ball

Wear resistance of Ti substrate improved by one order of magnitude due to incorporation
of SiC on the surface
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00014

——

o.0012 4
0.0010
o.0008
0.0008 } }
00004
Pure Ti6A 4V 300W, 20mmis 400V, 10mm/s
SiC coating SiC coating

Wear Rate, mim /N

Effect of Laser Energy on Microstructure

<= High >

Ti6AI4VV'5SBN-400W

10mml/<

Mechanical Properties of TiB-TiN Composite Coatings
€ Hardness increases with increasing BN concentration in the coating
€ Youngdés modulus significantly improve than tit

€ Wear rate significantly improve in coating containing 15 wt.% BN

© Chrome steel ba4<:< Ui ’_,L_"|>m simulated body fluid (SBF)
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1 [ 15wt.% BN
0000167 L B 15 Wt.% BN
0.00012 | .~ 2] CoCrMo
£ 0.00008 y —x—|
= ] ]
-»E 0.00004 -|_ = )
= 0.000018 |
ﬁ 0.000015
~  0.000012 -
g 0.000009 -] [(300720)]  [(400/20)  [(300710)  [(400/10)]
0.000006 -
0.000003
0.000000 : 23]
76 102

Coarser aggregate

Laser energy input, Jimm’

Finer aggregate
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Cross Sectional Microstrucure

IiGA
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Reaction Products
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€ Injected SiC particles partially/ fully dissolve and formed new phases

€ ExothermicreactionSi C + Ti Y Ti C + Si

€ TiC layer formation around SiC particles

€ Sireacts with Ti toform a variety of intermetallic compounds (TiSis, TiSis).
5Ti+3Si ¥Sis T i

Ti+2Si Y, Ti Si

C TEM imayes nea . 1€ top surface of the composite coating

C Bright-field image of 300/20 coating

VY

B -IE?iffraction pattern from region A \Ahicg)is TiSi»

Si

Ti

Summary of LAM:

1. LSM of Mg: Improvement in wear and oxidation resistance is due to grain refinement and
homogenization

2. LSA of Ti(Si,Al): Oxidation resistance improves due to silicide/aluminide layer

3. LSH of bearing steel: Martensitic layer with residual conpressive stress for enhanced
contact fatigue life

4. LSC of AISI H13: Homogeneity and hard carbides dispersed in predominantly martensitic
surface

5. Ti6Al4V (SiC, TiN, TiB): Unique combination of mechanical and functional properties in
the compositionally gradel composite
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Metallic Materials for Body Implants
U.K. Chatterjee
Former Professddept. of Metallurgical and Materials Engg.lIT Kharagpur 721302
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Abstract

Loadbearing joints in hunmabody viz. hip, knee and shoulder joints, often require surgery to relieve pain
due to degeneration and replacement of diseased joint surfaces by metal, plastic or ceramic implants to
ensure increased mobility. Metallic materials are preferred as thewitiatand all kinds of loading.

Apart from joints, there is wide use of other metallic body implants.

Biocompatibility is an important consideration in human prosthesis. Though stainless steels and cobalt
chromiummolybdenum alloy (Vitallium) have been maging the show since 1950s, adverse tissue
reactions, allergy and carcinogenic effects of the constituent elements of these alloys have led to the use
of more biocompatible titanium alloys. Some compositions of stainless steels anebegbailoys fre

from or low in nickel content have also found better acceptability as prosthetic materials.

Pure titanium and T6AI-4V alloy have wide application in joint replacement parts, bone fixation and
dental implants. Since vanadium and aluminium are respBctagsociated with potential cytotoxic
effects and neurological disorders, alloys free from these adversities have been developed in the recent
times. In order to achieve a modulus of elasticity comparable to that of the bone, the trend is towards the
devdopment of near beta and beta titanium alloys.

Surface modification to enhance the corrosion and wear resistance of the alloys has also proved to be
beneficial.

Keywords: Biomedical metals, Mechanical properties, Corrosion, Biocompatibility
Introduction

Natural synovial joints, e.g., hip, knee or shoulder joints, are complex and delicate structures capable of
functioning under critical conditions. Unfortunately, human joints are prone to degenerative and
inflammatory diseases that result in pain and jaitiffness. It is estimated that about 90% of the
population over the age of 40 suffer from some degree of degenerative joint diseases. Total joint
replacement arthoplasty is recognized as a major achievement in orthopaedic surgery. The population
ratio of the aged people is rapidly growing in all developed countries, with the growing need for
replacement of failed tissues with artificial biomaterials. Apart from joint replacementsmatm
materials are being widely used for fracture healing aids as bat®s @mnd screws, spinal fixation
devices, dental implants, vascular stents, catheter guide wires, orthodontic arch wires and others.

The material suited for human body implants should satisfy many requirements (Figure 1), but principally
the features li& strength, resistance to corrosion or wear, and biocompatibility. A material that does not
produce any adverse reaction or inflammation and that is not rejected by the human system is said to be
biocompatible. Polymers, ceramics and metallic materialsised for prosthetic and implant fabrication.
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Ceramics and polymers are applicable in the construction of parts where high tensile stresses are absent,
such as prosthesis heads or sockets of knee or hip joints. Polymers are suitable only for low stress
conditions as the mechanical properties of polymers are poor under both tensile and compressive stresses.
Polymers such as ultrahigh molecular weight polyethylene, polymethyl methacrylate, polylactide,
polypropylene, polyacetal and polysulfone are commongédusiowever, breakdown of these materials

by embrittlement and excessive wear has often been experienced. Though the ceramics used for
medicines like bioactive hydroxyapatite, fROy)s(OH), and betaricalcium phosphate possess good
biocompatibility andosteointegration (capable of rapid bone formation), they are seriously handicapped
by their highly reduced fracture toughness and strength values. On the other hand, the metallic materials
offer a wide range of mechanical properties, including resisteméatigue and creep required in some
prosthetic applications. Structural medical devices made of metals can be classified@adémv
implants (e.g. plates, screws etc.) and Hagded implants (e.g. hip and knee prostheses).

Early Developments

Metallic biomaterials have the longest history among the various biomaterials. The first metal/alloy used
for implant application in the early 1900s was O6v
erosion of adjacent bones. Copper and nickel e in bones led to discoloration of the adjacent

tissues. Gold, silver and pure aluminium, although free from discoloration effect, were too soft for most
applications. The first generation metallic biomaterials were implants made of stainless sbadts, co
chromium and U+b titanium alloys. The chronol ogi
Figure 2.

Stainless steel with 18@Ni (Grade 304) was introduced as an implant material in 1926. It was found to
be much stronger and more corrosiosist&ant to body fluids than vanadium steel. The molybdenum
containing low carbon stainless steel (Grade 316L) was introduced in the 1950s. It is more resistant to
pitting type corrosion, but was found to corrode inside the body in highly stressed and-deptged

regions such as contact points under screws or fracture plates-avtetaltal hip prostesis was first
introduced with the use of stainless steel, but was rapidly changed to aatwbaitummolybdenum

alloy to mitigate the excessive friction@rapid loosening of the stainless steel pair.

Two main types of cobaliased alloys, CoCrMo alloy in the cast form and CoNiCrMo alloy usually
obtained in wrought form by hot forging, were considered for surgical implants. The trade name,
Vitallium, is applied to both the alloys. These alloys were considered superior to stainless steels as they
displayed a balance between mechanical properties and biocompatibility. The chemical passivation of
these alloys leads to the formation of complex chromium oxidehadids in the corrosion resistance of
cobaltbased alloys. However, these alloys are not preferred for frefotaten purposes owing to their

high cost.

Studies on toxicity have shown that elements such as aluminium, cobalt, nickel, molybdenum and
chromium have londerm adverse effects in human body (Figure 3). These demerits led to the use of
titanium and its alloys. Titanium as an element has extremely low toxicity, and is well tolerated by both
bone and soft tissue. It is found to be safe for waisaular applications owing to its high electronegativity

and passive surface. For the same reason titanium does not cause hypersensitivity, which makes it the best
choice for patients suspected of being sensitive to metals. Pure titanium and its alogs $i6AI-4V,

originally developed for chemical industry and aerospace structural application, made their inroad as
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biomedical material in the late 1960s owing to their high strength, superior corrosion resistance, enhanced
biocompatibility and relatidg low modulus of elasticity. Titanium and its alloys are currently used for
the following biomedical applications:

1) Joint replacement parts for hip, knee, shoulder, spine, elbow and wrist
2) Bone fixation devices such as nails, screws, nuts and plates
3) Dentalimplants and parts for orthodontic surgery and dental prosthesis
4) Heart pacemaker housings and artificial heart valves
5) Surgical instruments for heart and eye surgery
6) Components in higpeed blood centrifuges.

Recent Developments

Ti-6AI-4V is an U+b titanium alloy. Al t hough this al
bi ocompati bil it ytabilizing elemera of vanadianywa®pointdd lowt in e early 1980s,

and this led to the development of titaniumogdl especially intended for use as prosthetic material.
Vanadium is associated with potential cytotoxic effects in the human body. So, vanadium itge Ti

4V all oy has b e e-stabiliziegoelements,dron mryniomumhbeth of twhich conside

safer for the living body compared to vanadium. SpecificallybAl-2.5Fe and FbAI-7Nb, which are

also U+b alloys, have been introduced. Based on t
alloys, such as TAI-6Nb-1Ta and Ti6AlI-2Nb-1Ta have been developed. Aluminium has been
associated with potenti al neurol ogi cal di sorder s.

contain either V or Al, such as the-I5Zr-based and T15Snbased alloys were introduced.

Low modulus of elatcity is another important criterion to be considered in selection of materials for
biomedical applications. Alloys with high modulus are very rigid and hence shield the stress to the bone.
This is often referred t alsimshe death of thesbsne sehh and leadl ton g e f
the |l oosening of the implants with time. The el as
than those of stainless steel and cebaked alloy (Figure 4), but still much greater than that ofcabrt

bone. The el daytpiec tmacdmliiumofal boys are -knoWrbt 6 ybe
titanium al | oy s-andh etge titamifine glloyshhavie beleryintréduced, and some of

them are aimed at low modulus of elastickyjobium, when added either in the range of 10 to 20 wt%, or

30 to 50 wt%, has been found to reduce the modulus of elasticity. Figure 5 lists the titanium alloys, old
and the newly devel oped o n e-aloywli-13Nb13Zh exhibits highera s t i ¢
adhesion of osteoblasts and lower bacterial adhesion than Ti @&#-#V. This alloy is also used for

designing cardiovascular implants, as Zggassive film is thrombogenically compatible with blood.

Further, corrosion resistance of thisoglis far superior due to the formation of Zr@nd NBOs that

strengthens the Ti{passive film formed on the surface of this alloy.

Co-Cr-based alloys have greater wear resistance as compared to stainless steels and titanium alloys.
Therefore, in the e of artificial hip joints, they are used for the head of the hip prosthesis. Wrought Co
Cr-based alloys contain a large amount of nickel (9 to 37 wt%), which is a high risk element for allergy.
Co-28Cr-6Mo is the nickefree wrought alloy that has beeew&loped in the recent years. A dispersion
strengthened G€o-Mo alloy containing fine oxides of La and Al for medical implants has been reported.

Type 316L stainless steel has still remained a widely used prosthetic material. However, in order to avoid
Ni allergy problems, higiN austenitic stainless steels with reduced nickel content or without nickel have
been developed. One such nickele variety, EWQ0, has the composition of: Cr 15.62, Mo 3.83, Mn
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16.66, N 0.81, Ni 0.12, C 0.05 and Cu 0.04 (all wt@orrosion resistance of this alloy is superior to that
of 316L, but inferior to that of CP titanium (Figure 6).

Surface Modification

Wear and corrosion are the most common causes of failure of metallic orthopaedic prostheses. This apart,
enhanced biocopatibility, particularly in respect of fast tissue growth, is also demanded of them. Surface
engineering can play a significant role in extending the performance of metallic orthopaedic devices
several times beyond their natural capability. Various surfagdification methods, conventional and
newer ones, have been applied to achieve this.

The poor tribological properties of titanium and its alloys cause wear of the implants, and the wear debris
produced have resulted in inflammatory reaction, loosenirigyplants and severe pain to the patient.

The presence of high titanium and vanadium in the tissues and aluminium in surrounding muscle is often
reported. The wear resistance of titanium alloys can be improved by forming compounds of high hardness
e.g. ttanium nitride, titanium carbide, titanium boride and titanium oxide on the surface. Nitriding and
oxidizing are preferred as they possess better biocompatibility. Titanium nitride compounds can be
formed by surface modification techniques such as ionantation, plasma nitriding, plasma vapour
deposition, chemical vapour deposition and laser nitriding.

lon implantation has come out to be a versatile technique to modify the surface to improve the corrosion

and wear resistance of the alloy. It has beermiesl that there is 160ld increase in wear resistance in

nitrogen implanted F6AI-4V alloy than the wimplanted alloy. Enhanced corrosion resistance of

nitrogen implanted CP titanium, -BiAI-4V alloy, 316L SSand GE€r-rbased all oys nn Ring
has been reported. The enrichment of nitrogen in the passive film and formation of oxynitrides in the
passivated layers have improved the corrosion resistance.

Various costeffective and simple treatments like electropolishing, ageing and thermal méidnals
profound effect on the corrosion properties of metals. Commercial treatments such as ageing in nitric acid
cause passivation of Ti alloys. Tensile strength of castEdo-C alloy was found to be improved by
specific treatment in oxygen atmospharel hot isostatic pressing. An anodic layer may also be formed

on titanium by electrochemical oxidation (anodization).

An alternative technique used for surface modification is oxygen diffusion hardening (ODH). The
abrasive wear of T13Nb-13Zr is foundto be comparable to that of & alloys when its surface is
hardened by ODH treatment. The improvement in abrasion resistance in other titanium alloys has also
been reported. The corrosion rate of ODH treated titanium alloy was found to be about 18stiniean

that of the Ti6Al-4V alloy and 20 times less than that of the@waalloys.

Human bone is constituted by calcium phosphates (69 wt%), collagen (20 wt%) and water (9%). Calcium
phosphates present in the form of crystalline hydroxyapatite (HA®p@amorphous calcium phosphate
(ACP) provide stiffness to bone. This has led to the use of HAP as an implant material for bone surgery.
However, owing to their poor mechanical properties, they are useful in applications where the mechanical
forces are adent or primarily compressive. As an alternative, HAP coatings on metallic implants have
gained wide use in clinical applications. The combined advantages of good biocompatibility (HAP) and
good mechanical properties (metal) make them suitable maternidizafbbearing parts of the skeleton.
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The coatings have specific functions ranging from improving fixation by establishing strong interfacial
bonds, shielding the metallic implant from environmental attack or leaching effects, promoting fast tissue
growth and minimizing adverse reaction by the provision of a biocompatible phase. Several coating
methods such as plasma spray, ion beam sputtering, blast coating, electrophoretic deposition,
electrochemical deposition and coating througkhgsblprocess are avable.
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LOW TEMPERATURE SUPERCONDUCTORS 1 FABRICATION
AND APPLICATIONS

M. M. Hussain Atomic Fuels DivisiorBhabha Atomic Research Cenfreombay, Mumbaii 85

Discovery of Superconductivity

A

In 1911 superconductivity was first observed in mercury by Dutch physicist Heike
Kamerlingh Onnes of Leiden University. When he cooled it to the temperature of liquid
helium, 4 degrees Kelvin, its resistarsteldenly disappeared!
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The critical current density J., is a structure dependent property and depends very strongly on the
density, size and distribution of imperfection such as dislocations, grain badaries and
precipitates which act as

flux pinners.
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Fig Conventional vs Nfii SC at 4.2 K. The shaded areabattom left representsthe usual range of
conventional electromagnets

Fabrication at AFD

A Extensive development work has been carried out at AFD, which includes composite
billet design, optimization of parameters for extrusion, drawing and ageing treament
obtain suitable shape, size and distributiot}di precipitates, which act as flux pinning
centre. Fabrication route has been standardized for 1.30 mm dia. wire containing ~ 500
Nb-Ti filaments each of 40 micron size with Cu:SC ratio of 1.30:1.

A Soldering of 1.30 mm dia wire on to-gfooved rectanguisDFHC copper channel has
been carried out.

A Facility set up for development and fabrication of composite superconductor for various
applications.

Technical Specification of SC Wire

A Wire Diameter ; 1.290° 0.127 mm
A Filament Size ; 40 micron

A Cu: Sc Ratio ; 1.3°0.15: 1

A Critical Current : 1030 Amps at 5.5

Tesla and 4.2 K

Components for SC billet assembly
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SSAI

o Cu e Nb @ Nb-Ti

Fig. Transverse Crossection of a single rod

(Before being extruded and drawn into a filament)

Nb-Ti multi filamentary billet assembly developed at AFD, BARC.
It shall produce a 3 km single length superconducting wire of 1.3 mm dia.

Assanmbled Extrusion Billet
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Extrusion temperature and pre-heating time

A The choice of extrusion temperature is very important parameter. The upper limit of
applicable temperature is mainly given by chemical reaction of stabilizing copper with
Nb-Ti to a brittle intermetallic compound (NbT#Cu which causes wire interruption
during further drawing.

A The lower limit is given by the deformation resistance of theTNalloy and
precipitation ofa-Ti below 873 °C. In addition to this bonding is poor at lower
tempeature.

A Temperature constancy during processing can be achieved in the range between 3mm/sec
T 6mm/sec.

CTross-section of extruded Cu/INb-Ti rod
(SO0 mam IDia )

The cold work performs seven primary functions:
1. Encouraging the formation of the preferreelcpitate phase and morphology.

2. Improving micrechemical homogeneity by mechanical mixing both prior to heat treatment
and after heat treatmentwhen local Ti depletion has occurred.

3. Increasing the density of precipitate nucleation sites.
4. Inceasing the grain boundary density, thereby increasing diffusion rates (grain boundary

diffusion being considerablyfaster than bulk inggfusion).
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5. Reducing the average diffusion distance to the precipitate nucleation site.
6. Increasing the volunad precipitate by multiple strain/ heat treatment cycles.

7. Reducing the precipitate dimensions from the precipitationscale of 100 nm to 300 nm
diameter to the pinning scale of 1nm to 5 nm.

Intermediate Annealing

A Annealing is required for precipitati ofa-Ti.

ﬂ

b J

Fig TEM micrograph of a transverse cressction of Nb46.5 wt%Ti filament from a
composite manufactured by oxford superconductor Technology that achieaadB@@0 A.mm
2

(4.2K, 5T).

mm dia Nb-Ti superconducting wire
(492 filaments, 40 micron size)
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500. pm

Fig. Optical image of transverse crasstion of multi-filamentary Nb47% Ti composite
after thirdstage of heat Treatmeni. = 17.4mm

Nb La

500

um
0
200 00 400 50 600 700 800 W0 1000 1100 1200 0 100 200 300 400 500 600 700 800 900

um

g

1000 1100 1200

47



48



BSE £

Ti

0 10 22 3 4 5 6O 70 8 0 100 110 120 130 140 150 160

Ka

250

200

1500

1000

0 10 2 WD 4 0 © M O 0 100 110 120 130 140 15 160

Fig. EPMA micrograph showing Nb & Ti profile along lineB\(final wire 1.32mnai)

Test Res%\lts

1. Metallography

Sample Filament Filament Spacing, Cu:SC ratio Note
number diameter, em
em

Sc. | 402 40.6 6.3 1.2:1 Geometry  of  crosg
section is slightly
distorted

Sc. I 402 40.6 6.3 1.17:1 Right geometry of cros{
section

Sc. I 402 2L ZL 1101 <trong distortion of crosy

ction geometry
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Sample Residual Resistity Ratio
293/10
(0]
As drawn Annealed at 27% for one hour
Sc. | 35 150
Sc. i 41 138

3. Critical current versus B on untwisted wires, n value, critical current density

IC( 0. 18V/Ca§ m) OsAN/lcm), A/l n

Induction, T

4 5 5.5 6 7 8 9

Sc.| | 1850/q | 1540/q | 1390/q | 1201/q | 866/902/61 | 603/633/47 | 302/330/26

Sc. |l 1710/q | 1405/q | 1294/q | 1163/q | 877/900/89 | 626/646/73 | 330/360/26
Sc. 1l 1790/q | 1470/q | 1330/q | 1194/q | 884/926/49 | 606638/45 | 316/345/26
2
J(0.1 eV/cm), A/ mm
Sc. | 3025 | 2518 2273 1964 1416 986 494

50



Sc. |l 2796 | 2297 2116 1902 1434 1024 540

Sc. 1l 2901 | 2383 2156 1935 1433 982 512

4. Mechanical properties at Room Temperature

No. Sample UTS, YS, a, % Note
2 2
Kg/mm Kg/mm
1. Scl 95 58.0 1.2 Out of guage
2. 95 48.0 2.3 length
3. Scll 95 54.0 15 Out of guage
4. 95 47.5 2.3 length

5. Filament BreakageNo filaments broken were revealed.

Flow sheet for Strand
Fabrication of Canponents
Assembly of Extrusion Billet
Hot Extrusion
Cold drawing with intermediate vacuum ageing treatments
Single wire Twisting
SOLDERING

Dip Soldering Process

A In this process SC wire is engaged into thegrbove of OFHC copper channel with the
help ofrollers.
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A This assembly is passed through molten bath ef$tbsolder alloy continuously.

A Finally hot drawing is carried out to get the finished size and shape.
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Continuous soldering unit for superconductor wire
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Fig. An online UT system for continuous soldering unit

Conductor cross section

Notes:-
1. Copper to have a finished
Nb-Ti superconducting wire m = ‘s_n : ‘
(492 ﬁlarnents, 1.2940.127mm dla) 2. Surface finish to be 3 micron or better
o 3. Sides shall be respectively parallel
— and perpendicular to one another
R
0.79R+0.13 type =3
(at 4 places) -
Pb-Sn Solder P
—— 20y
=
Copper NA-SV £7)
or CDA-IOI 2
o~
. 4.978+0.038 - 0.51R+0.13 type

at 2 places

All dimensions are in mm

Fig. SEM micrograph showing soldered cable section

Soldered Superconducting Wire
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Summary of UT results for superconducting cable

Acceptance criteria

1) Continuous single flaw indicatidraving length more than 8mm is not acceptable.
2) Cumulative length of flaw indications in any 100mm length shall not exceed 10mm.

Lot Length (| No. of flaw No. of continuous No. of unacceptable

no. in M) indications indications indications

Flow Sheet for Continuous Soldering of -NbSuperconducting Wire

WV ater rinsing with brush cleaning

=

Drying
(120 <)
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On-line Hybrid Superconducting CableIn-Conduit-Conductor (CICC) fabrication
towards indigenous Fusion Programme

CICC fabrication consistsof following stages:
A Fabrication of NBTi strands of required configuration
A Cabling of NBTi strands as well as copper wire
A Wrapping of final stage cable with SS304 Foil
A Jacketing of wrapped final stage cable using SS316LN tube
Thermoenuclear MagneticallfConfined Fusion
A Magnets system provide the basic magnetic bottle to keep the plasma confined.
A Superconducting Magnets provide steady state magnetic fields.

A In a Tokamak (a toroidal plasma confining device) the magnets aremade & placed in a
such a maner that the magnetic fields are generated along the axis of the torous as well
as in the plane perpendicular to it. These are called Toroidal Field Magnets and poloidal
field magnets respectively.

STRAND FABRICATION

NbTi strand

NbTi strand cross-section(0.8 mm) containing 492 filaments of 25 micron each. This
strand has been used for 30 kA CICC
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Second order phase transition (at 0 T and 5 T, the Tc can be seen) for 0.80mm dia SC
strand.
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CABLING TECHNOLOGY

Cabling scheme for 30kA hybrid conductor

TWISTING SCHEME

TWIST PITCH

STAGE 1 - 40mm*4mm
STAGE 2 - 80mmi8mm
STAGE 3 - 150mm:iomm
STAGE 4 - 350mm*iomm

Wire Dia. - 0.80mm
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First Stage cablirginal Stage cabling

Final Stage Cable Containing 504 wires of 0.8mm dia

Foil Wrapping

JACKETING
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