
Definitions	(Slide	2)	
Crystal	structure:	The	term	‘crystal	structure’	is	used	to	describe	the	average	positions	of	atoms	within	
the	unit	cell,	and	is	completely	specified	by	the	lattice	type	and	the	fractional	coordinates	of	the	atoms	
(as	 determined,	 for	 example,	 by	 X-ray	 diffraction).	 In	 other	words,	 the	 crystal	 structure	describes	 the	
appearance	of	the	material	on	an	atomic	(or	Å)	length	scale.	

Microstructure:	The	term	‘microstructure’	 is	used	to	describe	the	appearance	of	 the	material	on	the	
nm-cm	 length	 scale.	 It	 can	be	described	as	 the	arrangement	of	phases	 and	defects	within	 a	material.	
Grain	size	and	shape	are	only	two	features	of	what	is	termed	the	microstructure.	Microstructure	can	be	
observed	using	a	range	of	microscopy	techniques.		
	

Crystal	Systems	(Slide	3)	
Since	there	are	many	different	possible	crystal	structures,	it	is	sometimes	convenient	to	divide	them	into	
groups	according	to	unit	cell	configurations	and/or	atomic	arrangements.	One	such	scheme	is	based	on	
the	unit	cell	geometry,	 that	 is,	 the	shape	of	 the	appropriate	unit	cell	parallelepiped	without	 regard	to	
the	atomic	positions	in	the	cell.	Within	this	framework,	an	x,	y,	z	coordinate	system	is	established	with	
its	 origin	 at	 one	of	 the	unit	 cell	 corners;	 each	of	 the	 x,	y,	 and	 z	axes	 coincides	with	one	of	 the	 three	
parallelepiped	 edges	 that	 extend	 from	 this	 corner,	 as	 illustrated	 in	 the	 figure	 below.	 The	 unit	 cell	
geometry	is	completely	defined	in	terms	of	six	parameters:	the	three	edge	lengths	a,	b,	and	c,	and	the	
three	 inter-axial	 angles	 alpha,	 beta,	 and	 gamma.	 These	 are	 indicated	 in	 the	 figure	 below,	 and	 are	
sometimes	termed	the	lattice	parameters	of	a	crystal	structure.		
On	 this	 basis	 there	 are	 seven	 different	 possible	 combinations	 of	a,	b,	 and	 c,	 and	α,	 β,	 and	 γ	 each	 of	
which	represents	a	distinct	crystal	system.	These	seven	crystal	systems	are	cubic,	tetragonal,	hexagonal,	
orthorhombic,	rhombohedral,	monoclinic,	and	triclinic.	The	lattice	parameter	relationships	and	unit	cell	
sketches	for	each	are	represented	in	Table	3.2.The	cubic	system,	for	which	a=b=c	and	α	=	β	=	γ	=	90°	has	
the	greatest	degree	of	symmetry.	Least	symmetry	is	displayed	by	the	triclinic	system,	since	a	≠	b≠	c	and	
α	≠	β	≠	γ.	
From	 the	 discussion	 of	 metallic	 crystal	 structures,	 it	 should	 be	 apparent	 that	 both	 FCC	 and	 BCC	
structures	 belong	 to	 the	 cubic	 crystal	 system,	 whereas	 HCP	 falls	 within	 hexagonal.	 The	 conventional	
hexagonal	unit	cell	really	consists	of	three	parallelepipeds	situated	as	shown	in	Table	3.2	(Slide	3).	

	

	
	
	
	



Miller	Indices	(Slide	5)	
• Miller	indices	are	used	to	specify	directions	and	planes.		
• These	directions	and	planes	could	be	in	lattices	or	in	crystals.	
• The	number	of	indices	will	match	with	the	dimension	of	the	lattice	or	the	crystal	

Miller	Indices	for	Directions:	

A	vector	r	passing	from	the	origin	to	a	lattice	point	can	be	written	as:	r	=	r1	a	+	r2	b	+	r3	c	where,	a,	b,	c	
→	basic	vectors	and	miller	indices	→	(r1	r2	r3)		

•	Fractions	in	(r1	r2	r3)	are	eliminated	by	multiplying	all	components	by	their	common	denominator.		

•General	Miller	indices	for	a	direction	in	3D	is	written	as	[u	v	w]		

	

2D	Example	

Miller	Indices	for	Planes:	

• Miller	indices	of	a	plane,	 indicated	by	h	k	l,	are	given	by	the	reciprocal	of	the	intercepts	of	the	
plane	on	the	three	axes.	

• The	plane,	which	intersects	X	axis	at	1	(one	lattice	parameter)	and	is	parallel	to	Y	and	Z	axes,	has	
Miller	indices	h	=	1/1	=	1,	k	=	1/∞	=	0,	l	=	1/∞=	0.	It	is	written	as	(hkl)	=	(100).	

• Miller	indices	of	some	other	planes	in	the	cubic	system	are	shown	in	the	following	figures.	
	



	

Planes	having	similar	indices	are	equivalent,	e.g.	faces	of	the	cube	(100),	(010)	and	(001).	This	is	termed	
as	a	family	of	planes	and	denoted	as	{100}	which	includes	all	the	(100)	combinations	including	negative	
indices.	
	

	



Grains	and	Grain	Boundaries	(Slide	7)	

Grain:	the	smallest	repeating	unit	of	crystal.	

Grain	boundary	(GB):	is	the	interface	between	two	grains,	or	crystallites,	in	a	polycrystalline	material.	
Grain	boundaries	are	defects	 in	 the	crystal	 structure,	and	 tend	 to	decrease	 the	electrical	and	 thermal	
conductivity	of	the	material.	

A	 grain	 boundary	 is	 a	 general	 planar	 defect	 that	 separates	 regions	 of	 different	 crystalline	 orientation	
(such	as	grains)	within	a	polycrystalline	solid.	Grain	boundaries	are	usually	the	result	of	uneven	growth	
when	the	solid	is	crystallizing.	Grain	sizes	vary	from	1	µm	to	1	mm.	

Most	grain	boundaries	are	preferred	 sites	 for	 the	onset	of	 corrosion	and	 for	 the	precipitation	of	new	
phases	from	the	solid.	They	are	also	important	to	many	of	the	mechanisms	of	creep.	On	the	other	hand,	
grain	boundaries	disrupt	the	motion	of	dislocations	through	a	material,	so	reducing	crystallite	size	 is	a	
common	way	to	improve	the	strength	of	a	material.	

	

Mechanical	Properties	of	Materials	(Slide	9)	

• Tensile	 strength:	 The	 tensile	 strength	 of	 a	material	is	 the	 maximum	 amount	 of	tensile	
stress	that	it	can	take	before	failure,	for	example	breaking	

• Yield	 Strength:	 The	stress	a	 material	 can	 withstand	 without	 permanent	deformation.	 This	 is	
not	 a	 sharply	 defined	 point.	 Yield	 strength	 is	 the	 stress	 which	 will	 cause	 a	 permanent	
deformation	of	0.2%	of	the	original	dimension.	

• Elongation:	Elongation	is	defined	as	the	length	at	breaking	point	expressed	as	a	percentage	of	
its	original	length	

• Elastic	deformation:	When	the	stress	is	removed,	the	material	returns	to	the	dimension	it	had	
before	 the	 load	was	 applied.	 Valid	 for	 small	 strains	 (except	 the	 case	 of	 rubbers).Deformation	
is	reversible,	non-	permanent	

• Plastic	deformation:	When	the	stress	is	removed,	the	material	does	not	return	to	its	previous	
dimension	but	there	is	a	permanent,	irreversible	deformation.	In	tensile	tests,	if	the	deformation	
is	elastic,	the	stress-strain	relationship	is	called	Hooke's	law.	

• Stiffness:	 Stiffness	 is	 the	 resistance	 of	 an	 elastic	 body	 to	 deflection	 or	 deformation	 by	 an	
applied	force.	

• Hardness:	Hardness	is	the	resistance	to	plastic	deformation	(e.g.,	a	local	dent	or	scratch).	Thus,	
it	 is	 a	 measure	 of	plastic	deformation,	 as	 is	 the	 tensile	 strength,	 so	 they	 are	 well	 correlated.	



Historically,	it	was	measured	on	an	empirically	scale,	determined	by	the	ability	of	a	material	to	
scratch	 another,	 diamond	 being	 the	 hardest	 and	 talc	 the	 softer.	 Now	we	 use	 standard	 tests,	
where	a	ball,	or	point	is	pressed	into	a	material	and	the	size	of	the	dent	is	measured.	There	are	a	
few	different	hardness	tests:	Rockwell,	Brinell,	Vickers,	etc.	They	are	popular	because	they	are	
easy	and	non-destructive	(except	for	the	small	dent).	

• Creep:	Creep	 is	a	 time-dependent	deformation	under	a	certain	applied	 load.	 It	occurs	at	high	
temperature	 (thermal	 creep),	 but	 can	 also	 happen	 at	 room	 temperature	 in	 certain	materials,	
albeit	much	 slower.	Creep	may	or	may	not	 constitute	a	 failure	mode.	 For	example,	moderate	
creep	 in	 concrete	 is	 sometimes	 welcomed	 because	 it	 relieves	 tensile	 stresses	 that	 might	
otherwise	lead	to	cracking.	Depending	on	the	magnitude	of	the	applied	stress	and	its	duration,	
the	deformation	may	become	so	 large	that	a	component	can	no	 longer	perform	its	 function—
for	example	the	creep	of	a	turbine	blade	may	cause	the	blade	to	contact	the	casing,	resulting	in	
failure	of	the	blade.	

• Fatigue:	Material	 fatigue	is	 a	 phenomenon	where	 structures	 fail	when	 subjected	 to	 a	 cyclic	
load.	 This	 type	 of	 structural	 damage	 occurs	 even	 when	 the	 experienced	 stress	 range	 is	 far	
below	 the	 static	 material	 strength.	 Fatigue	 is	 the	 most	 common	 source	 behind	 failures	 of	
mechanical	structures.	The	process	until	a	component	finally	fails	under	repeated	loading	can	
be	divided	into	three	stages:	

1. During	 a	 large	 number	 of	 cycles,	 the	 damage	 develops	 on	 the	microscopic	 level	 and	 grows	
until	a	macroscopic	crack	is	formed.	

2. The	macroscopic	crack	grows	for	each	cycle	until	it	reaches	a	critical	length.	
3. The	cracked	component	breaks	because	it	can	no	longer	sustain	the	peak	load.	

• Compression	 strength:	 Compressive	 strength	or	compression	 strength	is	 the	 capacity	 of	 a	
material	or	structure	to	withstand	loads	tending	to	reduce	size,	as	opposed	to	tensile	strength,	
which	withstands	loads	tending	to	elongate	

• Poisson	 ratio:	 Poisson's	 ratio	is	 the	 ratio	 of	 transverse	 contraction	 strain	 to	 longitudinal	
extension	strain	 in	the	direction	of	stretching	force.	Tensile	deformation	 is	considered	positive	
and	compressive	deformation	is	considered	negative.	The	definition	of	Poisson's	ratio	contains	a	
minus	sign	so	that	normal	materials	have	a	positive	ratio.	

• Friction:	surface	resistance	to	relative	motion,	as	of	a	body	sliding	or	rolling.	
• Ductility:	The	ability	to	deform	before	braking.	It	is	the	opposite	of	brittleness.	Ductility	can	be	

given	either	as	percent	maximum	elongation	emax	or	maximum	area	reduction.	

	

	

Thermal,	magnetic	and	Electrical	properties	(Slide	10)	
• Thermal	conductivity:	Thermal	conductivity	(λ	with	the	unit	W/(m•K))	describes	the	transport	

of	 energy	 –	 in	 the	 form	 of	 heat	 –	 through	 a	 body	 of	 mass	 as	 the	 result	 of	 a	 temperature	
gradient.	According	to	the	second	law	of	thermodynamics,	heat	always	flows	in	the	direction	of	
the	 lower	 temperature.	
The	 relationship	 between	 transported	 heat	 per	 unit	 of	 time	 (dQ/dt	 or	 heat	 flow	Q)	 and	 the	



temperature	 gradient	 (ΔT/Δx)	 through	 Area	 A	 (the	 area	 through	 which	 the	 heat	 is	 flowing	
perpendicularly	at	a	steady	rate)	is	described	by	the	thermal	conductivity	equation.		

	

• Thermal	diffusivity:	Thermal	diffusivity	(a	with	the	unit	mm2/s)	is	a	material-specific	property	
for	characterizing	unsteady	heat	conduction.	This	value	describes	how	quickly	a	material	reacts	
to	a	change	in	temperature.	

• Heat	 capacity:	 The	 heat	 capacity	C	of	 a	 substance	 is	 the	 amount	 of	heat	required	 to	 change	
its	temperature	by	 one	 degree,	 and	 has	 units	 of	 energy	 per	 degree.	 The	 heat	 capacity	 is	
therefore	an	extensive	variable	since	a	large	quantity	of	matter	will	have	a	proportionally	large	
heat	capacity.	

• Ignition	temperature:	The	ignition	temperature	is	the	lowest	temperature	at	which	a	volatile	
material	will	 be	 vaporized	 into	 a	 gas	which	 ignites	without	 the	 help	 of	 any	 external	 flame	 or	
ignition	source	

• Operation	temperature:	An	operating	 temperature	is	 the	temperature	at	which	an	electrical	
or	 mechanical	 device	 operates.	 The	 device	 will	 operate	 effectively	 within	 a	 specified	
temperature	 range	 which	 varies	 based	 on	 the	 device	 function	 and	 application	 context,	 and	
ranges	 from	 the	minimum	 operating	 temperature	to	 the	maximum	 operating	
temperature	(or	peak	operating	temperature).	

• Melting	 point:	 Melting	 point,	temperature	at	 which	 the	solid	and	liquid	forms	 of	 a	 pure	
substance	 can	 exist	 in	equilibrium.	 As	heat	is	 applied	 to	 a	 solid,	 its	 temperature	 will	 increase	
until	 the	melting	point	 is	 reached.	More	heat	 then	will	 convert	 the	 solid	 into	a	 liquid	with	no	
temperature	change.	When	all	the	solid	has	melted,	additional	heat	will	raise	the	temperature	
of	the	liquid.	The	melting	temperature	of	crystalline	solids	is	a	characteristic	figure	and	is	used	to	
identify	pure	compounds	and	elements.	Most	mixtures	and	amorphous	solids	melt	over	a	range	
of	temperatures.	

• Thermal	 expansion:	 Thermal	 expansion	is	 the	 tendency	 of	matter	 to	 change	 in	shape,	area,	
and	volume	in	response	to	a	change	in	temperature.	Temperature	is	a	monotonic	function	of	the	
average	molecular	kinetic	energy	of	a	substance.	When	a	substance	is	heated,	the	kinetic	energy	
of	 its	 molecules	 increases.	 Thus,	 the	 molecules	 begin	 vibrating/moving	 more	 and	 usually	
maintain	 a	 greater	 average	 separation.	Materials	which	 contract	with	 increasing	 temperature	
are	unusual;	this	effect	is	limited	in	size,	and	only	occurs	within	limited	temperature	ranges.	The	



degree	of	expansion	divided	by	the	change	in	temperature	is	called	the	material's	coefficient	of	
thermal	expansion	and	generally	varies	with	temperature.	

• Electrical	 conductivity:	 Electrical	 conductivity	 is	 the	 measure	 of	 the	 amount	 of	 electrical	
current	a	material	can	carry	or	its	ability	to	carry	a	current.	Electrical	conductivity	is	also	known	
as	specific	conductance.	Conductivity	is	an	intrinsic	property	of	a	material.	

• Capacitance:	Capacitance	is	the	ability	of	a	component	or	circuit	to	collect	and	store	energy	in	
the	form	of	an	electrical	charge	

• Dielectric	 constant:	 Dielectric	 constant,	property	 of	 an	electrical	insulating	
material	(a	dielectric)	 equal	 to	 the	 ratio	 of	 the	capacitance	of	 a	capacitor	filled	 with	 the	 given	
material	to	the	capacitance	of	an	identical	capacitor	in	a	vacuum	without	the	dielectric	material.	

• Permittivity:	Permittivity,	also	called	electric	permittivity,	 is	a	constant	of	proportionality	that	
exists	 between	 electric	 displacement	 and	 electric	 field	 intensity.	 This	 constant	 is	 equal	 to	
approximately	8.85	x	10-12	farad	per	meter	(F/m)	in	free	space	(a	vacuum).	In	other	materials	it	
can	 be	 much	 different,	 often	 substantially	 greater	 than	 the	 free-space	 value,	 which	 is	
symbolized	εo.	

• Seeback	 coefficient:	 The	Seebeck	 coefficient	(also	 known	 as	thermopower,	 thermoelectric	
power,	and	thermoelectric	sensitivity)	of	a	material	is	a	measure	of	the	magnitude	of	an	induced	
thermoelectric	voltage	in	response	to	a	temperature	difference	across	that	material,	as	induced	
by	the	Seebeck	effect.	The	SI	unit	of	the	Seebeck	coefficient	is	volts	per	kelvin	(V/K),	although	it	
is	more	often	given	in	microvolts	per	kelvin	(μV/K).	

• Magnetic	 permeability:	 Magnetic	 permeability,	relative	 increase	 or	 decrease	 in	 the	
resultant	magnetic	 field	inside	 a	 material	 compared	 with	 the	 magnetizing	 field	 in	 which	 the	
given	 material	 is	 located;	 or	 the	 property	 of	 a	 material	 that	 is	 equal	 to	 the	 magnetic	 flux	
density	B	established	within	 the	material	 by	 a	magnetizing	 field	 divided	 by	 the	magnetic	 field	
strength	H	of	 the	 magnetizing	 field.	 Magnetic	permeability	μ	(Greek	 mu)	 is	 thus	 defined	
as	μ	=	B/H.	Magnetic	 flux	density	B	is	 a	measure	of	 the	 actual	magnetic	 field	within	 a	material	
considered	 as	 a	 concentration	 of	 magnetic	 field	 lines,	 or	 flux,	 per	 unit	 cross-sectional	 area.	
Magnetic	field	strength	H	is	a	measure	of	the	magnetizing	field	produced	by	electric	current	flow	
in	a	coil	of	wire.	

• Curie	point:	 	The	Curie	 temperature	(TC),	 or	Curie	 point,	 is	 the	 temperature	 at	which	 certain	
materials	lose	their	permanent	magnetic	properties,	to	be	replaced	by	induced	magnetism.	The	
Curie	temperature	is	named	after	Pierre	Curie,	who	showed	that	magnetism	was	lost	at	a	critical	
temperature	

• Diamagnetism:	Diamagnetism	 is	 a	 very	weak	 form	of	magnetism	 that	 is	 nonpermanent	 and	
persists	 only	while	 an	 external	 field	 is	 being	 applied.	 It	 is	 induced	 by	 a	 change	 in	 the	 orbital	
motion	of	electrons	due	to	an	applied	magnetic	 field.	The	magnitude	of	the	 induced	magnetic	
moment	is	extremely	small,	and	in	a	direction	opposite	to	that	of	the	applied	field.	

	

	



Magnetic	HDDS	(Slide	13)	
A	hard	disk	drive	(HDD)	is	a	data	storage	device	used	for	storing	and	retrieving	digital	information	using	
rapidly	 rotating	 disks	 (platters)	 coated	 with	 magnetic	 material.	 An	 HDD	 retains	 its	 data	 even	 when	
powered	off.	Data	is	read	in	a	random-	access	manner,	meaning	individual	blocks	of	data	can	be	stored	
or	retrieved	in	any	order	rather	than	sequentially.	An	HDD	consists	of	one	or	more	rigid	("hard")	rapidly	
rotating	disks	(platters)	with	magnetic	heads	arranged	on	a	move	the	moving	actuator	arm	to	read	and	
write	 data	 to	 the	 surfaces.	 The	 Hard	 drive	 uses	 two	 important	 principles	 about	 the	 magnetic	 fields.	
When	we	write	data	onto	the	hard	drive	it	uses	the	law	of	electromagnetic	induction	and	some	material	
is	magnetic	and	when	we	read	data	from	the	hard	drive,	it	uses	Lenz’s	law.	

	

		 	



Flash	drives:	FG-FETs	(Slide	14)	

				 	

History	and	additional	notes	on	flash	memory	

Flash	memory	was	invented	by	Dr.Fujio	Masuoka	[34]	in	1980	at	Toshiba.	Flash	memory	can	be	divided	
into	NOR-	 and	NAND-based	memory2.1[35].	NOR-based	 flash	memory	 provides	 high	 read	 performance	
and	enables	 full	 address	and	data	bus	access:	 Thus,	 it	 supports	 eXecution	 In	Place	 (XIP),	which	allows	
applications	to	run	directly	from	the	flash	memory	instead	of	reading	the	program	into	the	system	RAM	
first.	 The	 disadvantages	 are	 extremely	 slow	write-and-erase	 cycles	 and	a	 bigger	 cell	 size	 compared	 to	
NAND-based	 flash	 memory,	 which	 makes	 it	 cost	 effective	 in	 low-capacity	 data	 storage	 which	 rarely	
needs	to	be	updated,	 like	 in	computer	BIOS	or	the	firmware	of	set-top	boxes.	NAND	flash	memory	has	
about	half	 the	cell	size	of	NOR	flash	memory	and	 is	an	 ideal	solution	for	high-capacity	data	storage.	 It	
offers	 fast	read	and	write	performance,	but	 lacks	the	easy	memory	access	of	NOR	flash	memory.	Data	
must	 be	 read	 serially	 in	 blocks.	 Typically	 block	 sizes	 range	 from	 hundreds	 to	 thousands	 of	 bits.	 This	
feature	 disables	 the	 use	 of	 NAND	 flash	 memory	 as	 a	 drop-in	 replacement	 for	 program	 Read	 Only	
Memorys	(ROMs),	because	most	microcontrollers	and	microprocessors	need	byte-level	access.	Therefore,	
NAND	flash	memory	is	used	in	the	category	of	other	secondary	storage	devices	like	hard	disks	or	optical	
media	(e.g.	CD,	DVD).	 It	 is	utilized	as	mass	storage	such	as	memory	cards	and	USB	flash	drives.	Due	to	
the	extremely	high	packing	density	it	was	possible	to	release	a	new	generation	of	memory	card	formats	
exhibiting	extremely	small	feature	size.	For	instance,	the	microSDTM	card	has	an	area	of	about ,	
with	a	 thickness	of	 less	 than	 	and	offers	 presently	 up	 to	16	GB	of	 storage	 capacity	 at	 the	 same	
time.	

	

Flash	memory	is	made	out	of	memory	cells	which	are	placed	in	an	array.	Every	memory	cell	contains	one	
floating	gate	transistor	allowing	to	store	at	 least	one	bit	 (Fig.	2.2).	Single-Level	Cells	 (SLCs),	are	able	to	
store	one	bit	of	information,	while	Multi-Level	Cells	(MLCs)	allow	to	store	more	than	one	bit	per	cell,	by	
choosing	between	multiple	levels	of	electrical	charge	in	the	floating	gate	of	a	cell.	



In	NOR	gate	flash	memory	each	cell	consists	of	a	standard	MOSFET	with	two	gates	instead	of	one.	The	
top	gate	is	the	so	called	Control	Gate	(CG),	which	is	used	like	a	normal	MOSFET	gate.	The	second	gate	
below	is	called	Floating	Gate	(FG)	Fig.	2.2.	The	FG	is	insulated	by	a	surrounding	oxide.	Electrons	in	the	FG	
are	trapped	and	will	retain	in	there	for	many	years,	 if	there	is	no	manipulation	from	outside.	A	charge	
stored	in	the	FG	will	(partially)	screen	the	electric	field	from	the	CG.	Thus	the	threshold	voltage	Vt	of	the	
cell	is	modified.	During	the	read-out,	a	voltage,	sufficiently	low	to	preserve	the	amount	of	charge	in	the	
FG,	 but	 high	 enough	 to	 distinguish	 between	 a	 charged	 and	 uncharged	 FG	 is	 applied	 to	 the	 CG.	
Depending	on	the	amount	of	charge	in	the	FG	the	MOSFET	will	stay	insulating	or	become	conducting	at	
the	chosen	CG	voltage.	The	current	through	the	channel	is	sensed	as	binary	information	and	represents	
in	combination	with	the	other	cells	the	stored	data.	In	cells	which	are	able	to	store	more	than	one	bit,	
instead	 of	 just	 sensing	 if	 there	 is	 current,	 the	 amount	 of	 current	 is	 mapped	 to	 a	 corresponding	 bit	
pattern.	

The	following	steps	are	needed	to	write	or	program	in	a	flash	cell	to	''0``:	

• applying	an	elevated	voltage	to	control	gate	(typically	above	 )	
• assuming	 an	 NMOS	 transistor,	 the	 channel	 is	 now	 turned	 on	 so	 electrons	 can	 flow	 from	 the	

source	to	the	drain	
• if	the	source	to	drain	current	is	sufficiently	high,	there	will	be	some	high	energy	electrons	able	to	

jump	from	the	channel	through	the	insulating	layer	into	the	floating	gate.	This	process	is	called	
hot-electron	injection.	

• now	there	is	charge	trapped	in	the	floating	gate	and	thus	the	threshold	voltage	Vt	is	shifted	due	
to	the	partial	cancelation	of	the	electric	field	from	the	control	gate.	

Erasing	a	NOR	flash	cell,	setting	it	to	logically	''1``,	works	as	follows:	

• a	large	voltage	of	the	opposite	polarity	is	applied	between	gate	and	source	
• the	 generated	 large	 electrical	 field	 pulls	 the	 electrons	 out	 of	 the	 floating	 gate	 via	 quantum-

mechanical	tunneling.	

	

Work	hardening	and	Precipitation	Hardening	(Slide	15)	
	
Work	Hardening	/	Strain	Hardening:	Strain	hardening	is	one	of	the	most	commonly	used	means	of	
adding	strength	to	an	alloy.	 It	 is	simply	the	use	of	permanent	deformation	to	 increase	the	strength	of	
the	metal.	Other	names	for	strain	hardening	are	cold	work	and	work	hardening.	No	discussion	of	strain	
hardening	would	be	 complete	without	mention	of	 the	 term	“temper”.	 Temper	 is	 a	description	of	 the	
amount	 and	 type	 of	 processing	 done	 to	 a	 material	 at	 the	 mill,	 including	 cold	 work	 and	 thermal	
treatments.	This	is	what	is	meant	when	an	alloy	is	described	as	half	hard,	full	hard,	spring	temper,	etc.	
	
Precipitation	 Hardening:	 Precipitation	 hardening,	 also	 called	 age	 or	 particle	 hardening,	 is	 a	heat	
treatment	process	 that	 produces	 uniformly	 dispersed	particles	within	 a	metal's	 grain	 structure.	 These	
particles	 hinder	 dislocation	 motion	 and	 thereby	 strengthen	 the	 metal,	 particularly	 those	 that	 are	
malleable.	
	



Failure	of	Materials	and	materials	testing	(Slide	16)	

Fracture:	Fracture	is	a	form	of	failure,	and	is	defined	as	the	separation	or	fragmentation	of	a	solid	body	
into	two	or	more	parts	under	the	action	of	stress.	Fracture	that	occurs	over	a	very	short	time	period	and	
under	simple	loading	conditions	(static	i.e.	constant	or	slowly	changing).	The	process	of	fracture	can	be	
considered	to	be	made	up	of	two	components,	crack	initiation	followed	by	crack	propagation.	Fractures	
are	 classified	 w.r.t.	 several	 characteristics,	 for	 example,	 strain	 to	 fracture,	 crystallographic	 mode	 of	
fracture,	appearance	of	fracture,	etc.	Table	below	gives	a	brief	summary	of	different	fracture	modes.	

	

Shear	fracture,	promoted	by	shear	stresses,	occurs	as	result	of	extensive	slip	on	active	slip	plane.	On	the	
other	hand,	cleavage	fracture	is	controlled	by	tensile	stresses	acting	normal	to	cleavage	plane.	A	shear	
fracture	surface	appears	gray	and	fibrous,	while	a	cleavage	fracture	surface	appears	bright	or	granular.	
Actual	fracture	surfaces	often	appear	as	mixture	of	fibrous	and	granular	mode.	Based	on	metallographic	
examination	of	fracture	surfaces	of	polycrystalline	materials,	they	are	classified	as	either	transgranular	
or	 intergranular.	Transgranular	 fracture,	as	the	name	go	by,	represents	crack	propagation	through	the	
grains,	whereas	intergranular	fracture	represents	the	crack	that	propagated	along	the	grain	boundaries.	
The	 fracture	 is	 termed	 ductile	 or	 brittle	 depending	 on	 the	 ability	 of	 a	 material	 to	 undergo	 plastic	
deformation	during	 the	 fracture.	A	ductile	 fracture	 is	 characterized	by	 considerable	amount	of	plastic	
deformation	 prior	 to	 and	 during	 the	 crack	 propagation.	 On	 the	 other	 hand,	 brittle	 fracture	 is	
characterized	 by	 micro-deformation	 or	 no	 gross	 deformation	 during	 the	 crack	 propagation.	 Plastic	
deformation	 that	 occurs	 during	 ductile	 fracture,	 if	 monitored,	 can	 be	 useful	 as	 warning	 sign	 to	 the	
fracture	 that	may	occur	 in	 later	 stages.	 Thus	brittle	 fracture	 shall	 be	avoided	as	 it	may	occur	without	
warning.	 Since	 deformation	 of	 a	 material	 depends	 on	 many	 conditions	 such	 as	 stress	 state,	 rate	 of	
loading,	 ambient	 temperature,	 crystal	 structure;	 ductile	 and	 brittle	 are	 relative	 terms.	 Thus	 the	
boundary	 between	 a	 ductile	 and	 brittle	 fracture	 is	 arbitrary	 and	 depends	 on	 the	 situation	 being	
considered.	 A	 change	 from	 the	 ductile	 to	 brittle	 type	 of	 fracture	 is	 promoted	 by	 a	 decrease	 in	
temperature,	 an	 increase	 in	 the	 rate	 of	 loading,	 and	 the	 presence	 of	 complex	 state	 of	 stress	 (for	
example,	 due	 to	 a	 notch).	 Under	 the	 action	 of	 tensile	 stresses,	 most	 metallic	 materials	 are	 ductile,	
whereas	ceramics	are	mostly	brittle,	while	polymers	may	exhibit	both	types	of	fracture.	Materials	with	
BCC	or	HCP	 crystal	 structure	 can	be	 expected	 to	 experience	brittle	 fracture	 under	 normal	 conditions,	
whereas	materials	with	FCC	crystal	structure	are	expected	to	experience	ductile	fracture.	Figure	below	
depicts	characteristic	macroscopic	fracture	profiles.	The	profile	shown	in	figure	(a)	 is	representative	of	
very	high	ductility	represented	by	close	to	100%	reduction	in	cross-sectional	area.	This	kind	of	failure	is	
usually	called	rupture.	It	is	observed	in	very	soft	metals	such	as	pure	gold	and	lead	at	room	temperature	
and	other	metals,	polymers,	glasses	at	elevated	temperatures.	Most	ductile	metals	fracture	preceded	by	
a	 moderate	 amount	 of	 necking,	 followed	 by	 formation	 of	 voids,	 cracks	 and	 finally	 shear.	 This	 gives	
characteristic	 cup-and-cone	 fracture	 as	 shown	 by	 figure	 (b).	 In	 this	 central	 interior	 region	 has	 an	
irregular	and	fibrous	appearance.	Figure(c)	presents	the	typical	profile	of	brittle	fracture	which	is	usually	



transgranular.	It	occurs	in	most	ceramics	and	glasses	at	room	temperature,	long-chain	polymers	below	
their	 glass	 transition	 temperatures,	 certain	 metals	 and	 alloys	 below	 their	 ductile-to-brittle	 transition	
temperatures.	

	

Detailed	 and	 important	 information	 on	 the	mechanism	of	 fracture	 can	 be	 obtained	 from	microscopic	
examination	 of	 fracture	 surfaces.	 This	 study	 is	 known	 as	 fractography.	 This	 study	 is	 most	 commonly	
done	 using	 SEM	 (scanning	 electron	 microscope).	 Common	 microscopic	 modes	 of	 fracture	 observed	
include	cleavage,	quasi-cleavage,	and	dimpled	rupture.	Characteristic	feature	of	cleavage	fracture	is	flat	
facets,	 and	 these	 exhibit	 river	marking	 caused	 by	 crack	moving	 through	 the	 crystal	 along	 number	 of	
parallel	planes	which	form	a	series	of	plateaus	and	connecting	ledges.	Quasi-cleavage	fracture	is	related	
but	distinct	 from	cleavage	 in	 the	sense	 that	 fracture	 surfaces	are	not	 true	cleavage	planes.	This	often	
exhibit	dimples	and	tear	ridges	around	the	periphery	of	the	facets.	Dimpled	rupture	is	characterized	by	
cup-like	 depressions	 whose	 shape	 is	 dependent	 on	 stress	 state.	 The	 depressions	 may	 be	 equi-axial,	
parabolic,	or	elliptical.	This	dimpled	rupture	represents	a	ductile	fracture.	Table	below	distinguishes	two	
common	modes	of	fracture.	

	



Ductile	fracture:	Most	often	ductile	fracture	in	tension	occurs	after	appreciable	plastic	deformation.	It	
occurs	by	a	slow	tearing	of	the	metal	with	the	expenditure	of	considerable	energy.	 It	can	be	said	that	
ductile	 fracture	 in	 tension	 is	 usually	 preceded	 by	 a	 localized	 reduction	 in	 cross-sectional	 area,	 called	
necking.	Further	it	exhibits	three	stages	-	(1)	after	on	set	of	necking,	cavities	form,	usually	at	inclusions	
at	 second-phase	 particles,	 in	 the	 necked	 region	 because	 the	 geometrical	 changes	 induces	 hydrostatic	
tensile	stresses,	(2)	the	cavities	grow,	and	further	growth	leads	to	their	coalesce	resulting	in	formation	
of	 crack	 that	 grows	 outward	 in	 direction	 perpendicular	 to	 the	 application	 of	 stress,	 (3)	 final	 failure	
involves	rapid	crack	propagation	at	about	45	  ْ◌	to	the	tensile	axis.	This	angle	represents	the	direction	of	
maximum	shear	stress	that	causes	shear	slip	in	the	final	stage.	During	the	shear	slip,	crack	propagates	at	
a	rapid	speed	around	the	outer	perimeter	of	neck	leaving	one	surface	in	form	of	cup,	and	the	other	in	
form	of	cone.	Thus	 it	 is	known	as	cup-andcone	fracture.	 In	this	central	 interior	region	has	an	 irregular	
and	 fibrous	 appearance,	 which	 signifies	 plastic	 deformation.	 Different	 progressive	 stages	 of	 ductile	
fracture	are	shown	in	figure	below.	

	

The	voids	are	thought	to	be	nucleated	heterogeneously	at	sites	where	further	deformation	 is	difficult.	
These	preferred	sites	mainly	consists	of	foreign	inclusions,	second-phase	particles	like	oxide	particles,	or	
even	voids	 those	can	 form	at	grain	boundary	 triple	points	 in	high-purity	metals.	 It	has	been	observed	
that	concentration	of	nucleating	sites	had	a	strong	influence	on	ductile	fracture	as	true	strain	to	fracture	
decreases	rapidly	with	increasing	volume	fraction	of	second	phase	particles.	In	addition,	particle	shape	
also	has	an	important	influence.	When	the	particles	are	more	spherical	than	plate-like,	cracking	is	more	
difficult	 and	 the	 ductility	 is	 increased.	 This	 is	 because	 dislocations	 can	 cross	 slip	 around	 spherical	
particles	with	ease	than	around	plate-like	particles	thus	avoids	buildup	of	high	stresses.	

Brittle	fracture:	The	other	common	mode	of	fracture	is	known	as	brittle	fracture	that	takes	place	with	
little	or	no	preceding	plastic	deformation.	It	occurs,	often	at	unpredictable	levels	of	stress,	by	rapid	crack	
propagation.	The	direction	of	crack	propagation	is	very	nearly	perpendicular	to	the	direction	of	applied	
tensile	stress.	This	crack	propagation	corresponds	to	successive	and	repeated	breaking	to	atomic	bonds	
along	specific	crystallographic	planes,	and	hence	called	cleavage	fracture.	This	fracture	is	also	said	to	be	
transgranular	 because	 crack	 propagates	 through	 grains.	 Thus	 it	 has	 a	 grainy	 or	 faceted	 texture.	Most	
brittle	 fractures	 occur	 in	 a	 transgranular	manner.	However,	 brittle	 fracture	 can	occur	 in	 intergranular	
manner	 i.e.	 crack	propagates	 along	grain	boundaries.	 This	happens	only	 if	 grain	boundaries	 contain	 a	
brittle	 film	 or	 if	 the	 grain-boundary	 region	 has	 been	 embrittled	 by	 the	 segregation	 of	 detrimental	
elements.	 In	 analogy	 to	ductile	 fracture,	 as	 supported	by	number	of	 detailed	experiments,	 the	brittle	



fracture	 in	 metals	 is	 believed	 to	 take	 place	 in	 three	 stages	 -	 (1)	 plastic	 deformation	 that	 causes	
dislocation	pile-ups	at	obstacles,	(2)	micro-crack	nucleation	as	a	result	of	build-up	of	shear	stresses,	(3)	
eventual	 crack	propagation	under	applied	 stress	aided	by	 stored	elastic	energy.	As	mentioned	earlier,	
brittle	fracture	occurs	without	any	warning	sign,	thus	it	needs	to	be	avoided.	Hence	brittle	fracture	and	
its	 mechanism	 have	 been	 analyzed	 to	 a	 great	 extent	 compared	 to	 ductile	 fracture.	 Brittle	 fracture	
usually	occurs	at	stress	levels	well	below	those	predicted	theoretically	from	the	inherent	strength	due	to	
atomic	or	molecular	bonds.	This	situation	in	some	respects	is	analogous	to	the	discrepancy	between	the	
theoretical	strength	shear	strength	of	perfect	crystals	and	their	observed	lower	yield	strength	values.	

High	angle	and	Low	angle	Grain	Boundaries	(Slide	22)	
The	definition	of	‘low	angle’	boundaries	is	not	simply	a	matter	of	angle,	but	more	about	the	dislocation	
of	 the	 lattice	at	 the	boundary.	Typically	 though	there	 is	a	maximum	value	of	about	4°	 tilting	between	
adjacent	 crystal	 grains	 where	 the	 two	 grains	 share	 common	 lattice	 points	 before	 lattice	 strain	
dominates.	The	grain	boundary	can	be	thought	of	as	a	row	of	dislocations.	Consider	also	that	a	perfect	
single	crystal	is	an	impossibility,	even	within	a	‘single’	grain,	there	will	be	a	huge	number	of	dislocations	
and	 lattice	 defects.	 At	 higher	 angles,	 the	 lattice	 cannot	 compensate	 and	 deformation	 rather	 than	
dislocation	makes	 for	 a	 weaker	 join;	 a	 high	 angle	 grain	 boundary.	 It	 is	 then	more	 common	 that	 the	
crystal	cracks	along	this	line	or	the	boundary	opens	up	because	of	higher	built-in	strain.	
	
	

																																			 	 			
	

Fatigue	(Slide	26)	
Failures	 occurring	 under	 conditions	 of	 dynamic	 or	 alternating	 loading	 are	 called	 fatigue	 failures,	
presumably	because	it	is	generally	observed	that	these	failures	occur	only	after	a	considerable	period	of	
service.	Fatigue	failure	usually	occurs	at	stresses	well	below	those	required	for	yielding,	or	in	some	cases	
above	 the	 yield	 strength	but	below	 the	 tensile	 strength	of	 the	material.	 These	 failures	 are	dangerous	
because	 they	 occur	 without	 any	 warning.	 Typical	 machine	 components	 subjected	 to	 fatigue	 are	
automobile	 crank-shaft,	 bridges,	 aircraft	 landing	 gear,	 etc.	 Fatigue	 failures	 occur	 in	 both	metallic	 and	
non-metallic	materials,	and	are	responsible	for	a	large	number	fraction	of	identifiable	service	failures	of	
metals.		



A	typical	fatigue-fracture	surface	looks	like	the	one	shown	in	figure	below.	The	fatigue	crack	nucleates	at	
the	stress	concentration.	Generally,	the	fatigue	fracture	surface	 is	perpendicular	to	the	direction	of	an	
applied	stress.	A	 fatigue	 failure	can	be	recognized	 from	the	appearance	of	 the	 fracture	surface,	which	
shows	 a	 smooth	 and	 polished	 surface	 that	 corresponds	 to	 the	 slow	 growth	 of	 crack,	when	 the	 crack	
faces	smoothen	out	by	constant	rubbing	against	each	other	and	a	rough/granular	region	corresponds	to	
the	 stage	 of	 fast	 growth,	 after	 critical	 conditions	 is	 attained	 where	 member	 has	 failed	 in	 a	 ductile	
manner	when	cross	section	was	no	longer	able	to	carry	the	applied	load.		

The	 region	 of	 a	 fracture	 surface	 that	 formed	 during	 the	 crack	 propagation	 step	 may	 be	 results	 in	
characteristic	pattern	of	concentric	rings	spread	over	the	smooth	region	of	the	fracture	surface,	known	
as	beach	marks	or	striations,	 radiating	outward	 from	the	point	of	 initiation	of	 the	 failure,	as	shown	 in	
figure	below.	Beach	marks	 (also	known	as	clamshell	pattern)	are	macroscopic	dimensions	and	may	be	
observed	 with	 the	 unaided	 eye.	 These	 markings	 are	 found	 for	 components	 that	 experienced	
interruptions	 during	 the	 crack	 propagation	 stage.	 Each	 beach	mark	 band	 represents	 a	 period	 of	 time	
over	which	crack	growth	occurred.		

On	the	other	hand	fatigue	striations	are	microscopic	in	size	and	subject	to	observation	with	the	electron	
microscope	(either	TEM	or	SEM).	The	relatively	widely	spaced	striations	are	caused	by	variations	in	the	
stress	amplitude	during	the	 life	of	the	component.	On	a	much	finer	 level,	a	 large	number	of	striations	
may	be	sometimes	being	seen.	The	width	of	each	striation	here	 is	equal	 to	 the	distance	by	which	the	
crack	 grows	 during	 one	 cycle.	 Any	 point	 with	 stress	 concentration	 such	 as	 sharp	 corner	 or	 notch	 or	
metallurgical	inclusion	can	act	as	point	of	initiation	of	fatigue	crack.	

	

Creep	(Slide	30)	
It	 is	 well	 known	 and	 observed	 number	 of	 times	 that	 shear	 modulus	 of	 a	 material	 increases	 with	
decreasing	 temperature,	 and	 this	 has	 a	 corresponding	 effect	 on	 the	 flow-stress,	 since	 the	 stress	
associated	with	a	dislocation	is	always	proportional	to	the	shear	modulus.	Thus	σ/E	can	be	expected	to	
be	 constant	 with	 varying	 temperature.	 However,	 this	 ratio	 decreases	 with	 increase	 in	 temperature.	
Since,	 the	 dislocation-density	 contribution	 of	 the	 flow	 stress	 is	 effectively	 constant,	 it	was	 concluded	
that	there	must	be	a	second	basic	component	of	flow	stress	that	is	temperature-dependent	i.e.	σ=σ*+σE	

where	 σ*	 is	 thermal	 component	 and	σE	 is	 athermal	 component	 of	 flow	 stress.	 The	 fact	 that	 the	 flow	



stress	 contains	a	 component	 that	 responds	 to	 thermal	activation	 implies	 that	plastic	deformation	 can	
occur	 while	 both	 the	 temperature	 and	 the	 stress	 are	 maintained	 constant.	 Deformation	 that	 occurs	
under	these	conditions	which	is	time-dependent	is	known	as	creep.	Creep	deformation	(constant	stress)	
is	possible	at	all	temperatures	above	absolute	zero.	However,	 it	 is	extremely	sensitive	to	temperature.	
Hence,	creep	in	usually	considered	important	at	elevated	temperatures	(temperatures	greater	than	0.4	
Tm,	Tm	is	absolute	melting	temperature).	

Creep	behavior	of	a	material	is	studied	using	creep	test.	In	creep	test,	the	tensile	specimen	is	subjected	
to	a	constant	load	or	stress	at	a	constant	temperature.	Most	creep	tests	are	conducted	at	constant	load	
in	 analogous	 to	 engineering	 application,	 whereas	 creep	 tests	 at	 constant	 stress	 are	 necessary	 for	
understanding	of	mechanism	of	creep.	During	the	creep	test,	strain	(change	in	length)	is	measured	as	a	
function	of	elapsed	time.	Creep	test	data	is	presented	as	a	plot	between	time	and	strain	known	as	creep	
curve.	Figure	below	depicts	a	 typical	creep	curve.	The	slope	of	 the	creep	curve	 is	designated	as	creep	
rate.	

	

Characterization	of	Materials/Materials	Testing	(Slide	34)	
Destructive	 testing:	 As	 the	 name	 suggests,	 destructive	 testing	 (DT)	 includes	 methods	 where	 your	
material	is	broken	down	in	order	to	determine	mechanical	properties,	such	as	strength,	toughness	and	
hardness.	 In	 practice	 it	 means,	 for	 example,	 finding	 out	 if	 the	 quality	 of	 a	 weld	 is	 good	 enough	 to	
withstand	extreme	pressure	or	to	verify	the	properties	of	a	material.	

Non-Destructive	 testing:	 Nondestructive	 testing	or	non-destructive	 testing	(NDT)	 is	 a	 wide	 group	 of	
analysis	 techniques	 used	 in	 science	 and	 technology	 industry	 to	 evaluate	 the	 properties	 of	 a	material,	
component	or	system	without	causing	damage.		


