GATE Mechanical [Revision WNotes

Er?qt'neeﬂ}qq Materials

WHY MATERIALS 7
Euery machine part s only as yood as the metal i+ I8 :
made of. This subject links a material's inner structure to
the .Sf'renyf'h, hardress and Iife we see outside. Piek the

wrong  material and even a perkect design fails.

The jolden chain

— structure -7 properties -7 processing -7 use

Classitication :-

— Metals - Sf'ronj, duc‘h'/e, conduct heat
~ Cerdnics ! hard, brittle, heat resistant
-*Polymers o light, cheap, low strength

— Composites . rix, best of two worlds

STRUCTURE OF SOLIDS

Atoms in a solid can sit in a nreat repeating  pattern or

lie \jumbled." This ore difference decides most properties.

— Crystalline ! ordered, e.g. metals

—"/-]morphous - .;:andom, e.g. ylass




CRYSTAL STRUCTURE

Definition -

A crystal s a 50!:5! whose atoms repeat in a Fixed 3D
pattern calledrf'he lattice. The smallest block that repeats

to build the whple cry.ﬁ-"al s the unit cell.

Concept .-
Sf'udy one unit cell and Y ou Know the whole crysf’al. Lts

size  and atom count  set densh‘y, pacKing and  slip

behaviovr.

Terms you must Know .

— Lattice . imaginary grid of points

— Basis : atom(s) placed on each point

— Lattice parameter (a) edge length

— 7 cwystal systems, /9 Bravais lattices

Metals mostly take three simple cubic-#amily cells, shown

next. How tightly they pack decides how ductile they are.




8cec, rFcc, HeP
These are the three common metal cells. Count the atoms

per «cell by sharing  corner and face atoms with the "

ne{ghbours.

a3

A3

Bec : 2 atoms FCc : 9 atoms
Atoms per unit cell -

—3CC & corners x 1)% + / centre = 2

SECC r F e T E 8 faces & 2 =
—~HCP : & atoms per cell

Examples :-

-
—BCC - alpha-iron, chromivm, tungsten
— FCC ﬁamma-fron, copper, aluminium

—HcP - Zing, mayne.s:'urn, titaniuvm




PACKImM & DENSETY

Atomic packing factor .-
APF is the Hraction of the cell volume actually Hilled by

atoms, 'I'reaf'fnﬂ them as hard spheres. A h{gher AFPF

means atoms sit coser and the metal s usua//y denser
K

and more ductile.

[APF = {n % vol. of atom) / wol of xell ]

Standard values
& Fcc & HeP : APF = 0.79 (dosesr packed)

- Bcc : APF 0.6

¥
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— Simple cvbic APF
Coordination rumber -

I+ s the number of nearest atoms f'oucht'nﬁ one atom.

More contacts means f{ghf’er pacv(inﬂ.

B & HcP : /2, Tiseti s SC i c

T heoretical densify s

[ p = nA / (V( /VA) ] n=atoms, Az=at.wt




MILLER IMDICES
Idea -

Miller indices are a short code for planes and directions in
a crystal. Shp and ceavage always follow certain planes,

50 we musSt name them.

For a plare (h«l)

— /. read intercepts on X, ¥, 2 axes

— 2. take recprocals of the intercepts

— 3. clear Hractions to Smallest t'nf'eﬁer.s

A bar over a number means a regative intercept.

Directions uvse Square brackets [uu.wj found From  the

vector components.

Why it matters -

FCC metals slip  on close—pact»(ed' (177) planes, which 1s
why  copper and  aluminivm are so  ductie. NMaming the

plane lets us-predfcf' how a metal will deform.




CRYSTAL IMPERFECTIONS
Concept .-

Mo real crystal is perfect. Detects sound bad  but they
actvally  control 5fren‘9f'h, difFosion and  colour. /[Real

engingering lives on  these defects.

Point detects (O-D) -

—>\/acanc7 e ml'.S.Sl'nﬁ atom

— Interstitial : atom in a yap Ccarbor: in Fe)

— Substitutional -pore{?n atorm on a site

— Frenel & Schof‘fv(y (in ionic solids)

E#pecf i

Vacancies let atoms diffuse, which (s how heat treatment

and carburt'smy work. Solute atoms distort the lattice and

make the metal harder, called solid- solution Sfrenﬂfhem'ny.




DISLOCATIONS

Definition :-

A dislocation s a line detect, an extra half plane of
atoms Szueezed into  the crystal. EF i The .sinﬂle most -

important defect in metals.

extra half plane
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Wihy it matters .-

Metals bend at low stress becavse dislocations ﬂlt'de one
row at a time, like moving a carpef by a ripple. /[eal "
strength s far below the ideal bond strength for this :

reason.

Butger.s vector (b)
I+ is the size and direction of the lattice shp carried by

one dislocation. Ec{ge, screw and mixed are the three types. :_




Four main methods

— Grrain refinement : more 3ra:h boundaries
— Solid solution . solute atoms distort lattice
— Strain / worA hardem'ny 2 f'anyled lines

= Prec:pif'aﬂon : Fine particles block 3lt'o(e

.

Hall-Petch relation -
Smaller gra Ins 9&/3 more bov ndary area fo .Sf'op?

dfslocaﬁbnS, so the yt'elo( stress rises as 3rath SiZe falls.

[ O—‘/ = Oﬁo + « : / fOOf’(d) J T grain size

Cold work raises Sf'renjf'h but cuts ducﬁ'lh‘y. Later heahfrgﬁ

. recovery, rer_rysf’allfsahbn, 3rain yrowfh) softens if aja:b.



PHASES & PHASE DIAGRAM

Phase :-

A phase 15 a rejion with the same Structure and
composition fhrouyhouf. IZce and water are two phases of

one Substance.

Pha se c/:'aﬂram 2-
Lt /s a map that shows which phases exist at each

temperature and composition. It i$5  the roadmap for

a//oyt'ny and heat treatment.

Giobs phase rule .-

Lt links the deﬂrees of Freedom to the phases present at

ezui/f'bﬂ'u m.

(}: = e e ] Pxy ate 7 F=C-PHi

—>F oz deﬂrees of wCreedom

—~C = components, P = phases

At an invariant  point (like eutectic) F = O, i<p

temperature and composition are both Fixed.



LEVER RULE

Purpose 5
In a two-phase zone the' lever rule tells you How mIcH

of each phase is present. Draw a horizontal tie line at

the temperature and read the ends.

[ % liguid = (Co - CENAET < E) e 450 ]
{ % Sl o= ol calller - 03 %S00 ]
Trick -

The phase amount s proportional to the length of the
OPPOSITE arm of the tie line, just like a see-saw. That

s why i+ s called the lever rule.

— Co = overall composition

P s ¢l = solid and lt'zw'd ends

The two Hractions must always add vup to onre. Use 1 in

every phase- dtbﬁram numerical.



IO - CARBON DIAGRAM

This is the master chart +or all steels and cast irons.
Learn the Key  points and you can read any steel's

structure. ' .

Pra/)
: T

austenite

wron + Fe3C

Lerrite + pearlite

Key points to memorise

— Evtectoid : 0.8 Y€ ar 723 ¢

B Eotectic & 9.3 %C ar HT7 C

— Max C in austenite : 2.9 Yo at 1/97

el = 2,79 %C , cast iron above




MICRO-CONVSTETUENTS

T hese are the Structures you acf'ually see under a

microscope  atter cooling. Each has its own .ﬁ"renﬂf'h and

hardress.

The main phases -

— Avustenite @—Fe) : FCC, holds carbon

— Cementite (Fe3C) hard, brittle carbide

Mixtures -
— Pearlite Iayers of Ferrite 4+ cermentite
— Ledeburite : eutectic of cast iron

— Martensite hard y from fast coolt'nﬂ

Concept .-

More carbon and more cementite means harder but more

brittle’ steel. Slow coolfnj yﬁ/es Sof+ pearlite; fast coolfnﬂ
traps carborn as hard martensite. |



IMVARLANT REACTIONS

Concept :- |
At certain fixed points three phases sit in  balance and ;

one phase chanjes intfo two others on coolinﬂ. These are

the invariant reactions.

The three to Know

‘
( EUf’Q(f’l'( el -7 S/ -+ S2 j I:'Zw'd to 2 solids

(Eufecf‘ofd L e Y S ] solid o 2 solids
[ Feriteetic. ¢ L4 31 -2 52 J
)y  steel -
The eutectoid reaction s the star : austenite turns into |

Bearlite at 723 €. This .s:'nyle chanye is behind almost all

steel heat treatment. *
—’Hypooeuf'ecf’ofd steel ¢ below O.F %C

—*Hyper'eufecfoad stee/ : above O.¥ %C




HEAT TREATMENT - J

What & why -
Heaf' treatment s controlled heah'nﬁ and coolfny to chanﬂe

the structure, and so the properties, WITHOUT changing

the shape. It /s how one stee/l can be made s8F+ or very

hard.

Annealt'ny e

Heat abouve the critical line, hold, then cool very slowly in
the furnace. I+ softens the steel, removes stressks and

improves machina bf/h‘y :

A/ormah's:bﬂ -

Same heah'nﬂ but ool in stll air, which s faster. It

9ti/es Finer pearlite, so the steel is a Iittle Sf'ronyer and

fouﬁher than atter anneah‘nj.
— anneal : furnace cool (Soﬁf’esf)

— normalise . air cool (ﬁ;'ner yrm‘n:)



HEAT TREATMENT - 2
Hardenl'ny {Zuenchl'ny) J-
H’eaf to avstenite, then cool very fast in water or oil.

Carbon has no time to leave, so it traps as hard, brittle

martensite. This 9[(/&5 maximum hardness.

(Oﬁ hardness up, duahh'{y down j

Tempen'nj f-
Quenched steel s too brittle to use. kehem" T+ 1o B
moderate temperature to relax  stresses and win ba

toughress, giving up a little hardness.
— low temper : Weeps hardress (tools)
= h{gh temper . more fouyhness L, .s,orinﬁs)

AT
Martensite Forms only on fast cooling and needs no time

fo ‘hold, unliKe pearlite. Quench then always termper.



T77T & cCcT DIAGRAMS

R 777 d:bjram plots what avstenite turns into at each
[ 8
temperature and holc/fny time. The C-shaped curves show

where each structure beﬁfns and ends.
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b slow cool r{'ghf of nose : pearlite

— fast cool past the nose : martensite

— between . bainite

Harc/enab:'lify = :
Bt /s the depf'h to which a steel hardens, tested by the

Jominy end Zuench. /‘llloyinﬂ pushes the nose right, so

martensite +orms even on Slow cooling.



SURFACE HARDENINMG
Why i-
Gears and sha#ts reed a hard swin to resist wear but a

f'ouyh core to tawe shock. Surface hardem'nﬁ ﬁ:’ues both in

one part.

Add carpbon or nﬁ’royen

*Carburtkthy s add carbon to SKin, Zuench

—*/Vif'ridiny : add n:'frOﬂen, No Zuench

—’Cyam'diny S carbon + m'f’mﬁgn foyef'her

Heaf' only the s«in

— Flame hardeniny & torch then Zuench

— Induction hardeninﬂ 2 edo(y currents

Concept .-
The first grouvp chanyes the s«in's chemi.sf'ry; the second
Only heats and Zuenches the surface layer. Soth leave the

ﬁwﬂh core untouched.



HARDNVESS TESTIMG
Definition :-

Hardress s a material's resistance to local plastic dents

ar Scratches. It s guick, cheap and roughly tracks tensile

Sfrenﬁf’h.

Common tests .

— Brinell : hard steel ball, wide dent

— Vieers ¢ diamond pyramic/, any hardpess

— Rockwell : depth of dent, direct dial

— Knoop : microhardness of thin lasyers
[ BHr = 2P ) [T oD - rootD2-d2))] j
Concept -

Brinell and Vickers press an indenter and measure the dent

area. Rockwell reads depth df'recf'ly, so i+ is fastest on the |

shop  Floor.




MECHANICAL PROPERTLIES
A tension test 3:i/e5 moSt desfﬁn numbers at once. The

stress-strain curve tells strength, stiffness and ductility.

N
Stress

brittle dugtile

Key ferms

strain

*Sf’renﬂf’h # .Sfres.s it can tace
—>Duch'lff7 . how much i+ stretches
—’Touyhness . energy to fracture (area)
— StifFness slope E, resists sitretch

Ductile vs brittle -

A ductile metal warns you with lacge strain  and necK:'ny.
A brittle one snaps suddenly with little warnfnj, which s

more danyerous.



IMPACT, CREEP, FATIGUE

Impact / toughness .-

Izod and Charpy tests break a notched bar with a
Swinging  hammer. The energy absorbed (s the impact
touv yh Siecs. 1t  Falls  sha rply  below  the ductile-brittle

transition temperatoure.

Creep .-
Creep 1S Slow, Sf'eady Sf'ref’chfnj under a constant load at

. .
hgh temperature, even below 7:33/0(. It limits turbine blades

and boiler tubes over lonﬂ Service.

— stages - primary, Semndary, tertiary

-
faf{gue ’-

Faf{gue is  Failure under repeaf'ed cych'c loads at a stress
far below the static Sfrenyf'h. Most machine parts die this

way, starting from a tiny surface crac. .

— endurance limit : safe stress for steel



FERROUS MATERLALS

:‘é“l.f . 2 ;:"

-

Steel is iron with uvp to 2./9 percent carbon. More carb

means more hardress and Sf‘renyf'h but less duch'lify a

weldabih'fy.
= low C (<0.3%7 s .$o1cf', ducﬁle, sheets
— Medivm C - shaﬁ'rs, gears, rails

—'Hfgh C (70.6%) : tools, springs

'.

Alloy  steels add  chromivm, nickel  or molybderwm

hardenabilify, wedr or corrosSion resistance. Stainless

needs about /2 percent chromivm.

Cast irons .-

Cast iron has 2 to 9 percent carbon, so i is ciel x

*
easy to cast and ‘9ood In compression, but brittle.
i
Oy CL ¢ graphite Flaxes, damps vibration

— Ductile / SG : nodules, much tougher

sfee‘;’



MONV-FERROUS & OTHERS

Non-terrous metals -

= Alominium : light, soft, corrosion free

— Copper : best cheap conductor, ductile

— Brass (Cut+2n), Bronze (Cu+Sn)
= Titanivm : strong, light, costly .

Polymers =
Polymers are long carbon chains. Thermoplastics soften on
heah'ny and can be reshaped; thermosets set once and

cannot be remelted.

Ceramics & composites -
Ceramics are hard, brittle and tawe high  heat, lice rool

tips and insuvlators. A composite joins a strong fiore with

a light matrix, as in glass  or carbon fibre, to beat

either omne alonre.




QUICK FACTS SHEET

a0 - /el = 0.7, Bcc = o0.6¥, SC = 052
Coord na @ FCC/HCP=r2, Bec=¥, Sc=¢
Atoesleell » Béc=2, FPil=Y, HEF=¢

p = a0 4 (\/( )

e a P (Giobs phase rule)
Eutectord : 0.8 %C, 723 ¢ (A -7 pearlite)
Edtectie ¥ 9.8 WC, #97 &

Sheel = 209 Ut = eazt ion

Oﬁy = O"O + «/root(d) (Hall-Petch)
Quench -7 martensite (hard, brittle)

Termper -7 reym'n f'ouﬂhne.s.s

Slow ool -7 pearlite (soft)

Faﬁ:?ue = cych'c load 2 orgep = h{yh termp




GATE TIPS & TRAPS

H{gh»we{ghmye topics =

— (ron-carbon dthﬁram + lever rule
— heat treatment & TTT curves

— crystal structure o APF, coord ro
—’Sf'renj)"hembﬂ & dislocations

Common mistakes .-

— eutectic (L-725) uvs eutectord (5:725)
*r;rarfensif'e needs FAST coolfray, no hold
— lever rule uses the OPPOSITE arm
—*nﬁw‘dm\g needs no Zuench

Quick checks -

L FCC ductile (/2 slpl, BCC lse so

— more carbon = harder but brittle

All the best ?




