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HEAT TREATMEN

Course Objective

The aim of this course is to gain an understanding of the role of heat treatmetiieq
development of microstructure and properties of metallic materials. Theecaiitighlight a
number of commercially-significant applications where heat treatmentrguertant.

Course Overview

This course covers the theory of heat treatment including the kinetic prscgdl solid state

transformations. The influence of time on phase transformation is investigdike
interpretatiol of IT anc CT diagram to predic transformation anc resultin¢ microstructure is

covered. Hardenability of steel is studied including factors influencingdraability and the

use of hardenability curves in the selection of steels for given applicatims effect of]
thermal gradients and phase transformations on distortion and residual stiesat itreated

products is studied. With addition of this it covers heat treatment of somdeglecn-ferrous

alloys and ferrous alloys.
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L ear ning Outcomes

the course is to supply the student with a basic understanding of the modern heaemte

processes and reheating principles. Upon completing the required coursdveosk,ident cal

explain the reasons for the heat treatment and its effects on the finalrpesps the product.

With the help of a short theoretical background. 3
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Objective

N

Heating and cooling a solid metal or
alloy in a way so as to obtain specific
conditions and/or properties

e



O To increase strength, hardness and wear resistanldeh@rdening, surface hardening)

O To increase ductility and softnesie(npering, Recrystallization Annealing)

[ To increase toughnes$gmpering, Recrystallization annealing)

 To obtain fine grain sizeRecrystallization annealing, Full annealing, Normalizng)

 To remove internal stresses induced by differential deformation by woldking, non-
uniform cooling from high temperature during casting and weldigegs relief annealing)

O To improve machinabilityKull annealing and Normalizing)

O To improve cutting properties of tool steelddrdening and Tempering)

O To improve surfact propertie (surface hardening, high temperature resistance-
precipitation hardening, surface treatment)

O To improve electrical propertiefRécrystallization, Tempering, Age hardening)

O To improve magnetic propertieslérdening, Phase transfor mation)

Temperature|

Holding time

Heat Treatment Process variables

Heating rate

Cooling rate

Furnace atmospherfe




Classification of steels

4
4

d

Compositions, such as carbon (or non alloy ), low -alloy, alhaly steels

Manufacturing methods , such as converter, electric flenawr electroslag
remelting methods

Application or main characteristic, such as structural ql,t®tainless steel, ¢
heatresistant steels.

Finishing methods, such as hot rolling, cold rolling, aagtior controlled rolling
and controlled cooling.

Product shape, such as bar, plate, strip, tubing, or stalghape

Oxidation practice employed, such as rimmed, killed, sdlak and cappe(
steels.

Microstructure, such as ferritic, pearlitic, martensiaad austenitic

Required strength level, as specified in the American $pder Testing anc
Materials (ASTM) standards.

Heat treatment, such as annealing, quenching and tempeaingcooling
(normalization), and thermo-mechanical processing.

Quality descriptors and classifications, such as forginglity and commercia

L
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Classification of steels

Stelels

Low Alloy High Alloy

low c'arbon Med c:arbon high éarbon
<0.25Wwt% C 0.25-0.6wt% C 0.6-1.4wt%C

|J_| | I | | L

| »
Name plain HSLA plain pest plain tool augteﬁltlc
| | .~ treatable ™ stainless
.. Cr,V Cr, Ni dr, \/, :
Additions none .. none none Cr, NI, Mo
1 NII Mo 1 Mp 1 MC)]W 1
Example 10_10 43_10 10_40 43_40 10_95 4;I.9_O SQ4
Hardenability O + + ++ ++ +++ 0
TS : 0 + ++ + ++ 0
EL + + 0 - - - ++4+
| | | | | 1 _ |
Uses auto bridges crank pistons  wear drills high T
struc. towers shafts gears  applic. saws applic.
sheet press. bolts wear dies turbines
vessels hammers applic. furnaces
| blades V. corros.
resistant

Increasing strength, cost, decreasing ductility
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Allotropic Transformation in lron

O Iron is an allotropic metal, which means that it can exist in more thantgpe of lattice
structure depending upon temperature. A cooling curve for pure iron is shown below:

1539°C o Liguid
0 (delta) Fe- B.C.C

1400PC|] 0 e
T v (gamma) Fe- F.C.C
O .
T Non Magnetic
-
T 9100C| N
S Non Magnetic\, @ (alpha) Fe-B.C.C )
S TBRC| T e
2

o (alpha) Fe- B.C.C
Magnetic

Time —

Can be other allotropic structures are possible....? H



Effect of pressure on allotropy of Iron

This line slopes upward as at cons;tjant
T if we increase the P the gas will

A e -4 liquefy as liquid has lower volume
(similarly the reader should draw
horizontal lines to understand the effect
of pressure on the stability of various
phases- and rationalize the same).

--"" Increase P apd gas will
liguefy on crossing phase
boundary

3000
Liguid

|.{ Phase fields of non-close packed

o (BCC) e— . .
| "Q g e structures shrink under higher pressyre

2000|_/

Phase fields of close packed structures
‘| expand under higher pressure

These lines slope downward as: Under
higher pressure the phase with higher
=1 packing fraction (lower volume) is
preferred

The face centered tetragonal (FCT) irescoherently deposited iron grown as thin film on a
{100} plane of copper substrate. Growingrigonal ironon mis-fiting {111} surface of a face
centered cubic copper substrate. e



Iron - Cementite phase diagram

The Fe-C (or more precisely the Fe;E¢ diagram is an important one. Cementite |

S a

metastable phase and ‘strictly speaking’ should not be included in a phase di&ygm.

the decomposition rate of cementite is small and hence can be thought of as
enough’ to be included in a phase diagram. Hence, we typically consider the,Eg&e:
of the Fe-C phase diagram.

In the phase diagram, temperature is plotted against composition. Any point ¢
diagram therefore represents a definite composition and temperature. ase qgiagran
indicates the phases present and the phase changes that occur during heating ang
The relative amounts of the phases that exist at any temperature can attoniatezl with
the helg of level rule.

A portion of the Fe-C diagram — the part from pure Fe to 6.67 wt.% cartmngsponding
to cementite, Fe,C) —istechnologically very relevant.

Cementite is not a equilibrium phase and would tend to decompose into Fe andar
This reaction is sluggish and for practical purpose (at the microstructwel) leementite
can be considered to be part of the phase diagram. Cementite forms asdtagackadily
as compared to graphite.

Compositions upto 2.1%C are called steels and beyond 2.1% are calledorest lin
reality the calssification should be based on ‘ castability’ and not just on carbon content.

Heat treatments can be done to alter the properties of the steel by mgditye

microstructure— we will learn about this in coming chapters.
13
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Fe-Fe;C metastable phase diagram

i i 0.1
Peritectic FRa _
L+3>7 RN v. Eutectic
L > v+ FegC
// /’i\
= “Z00
MGUECHIE)] / T 1147°C GT)
2 il Hypo Eutectic Hyper Eutectic 5
' @
= Ledeburite a
' I ¥ 723°C =
l 4.3 res @
R =) :
/ fasi Bg
0.025%C |58 5& !
/! Lﬁ i o !
Eutectoid |/ [a (Ferrite) +iFe,C (Cementite)] = Pearlite
Y~ o+ FeC Steels I Cast rons
0.008 0.8 6.7

Fe % Carbon— Fe,C

14



Carbon Solubility in Iron

Solubility of carbon in Fe = f (structure, temperature)

Whereis carbon located in iron lattice ?

Octahedral
sites

6 faces sharing with two sides (6/2)=3 One interstitial site in center plus

12 edges sharing with four sides (12/4)=3 12 edges sharing with four sides (12/4)=3
Total sites is (3+3), 6 per unit cell Total sites is (1+3), 4 per unit cell

Every one Fe atom we have 3 interstitial sife$ Every one Fe atom we have 1 interstitial site



Why concentration of carbon in a-Fe with BCC structure

IS less than y-Fe with FCC structure?

I I Iy N N B BNR O Wiy W

O
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FIRST LET US CONSIDER FCC STRUCTURE (y-Fe)

Packing factor of FCC lattice 0.74

This indicates the presence of voids. Let us discuss it more elaborately.
In a FCC crystal there are mainly two types of voids:

Tetrahedral: coordination number (CN) is 4. That means the void is surrounded by 4 [
Octahedral: CN is 6. That means the void is surrounded by 6 atoms.
There are 8 tetrahedral voids in a unit cell. That means 2 voids per atom.
There are 4 octahedre voids in a unit cell. That mean 1 void peli atorr.
However, impurities prefer to occupy octahedral voids.

Because the ratio of the radius of the tetrahedral void to atom is 0.225 andribd®@athe
octahedral void is 0.414.

The ratio of the radius of the carbon atom (size is 77 pm) to Fe (when it has Gl is
0.596.

So when a carbon atom occupies any void, lattice will be distorted to incleasmthalpy.
Distortion will be less if it occupies the octahedral voids.
Although it increases the enthalpy, carbon atoms will be present up to @ncesttent

atoms

because of the gain in entropy, as explained previously, which decreases teeefrgléya




Carbon Solubility in Iron

FCC

w01 00y

D ove -

Relative sizes of voids w.r.t atoms

| Fe _ 1 .
carson  pFe 2] D92A

S~a -

Size of the OV FCC (OCt) O 534A

Size of Carbon atom | C — 077 A
BCC

Notethe differencein size of the atoms

L FCC Size of the largest atom which can fit into the tetrahedr@l225 and octahedral void is 0.414
U BCC Size of the largest atom which can fit into tt¢etrahedral is 0.29 andl.octahedral void is 0.154

i F A AC0 A
et rie. =1.258A

R

Size of the TV XBCC (d tet) O 364A

w01 00y

Relative sizes of voids w.r.t atoms

Size of the OV XBCC (d OCt) — 019515\

I] Remember 1




Why concentration of carbon in a-Fe with BCC structure is less

than y-Fe with FCC structure?

0 NOW LET US CONSIDER THE BCC UNIT CELL (o - Fe)

O Packing factor of BCC lattice 0.68. So total void in a BCC unit cell is higher #@@ cell.

 However, there are 12 (6 per atom) tetrahedral and 6 (3 per atom) octhheidis present
This number is higher than the number of voids present in a FCC unit cell.

L Unlike voids in FCC lattice, in a BCC lattice the voids are distoridtat means if an atom si{s
in a void, it will not touch all the host atoms.

L The ratio of the radius of tetrahedral void to atom is 0.29 and the radius dfexita void to
atom is 0.155.

L The ratic of the radius of the C atorr (size is 77 pm) to Fe (wher it has BCC crystal is 0.61z.
So itis expected that in a BCC unit cell, impurities should prefer tetrahedrds.

O However, although the octahedral void size is small, planar radius wiashl atoms on the
same plane is 79.6 pm, which is larger that the C atom size. That meansdsttoadistort only,
other two atoms.

L On the other hand if C sits in the tetrahedral void it has to distort all faumnat So ino — Fe
with BCC unit cell C occupies the octahedral voids

O Now the octahedral void size in g-Fe (FCC) is higher than a-Fe (BCC). Soatigt the
distortion in a BCC cell will be higher and the activation energy for impesito occupy &
void in a BCC cell also will be higher.

O This is the reason that we find much lower solubility limit of C in a-Fe. 18
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Why carbon preferentially sits in the apparently smaller octahedral void in BCC ?

Ignoring the atom sitting at B and assuming the interstitial atonmdmtdne atom atAL

OA=r+X, \/_a VBFgc = 1.258A [

> [6r BCC : +/3a = 4r - '
M+ X, = 3 :

%a = [2—*/6— } 0.632¢

r

OX =x,=0.796A OY=x,=0.195A X (dtet)=0364A | .




Characteristics of phases appeared In
Fe-Fe,C phase diagram

20




a

O

C OO0

It is an interstitial solid solution of a small amount of carbon dissolved: imon. The
maximum solubility is 0.025%C at 728 and it dissolves only 0.008%C at roc
temperaturelt is the softest structure that appears on the diagram.

Ferrite is ferromagnetic at low temperatures but loses its magnetic properties with the rise
of temperatures with major loss at curies temperatures, 768°C and above this temperature
becomes non magnetic (paramagnetic).

The crystal structure of ferritax) is B.C.C
Tensile strength — 245 Mpa, Yield strength 118 Mpa

Elongation — 40-50% in 2 in.
Hardness - 95 VPN

o(Ferrite) contains
B.C.C structure

21



Cementite (Fe;C)

d Cementite or iron carbide, chemical formulagEecontains 6.67%C by weight and it ig a
metastable phase.

O It is typically hard and brittle interstitial compound of low tensile strén(85 Mpa) but
high compressive strength and high hardness ~800VPN.

O Itis the hardest structure that appears on the diagram.

O It has a complex orthorhombic crystal structure with 12 iron atoms and 4 cartws @ier
unitcell.

O It is slightly ferromagnetic up to 22Q and paramagnetic above it. Melting point around
122°FC.

Cementite networ k

(12 atoms)

azb#c
azﬁzyzgoo

Orthorhombic




 Peatrlite is the eutectoid mixture containing 0.80 ¢
and is formed at 72&€ on very slow cooling.

O It is very fine platelike or lamellar mixture of ferrit
and cementite. The fine fingerprint mixture call
pearlite is shown in below figure.

O The weight % of these two phases are thus in r
8:1

Tensile strength — 120,000 psi or 825 Mpa
Elongation — 20 percentin 2 in.

D00

Hardness — HRC 20, HRB 95-100, or BHN 250-30

Pearlite (a+Fe;C)

723

Hyper
Eutectoid

-

S T

3

o ©

)
Eutectoid

. Fine , © Pearlite Coarse

¥ H

0.8 %C =

ﬂ Remember...! ‘I

Pearlite is a not a
phase but combination
of two phases (ferrite
+ cementite)

23



Austenite (y)

O It is an interstitial solid solution of a small amount of carbon dissolved iron and has
FCC crystal structure. The maximum solubility is 2.1%C at PCA7

O Austenite is soft, ductile tough and malleable (FCC structure) and nognetia
(paramagnetic).

O Steels are commonly rolled and forged above about A1 ®then they are in austenite state
due to its high ductility and malleability, which is also due to its FCQtire.

Tensile strength — 150,000 psi or 1035 Mpa
Elongation — 10% in 2 in.
Hardnes - 395 VPN anc Toughnes is high.

D OO

24



Ledeburite (y+Fe;C)

O Ledeburite is the eutectic mixture of austenite Jand - Eutectic
cementite. It contains 4.3%C and is formed at PCAT K‘ FesC
O Structure of ledeburite contains small islands of\ tﬁﬁ
austenite are dispersed in the carbide phase. /.il Hypo E Hyper Entectie
L Not stable at room temperature {r{A hstenite) + FesC{Ceemtit)]) = Lodeburit
4‘_3 123°C =

The pearlite is resolved in some regigy
where the sectioning plane makes|™@
glancing angle to the lamellae. Th
ledeburite eutectic is highlighted by t .
arrows. At high temperatures this is
mixture of austenite and cementite for
from liquid. The austenite subsequen
decomposes to pearlite.




Ferrite (0)

O Interstitial solid solution of carbon in iron of body centere
cubic crystal structure.s(iron ) of higher lattice paramet
(2.89A) having solubility limit of 0.09 wt% at 1495°C witf
respect to austenite. The stability of the phase ranges be
1394-1539°C.

O It is a high temperature phase and is a high tempera
manifestation ofx ferrite.

ferrite

~

O This is not stable at room temperature in plain carbon steel. Howevan ibe present at
roomr temperatur in alloy stee speciallyduple» stainles stee.




Invariant Reactions in Fe-Fe,C
Phase Diagram




Peritectic Reaction

a

The invariant peritectic reaction in Fe-feediagram is given by

L o-ferrite Cool

N S Austenite (y)
0.51%C 0.1%C 1495°C 0.17% C

Thus Liquid, wt%is | _ 0.16-0.1

= x100=14.63%
0.51-0.1

Thus & ferrite, wt % is  o( ferrite) = %551_ 00'116><10C =85.37%

Fe-0.16%C steel is a peritectic steel because only this steel undergoes aehotient
completely.

Peritectic reaction is of some importance during freezing of steelbdonafrom 0.1 to
0.51% particularly under fast cooling conditions, when micro segregation Eswit)
otherwise no commercial heat treatment is done in this region.

Unfortunately these temperatures are attained during heating of steé&sdimig or rolling
etc., then severe overheating and burning results in steels turning therapden.

28



Eutectic Reaction

a

The invariant Eutectic reaction in Fe-feediagram is given by

Liquid (L) Cool Austenite (y) N Cementite

0.17%C 1147°C 2.11%C 6.67 % C
6.67—4.3
' % isy = x100=51.97%
Thus Austenite, wt% isy 667_211 0
43-2.11

x10C=48.03%

< . onic FeC =
Thus cementite wt % is F&; 6.67—211

Fe-4.3%C alloy is called eutectic cast iron as it is the lowest ngelpioint alloy, which ig
single phase liquid (100%) of 4.3% carbon at the eutectic temperature, 1147 4itqused
and undergoes eutectic reaction completely at this constant eutectic &unpdo give &
mixture of two different solids, namely austenite and cementite, $gidj simultaneously
The eutectic mixture calleldedeburite.

As Fe-C alloys having more than 2.11% carbon are classed as cast irong-halfeys
having carbon between 2.11 and 4.3% are caligab eutectic cast irons, where as thos
having carbon between 4.3% and 6.67% are cdilgabreutectic cast irons. Alloys of Fe

with 4.3% carbon is calledutectic cast iron.
29
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Eutectoid Reaction

a

The invariant Eutectoid reaction in Fe-fediagram is given by

Austenite(y) Cool Ferrite(a) N Cementite

0.8%C 727°C 0.02%C 6.67 %C
6.67—- 0.8
Thus Ferrite, wt% is 6.67—0.07 0
Thus cementite, wt % is Fe,C = 08-002 x100=12%
6.67—-0.02

During cooling austenite of 0.8% at constant eutectoid temperature, 727°C und

eutectoid transformation to form a mixture of ferrite (C%=0.02%) andestite i.e., there

are alternate lamellae of ferrite and cementite .

This eutectoid mixture of ferrite and cementite is callgdARLITE, because of its pearly

appearance under optical microscope.

The weight % of these phases are thus 8:1. The densities-&87 gm/cm) and (FgC- -
7.70 gm/cm) are quite comparable. Thus the Volume % also approx 8:1. Thus f
lamilla is 8 times thicker than cementite lamilla. as the two bourdanif cementite plat
are close together, they may not resolved separately under the micrpstsipad of twa

lines, it appears a single dark line.
30
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Eutectoid Reaction

O Phase changes that occur upon passing from~ythe
region into thex+ Fe,C phase field. oo

O Consider, for example, an alloy of eutectoid

composition (0.8%C) as it is cooled from a temperature
within the y phase region, say 800°C - that |is,
beginning at point‘a’ in figure and moving down
vertical xx. Initially the alloy is composed entirely of™
the austenite phase having composition 0.8 wt.% C|an

then transformed ta+ Fe,C [pearlite] 800

O The microstructur for this eutectoic stee thatis slowly | ||
cooled through eutectoid temperature consists|’®
alternating layers or lamellae of the two phaseand
F%C 600

[ The pearlite exists as grains, often termed “colonies”
within each colony the layers are oriented in essentiail
the same direction, which varies from one colony to
other.

1.0 2.0

O The thick light layers are the ferrite phase, and the ————
cementite phase appears as thin lamellae most of which
appear dark.

v
* | |
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Eutectoid Structure

Austenite grain
boundary

\

Austenite

Austenite 7

Cementite

Growth direction
(FesC)

of pearlite

Carbon diffusicn

Hadgh

Schematic representation of the formation of pearlite from
austenite; direction of carbon diffusion indicated by arrows




Hypo Eutectoid Region

Hypo eutectoid region — 0.008 to 0.8 %(

Consider vertical lineyy’ in figure, at
about 875°C, point, the microstructure
will consist entirely of grains of they
phase.

In cooling to point d, about 775°C, whig

IS within the a+y phase region, both the:
phases will coexist as in the schemg
microstructure Most of the smallo
particles will form along the originaly
grain boundaries.

Cooling from pointd to g, just above the

eutectoid but still in thex+y region, will
produce an increased fraction of the
phase and a microstructure similar to t
also shown: thea particles will have

™M 100
4

N1 000

5€
800
\{IC

700

v

nat

900 §

&00

50O |

400

Ul [} }Pearl'rte

Eutectoid o

Proeutec

toid o

grown larger.

Composition (wt% C)

2.0
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Hypo Eutectoid Region

O Just below the eutectoid temperature, at pdinall the y phase that was present |at
temperatures will transform pearlite. Virtually there is no changedrphase that existed at
point e in crossing the eutectoid temperature — it will normally be present amtncious
matrix phase surrounding the isolated pearlite colonies.

O Thus the ferrite phase will be present both in the pearlite and also as the thlaasormeo
while cooling through thex+y phase region. The ferrite that is present in the pearlite is
called eutectoid ferrite, whereas the other, is termed proeutectmdr(ing pre- or beforg
eutectoid) ferrite.




Hyper Eutectoid Region

Hyper eutectoid region — 0.8 to 2.1 %C

Consider an alloy of composition,dn figure
that, upon cooling, moves down the ling'. At

point g only they phase will be present and the

microstructure having only gamma grains.

Upon cooling into they+ Fe,C phase field <

say to point h — the cementite phase will beg

to form along the initial y grain boundaries;

similar to the o phasi in point d. this cementit
is called proeutectoid cementite that which
forms before the eutectoid reaction.

As the temperature is lowered through |
eutectoid to point I, all remaining austenite
eutectoid composition is converted in
pearlite; thus the resulting microstructy
consists of pearlite and proeutectoid cemer
as microconstituents.

11040

1000

800

>

80O

Temperatute T°C) gy

700

he

of &00H

to
re
tite

500

400
0

Proeutectoid
Fe 3'3

Eutectoid FesC

rlite

Composition (wt% C)

2.0
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Concept of Primary Ferrite & Primary Cementite

a

When the carbon content of steels is much away from the eutectoid carbordistiaction
can easily be made between hypoeutectoid steels and the hypereutezdbidNgal is the
common etching agent.

Shape of the phases

a

a

Proeutectoid ferrite appears as grains which are quite wide, polghadd the grair
boundaries in between neighboring ferrite grains can be seen.

The films of pro eutectoid cementite generally are much thinner, hawguiaeoutlines and
bounded by sharp lines. These are present as network of needles or platefetnti
looks muct brightel anc shary becaus of its hardnes anc etchin¢ characteristic.

Major difference is cementite is present as network at the grain bounddrpesarlite (at
RT), whereas ferrite is present as grains (equiaxed polyhedral graihsynain boundaries
in between ferrite grains (if etched properly).

\v Q)

PEARLITE ) PEARLITE
Microstructu
resof (@)  emeNTITE b
Hypereutecto ™ oo sy
id steel (b)) AND SHARP é |
Hypoeutectol LINES FERRITE-WIDER POLYHEDFW'-
o Sl EQUIAXED GRAINS WITH

a BOUNDRIES, BUT DULL



Concept of Primary Ferrite & Primary Cementite

Relative Hardness

[ Cementite is very hard (~800 VPN) and ferrite is (~95 VPN). Micro harsitesting can b
done to distinguish between ferrite and cementite.

O A simple scratch test can be done. Make a scratch on the polished &ed staface of th
steel and then, examine the point of the scratch where it enters thepsbdetectoid phas
from the peatrlite.

O If the scratch widens on entering, it is the soft phase ferrite, andhiins in white phase
then the white phase is much harder than pearlite, i.e, it is cementite.

a EMENTITE FERRITE b

&W«ﬂh =

Y

SCRATCH BECOMES SCRATCH WIDENS
Special Etchants THIN IN WHITE PHASE INWHITE PHASE

Relative hardness of ferrite
and cementite distinguishes
them (a) Hypereutectoid

steel (b) Hypoeutectoid steel SCRATCH

L Nital etching causes cementite as well as ferrite to look white undeostope
d A sodium picrate solution used either boiling or electrolytically, darken€ feeit not o’

O Another etchant based on sodium thiosulphate and ammonium nitrate gives colies ferr
but not cementite. 38




Fe-Fe;C phase diagram (microstructural aspects)

L=liquid, Cm=cementite, LB=ledeburité=delta ferrite a=

15§9°C N L alpha ferritep’= alpha ferrite(0.00005 wt%G)=austenite,
N P=pearlite, eu=eutectic, ed=eutectoid, I=primary,
0.09 ll=secondary, lll=tertiary
8+’Y \ . 1227°C
o +’y //
1394°C I 4.
i +Cm, )
O B : Sy A,=1147°C
o L (v Cmy ) LB (v ey E i(g:" )
) | +Cmy)+Cm,) | Me
S . I
- o -
§ 20 D 2 E F
o - I m
g 770°C £
a.
- ; ’ o A=727°C
a | (P(aed'l-crned)-'-cml)-'- LB (P(aed+crned) 3: d+Crned)
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¢ . |
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, " Pt L gt A Rt A s A =210°C
0.0000% \ 6.67

Weight percent carbon

39



Evolution of Microstructures on equilibrium cooling

 Sequence of evolution of microstructure can be described by the projected cool
compositions A, B,C, D, E, F.

O At composition A
Lo>d+L>8-0+y—>y—>y+a »a—a +Cm,
O At composition B
Lo>d+LoL+y, »y—a +y— o +(P(ay,+Cmy) =, (a +Cm,, )+ P(a, (, +Cm, ) +Cm,,)
0 At composition (
Lo>L+y, > y—7,+Cm, - P(ar, +Cm,)+Cm, — P(e (ay +Cm,)+Cm,)+Cm,
O At composition D
Lo>L+y, =y +LB=y (5, +Cm,)+LB(y,(y, +Cm,)+Cm,)
— (P(a, +Cm,)+Cm,)+LB (P(a, +Cm,)+Cm, +Cm,,
— (P(ay(ay +Cm,, ) +Cm,)+Cm, )+ LB ((P(e (e +Cm,, ) +Cm,)+Cm,)+Cm,)

40
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Evolution of Microstructures on equilibrium cooling

 Sequence of evolution of microstructure can be described by the projected cooling on
compositions A, B,C, D, E, F.

O At composition E
L—L+Cm — LB(y,+Cm,+Cm)— LB (y,(y, +Cm,)+Cm,)+Cm,

— LB (P(a, +Cm,)+Cm,)+Cm,,)+Cm,
— LB ((P(ay (@, +Cm, )+Cm,)+Cm,)+Cm_)+Cm

O At compositiol F
L - FeC
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Application of Lever rule in
Fe-Fe,C phase diagram

42




Solved
Example

For a 99.6 wt% Fe-0.40 wt% C at a temperature just below
eutectoid, determine the following:

a) The amount of R€, ferrite () and pearlite

b) The amount of pearlite and proeutectoid ferritg (

0.02 /
a) Theamount of Fe,C and ferrite (o) O 0.4 6.67
_ 0.4-0.025 m m
Percentage dte;C = ——_ -+ 100

Percentage of Fe;C in 0.4 % C steel is5.64 % T(°C)

'IEDE’?
1400

.rr+l|'_

12004 ¥ 48~ —TiFeC| @

(alistenite) =

Percentage of Ferrite)in 0.4 %C steel = (100- 5.64)%o0d o 2

3

il

L&

Percentage of ferritein 0.4 % C stedl = 94.36% = = ;‘3
6.67 — 0.4 ~ . ™ T2 3 % & écﬁ_?
Percentage of ferrite= «100 = 94.36% Co C,, W% C i

6.67 — 0.025
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b) Phase fraction of pearlite and proeutectoid ferrite (a)

0.4 -0.025 . 100
0.8-0.025

Percentage of pearlite =

Percentage of pearlite=48 % m

m Pearlite

Percentage of proeutectoid ferrite (a) in 0.4 % C steel = (100- 48)%

Per centage of proeutectoid ferrite (a) = 52 %

08-0.4
1 1 = * = 0
Percentage of proeutectoid ferrite 08—0025 100 = 52%
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Critical Temperature lines

1,600

ferrite

ferrite

iron} -~ 05087 15 2 25 3 35 4 45 5§

—————— carbon content (percent)  X-gxis
1

d In general, A — Subcritical temperature, A lower critical temperature, A- upper critical
temperature, A— Eutectic temperature,A- Peritectic temperature and A- y/y+cementite
phase field boundary.

O While heating we denoted as AAc, Ac; etc., c’ stands for chauffage (French word),
which means heating and while cooling we denoted as AAr, Ar, etc.,‘r’ stands for
refroidissement, (French word) which means cooling. a5




Critical Temperature lines

O The upper — and lower critical temperature lines are shown as single lines (under
equilibrium conditions and are sometimes indicated\gasA, etc. When the critical line
are actually determined, it is found that they do not occur at the same temperatur

O The critical line on heating is always higher than the critical line ooling. Therefore, th
upper critical line of a hypo eutectoid steel on heating would be labgle@nd the sam
line on coolingA,; The rate of heating and cooling has a definite effect on the temperature
gap between these lines.

[

The resulte of therma analysi:
of a series of carbon steels wit
an average heating and cooling
rate of 11°F/min are shown in

kﬂgure. ——
&)

QFinal word...! with infinitely slow
heating and cooling they would
probably occur at exactly the same
temperature.

W
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Effect of alloying elements on Fe-Fe,;C phase diagram

Based on stabilizing Austenite

d Mn, Ni, Co, Cu, Zn increase the range in whigiphase, or austenite is stable [by raising|A
and lowering A temperature and also tend to retard the separation of carbides.

O These elements havephase FCC crystal structure (or similar structure) in which these
elements are more soluble than ferrite, and that is why, indthe) two phase equilibrium,
these segregate in austenite in preference to ferrite.

O Elements like carbon and nitrogen (interstitial solid solution formingmants) are alsp
austenite stabilizers.

Based on stabilizing Ferrite

d Cr, W, Mo, V, Si, Al, Be, Nb, P, Sn, Ti, Zr increase the rangergfhase (by lowering pand
raising A; temperatures).

O These elements hawephase BCC crystal structure (or similar structure) and thus-+)(
two phase equilibrium , these elements segregate in ferrite in pnefete austenite. These
elements decrease the amount of carbon soluble in austenite, and thus tend &seitlcee
volume of the free carbide in the steel for a given carbide content.

O Chromium is a special case of these elements as at low concentrations , whrtoniers
A, temperature and raises, Aut at high concentrations raiseg femperature. Overall, the
stability of austenite is continuously decreased.
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Effect of alloying elements on Austenite phase region Mn, Cr

= Mn is Austenite stabilizer
= Expansion ofy phase field witht Mn

Temperature—

Outline of they phase fielg----- -

0 0.4 0.8 1.2 1.€
C (%) —

-

,,,,,,, Outline of they phase fielc

Temperature—

= Cr is Ferrite stabilizer
= Shrinkingy phase field withf Cr

0 0.4 1.6 48

0.8 1.2
C (%) 5



Effect of alloying elements on Fe-Fe,;C phase diagram

Carbide forming elements

O Important elements, in this class, are arranged in order of increadingyafior carbon, and
thus the carbide forming potential of the element :

Fe—-Mn—-Cr—-W-—-Mo—-V —->TIi—Nb—Ta— Zr
O For example, vanadium is added in steel having chromium and molybdenum| with
insufficient carbon, then vanadium first removes carbon from chromium carbide, the

remaining vanadium then removes carbon from molybdenum carbide and forms its own
carbide. The released Cr and Mo dissolve to form solid solution in austenite.

Graphitising elements

O Si, Ni, Cu, Al are common graphitizes. Small amount of these elementsegl san
graphitise it and thus, impair the properties of steel unless elements ohideisi@bilizer
are present to counteract the effect.

Neutral element

O Cois the only element which neither forms carbide, nor causes graphitisation.
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Effect of alloying elements on Fe-Fe,;C phase diagram

Effect on Eutectoid composition

O All the elements lower the eutectoid carbon content. Titanium and molybdemanthe
most effective in lowering it.

O For example, a steel with 5% Cr has its eutectoid point at 0.5%C as compa@ed in
carbon steels. High speed steel has eutectoid point at 0.25% carbon.

Effect on Eutectoid temperature

O Elements like Ni, Mn i.e., the austenite stabilizers lower the eok@temperature (727°C).
Ferrite stabilizer: like Cr, V, W etc. raise the eutectoictemperatur.

1300 — T w 0.80 T
;,; l ] | Molybdenum °. N ]
S 1200 |4 Titanium __/ = 2200 £ 0.70 AN Nickel
—t /’ E—4
o l/ Tungsten g * o Y
g 100 f 74 2000 3 c 060 RN 3
E /’ € ] \ N
2 )" L] £ \ N ™. ~ Manganese
= A Xsilicon 8 S \\ NN ‘)2\ i
g 900 > J1600 ® 2 g4 T G Chromium —
E 7L : NERNNR N
=} o
% 80 Chromium 1 1400 TE v 03— > — >~
=
£ 700 3 || £ g o2 A, '...--"""‘:‘I'ungsten M
b Manganese Jim0 o ;g - S \
1= :‘""“ ‘B ] \ Molybdenum
g 600 — -] ~] T 0.10 7
2 Nickel N« ~_ 00 & Titanium
o 500 | | M~ b o 0 1
0 2 4 © 8 10 12 14 16 18 0 2 4 1] 8 m 12 14 6 18
Alloying element, % Alloying element, %

: : : : 50
Effect of alloying element on eutectoid temperature Effect of alloying element on effective carbon ot



Limitations on Fe-Fe,;C phase diagram

d Fe-FgC diagram represents behavior of steels under equilibrium conditions, whereas the
actual heat treatments of steels are normally under non-equilibrium conditions.

 The diagram does not indicate the character of transformation of austeniteasutt
bainite, or martensite.

The diagram does not indicate the presence of metastable phases like maxebsife.
It does not indicate the temperature of start of martensit@ibainite B.

It does not indicate the kinetics of the transformation of austenite to magebainite or
even pearlite.

O It doet nolindicate the possibilitie« of suppressin the peatrlitic or bainitic transformation.

OO0
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Strengthening Mechanisms in Steels

Solid Solution Strengthening

O Solid solution strengthening is a phenomenon that occurs when the number of iﬁpurity
atoms in the lattice of the basic element is so small that they are ibleapiforming both
stable and metastable precipitation phases under any thermal treatmenbasndit

[ Consider the influence of carbon, which is statistically uniformly distribunethe lattice of
the a-iron, on the structure and properties of a-iron. Solubility of carboa-iron is much
lower than in they-iron. It forms interstitial solid solutions with both irons.

O However, whereas theiron lattice has sufficiently large pores for implantation of carlpon
atoms, the cubic lattice of theiron suffers, upon introduction of carbon atoms, a tetragpnal
distortior similar to the one of the martensit lattice excep that in the formel cast the
distortion is much smaller.

O In addition, implantation of carbon atoms causes the entire lattice af-then to expano
somewhat. For example, at a carbon content of 0.015% the lattice constaraseerag
room temperature by 0.025c.

O The yield stress rises most dramatically with an increase in tH®snaconcentration from
107 to 104 -102%. The influence that carbon exerts on plastic deformation resistdiice [0
a-phase is due to both its strong interaction with dislocations and pinning ofsloediions
and elastic deformations arising as a result of the tetragonal distortidre @-phase lattice
after implantation of carbon atoms.

L Dissolution of part of the carbon in thephase and suggests that the solid solution strengthenmiting @hase is on¢
of the factors providing the high strength properties oéintediate transformation products. 52
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Strengthening mechanisms in steels

Grain Size Refinement

L Austenite passes to other phases during cooling, its grain size representgpartant
characteristic of steel. This is due to the fact that all structuralpmorants are formed
within each separate crystal.

L The smaller the austenite grains, the finer the network of excess fartieiaboundaries
and the smaller the pearlite colonies and martensite crystals. Theredofine grain
corresponds to a fine crystal fracture of steel and vice versa at the tatum@s where
austenite has already precipitated.

O Impac strengtl is especiall' sensitive to the austenit grair size anc it decrease with grair
enlargement. A decrease in the dimensions of pearlite colonies inside tilaé anistenite
grain favors a rise in impact strength also.

O Although the grain size has a considerable effect on impact strength, usmaef is small i
any on the statistical characteristics of mechanical propertiels aachardness, fractufe
stress, yield stress, and specific elongation. Only the actual giae affects stee
properties, the inherited size has no effect.

L However, the technological process of heat treatment is determined by th&edgrain.
For example, a hereditarily fine-grained steel may be deformed at a Hagheerature with
the assurance that the coarse-grained structure will not occur.

A\ "4
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Strengthening mechanisms in steels

Dispersion strengthening

O In the majority of metal alloys, precipitation of supersaturated smidtions formed durin
guenching is followed by precipitation of disperse particles enrichedtams of the
alloying components. It was found that the strength (hardness) of the atloyesases wit
the precipitation of these particles. The increment in the value dfetleharacteristic
increases as the dispersion and volume fraction of the particles ircrBais phenomeno
has been referred to as dispersion strengthening.

d When a solid solution of carbon in-iron is cooled be low point A carbon shoul
precipitate as cementite with lowering of the carbon solubility and a edser i
temperatur. This proces is realizec unde sufficiently slow cooling which is accompanie
by diffusion processes, leading to the formation of cementite.

O In the case of abrupt cooling , e.g. , water quenching, carbon has no time to @tecipi
supersaturated a solid solution appears. At room temperature the desanoeint of carbo
can correspond to its maximum solubility of 0.018%. During subsequent storage at room
temperature (natural aging) carbon tends to precipitate from the solitiosolCarbon
enriched regions appear predominantly in defective sections of the matroipiRagon of
carbon from a supersaturated solid solution during natural aging resultrmvement o
its strength characteristics and hardness. However, plastic chaacse—reduction o
area, specific elongation, and impact strength are impaired. A clgaoigounced vyiel
stress appears after a long natural aging. Hardness may increase by 50% bwutthbas
guenched stat e. The phenomenon of dispersion strengthening is observed. 54




Strengthening mechanisms in steels

Work Hardening

d

d

d

An important method used to strengthen steels is deformation strengthenmegmgt8éning
achieved with crystal deformation can be judged from the shape of stregs-€sinzes.

The actual shape of these curves largely depends on the crystal lattice tyy@enoétal, its
purity, and thermal treatment.

In the case of cubic lattice metals, strengthening curves are paraboliceashéor

hexagonal lattice metals a nearly linear dependence is observed betwe&esheand the
strain.

This facl suggesi thal plastic deformatiol strengthenin is determine mainly by the
interaction of dislocations and is associated with the structural chahgéesnipede the
movement of dislocations.

Metals with a hexagonal lattice are less prone to deformation strengthdmangctubic
lattice metals because the hexagonal lattice has fewer easy slimsyste

In cubic lattice metals, the slip proceeds in several intersecting peme directions.

\V

\} "4
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" Principles of heat treatment
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Formation of Austenite

a

a

Theoratical lemperature ranga
for the lormation of

Formation of austenite is a preliminary step for a
heat treatment process. 1000 - austenitein

Formation of austenite in eutectoid steel differs fr 5 e
that of hypoeutectoid and hypereutectoid steels in
sense that in the former case it occurs at a partig
temperature (A)) where as for the latter it takes pla
a over range of temperature.

At 1147°C, the maximum solubility of carbon in FC
iron is about 2 percent. Therefore, at this temperatt | g s , .

0 0.4 0.8 1.2 1.6

region: arounc the cementit: layer will be enriche: Carbon, wt.%
W|th Carbon because Of diﬂ:usion Temperature ranges for the formation of

austenite on heating for steels.

Hyperautecioid
steel

Q)

3

Theoretical tempearature
for the formation of
austenite in

eutecioid steal

) ~—
Temperature,°C
=

8

~~

Fe,C
N T A as
" 0
I?; El;'l EEI . I
A o =T AL AL
Fe,C +Fe Austenite
(a) (b) (c) (d) (e) (f)

Steps associated with transformation of pearlite to austenite 57



Formation of Austenite

O The maximum diffusion of carbon atoms will take place from the cementitheatdrrite-
cementite interface. As sufficient number of interfaces are availabistenite nuclei will be
formed at the interface.

L By gradual dissolution of carbon of cementite into gamma iron, primary austgaites are
formed. These primary austenitic grains dissolve the surrounding ferrite @sténdic
grains grow at the expense of ferrite.

O The growth rate of austenite is higher than the rate of dissolution of the ceenarip
austenite because austenitic grain growth takes place because of tf@rtnatisn of alphg
iron to gamma iron and diffusion of carbon atoms from austenite to ferritis.éX{plains the
experimentall observe facithai dissolving of ferrite is completer before that of cementit..

O The austenite thus formed at eutectoid temperg
IS not homogeneous. The carbon concentratio
higher in these regions which are adjacent to
original cementite lamellae than those which
adjacent to the ferrite mass.

O Chemically homogeneous austenitic grains
obtained by holding (holding time should |
sufficient to diffuse properly) steel above t L i ; )
eutectoid temperature -

Effect of temperature and time on the austenite
formed from pearlite in 0.3% carboh steel

860 - n

Homogeneous |
austenite

Q) e = -
£
[=]
I

Temperature,’C
I

& b

*, Inhomo- "
99% Y. geneous -~ 7
Austenite "-_austenite °

-

Austenite +ﬁ L .
Residual T
0.5% carbide "

austenite

22 O A




Kinetics formation of Austenite

S =)

O The formation of austenite on heating always occurs at a temperature higinethk
predicted by the Fe-Cementite phase diagram.

O To study the kinetics of austenite formation is to heat a number of stegllea to different
temperatures above the eutectoid temperature.

O Heating is done by immersing samples in constant temperature baths. A nunshenles
are immersed in a constant temperature bath and are taken out one by oredsimite
interval of time followed by immediate quenching which will result in thenfation of
austenite from transformed austenite.

O The amount of martensite formed will depend on the amount of transformed aestenit
which in turn will depeni on the temperatur al which the stee samplt has beer heater anc
the holding time at that temperature.

O From the figure, we can concludédigo
that the Ilower transformation
temperature, the more is the tin
required to complete th
transformation

O Any property which changes with th
formation of austenite, and/or wit
martensite formed by quenching of
transformed austenite. can be utiliZed Transformation of pearlite to austenite as a furmcaf time

this purpose

—
ite, ™

50

=1 Dausten

Time —»
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Kinetics formation of Austenite

The relationship between transformation temperature and transformatienhas bee
derived by taking into consideration the effect of superheating. An asabydigure lead
to the following conclusions:

Transformation is completed in a short
period at high transformation temperature.

For Higher heating rates, transformati ia
will start at higher temperature, whereas f@
slower heating rate, transformation wil

start at lower temperature.
For any giver practica rate of heating, the

End of the transformation

rpe

Te
i

|

|

i

i

i

i

i

:
-,
B

Beginning of the transformation

formation of austenite will occur over |a Time —»

range Of temperatu re and not at constant Effect of temperature on the time required fortsiad
’ completion of transformation of pearlite to austeni
temperature.

For the formation of austenite at a constant temperature, the heating ratel sie
extremely slow, and the two curved lines will converge to a single pointédicat eutectoiq
temperature line.

The end of transformation curve does not reveal any information about the |
(homogeneity) of austenite. The curved line ensures that all the pearlitebdars

transformed into austenite. In order to attain homogeneous austenite géhenas to be

ul

nature

174

heated to still higher temperatures.
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Kinetics formation of Austenite

The processes of austenite formation on heating proceeds by nucleation andh
reaction. Therefore, the factors which can vary either the rate of riarear the rate of
growth or both will change the kinetics of austenite formation. Two such paeasate
transformation temperature and holding time at transformation temperature

The kinetics of austenite transformation is governed to great extent, byahege of
pearlite. The number of possible austenite nuclei will increase with inlcecase in

interfacial area. The interfacial area can be increased in twgsway increasing the

cementite contents, and by decreasing the interlamellar spadiigyis the reason why hig
carbon steels austenitize more rapidly than low carbon steels.

The close the ferrite-cementit lamellae the highel will be the rate of nucleatiol. Also, the
carbon atoms have to diffuse for smaller distances in order to enrich low cerbmms.

Therefore, the rate of growth of primary austenitic grains will also be high#éris case
This explains why pearlitic structure with less interlamellar sapges transformed faster t
austenite.

The kinetics of austenite transformation for coarse pearlitic strucsuskow for the reasol
given above. The kinetics of austenitic transformation from granular pe&lglower thar
that of lamellar pearlite for same reasons.

The kinetics of transformation will further decrease with increase endize of globular

cementite particles. Quenched structure will also transform teeaiistmore rapidly thal
the granular pearlitic structure.

growt

174
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Austenitic Grain Size

[ The size of austenitic grains is the most important structural charactesfsheated steel. The
austenitic grain size strongly effects its own transformation behavwwl the mechanicg
properties of the microstructures formed from austenite.

 Austenitic grain boundaries are preferred sites for the nucleation of ytemteid phases and
pearlite, which are diffusion controlled transformation products.

 Coarse austenitic grains having less grain boundary area, have fewertingcleiges, thus
diffusion-controlled transformation of austenite is retarded paving waydasy g#ansformation f
martensite (Diffusionless transformation product).

[ The impact toughness of steel is most sensitive to the size of the austenie igrthe hardened
and tempered state. The charpy impact value improves with decreastagiicgrain size to the
exten thai its value for a fine-grainec stee car excee: severe times that of a coars: graine( stee
of the same grade.

[ The reason, partly is due to segregation of impurity atoms to the austgrdgiic boundaries
during Austenitisation (more segregation takes place if grain boundarysaless as is the case
in coarse grained steels), and thus the fracture frequently takesgdtage prior austenitic grain
boundaries.

 The co-segregation of impurities like Sb, P, Sn, As along the large angle graitdmes of
austenitic grains weakens the adhesion at these boundaries to cause fbwigréhem. Sucl
intergranular fracture is quite brittle.

d In alloys of Fe-Ni, and Fe-Ni-C, the Mtemperature is lowered significantly by decreasing|the
austenitic grain size, probably due to higher strength of fine grainedratgstewhich in turn
increases the shear resistance of austenite to transform martensite. 62
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Austenitic Grain Size

a

At temperatures just above the uppel

critical temperature, when the structure

fully austenitic, that is just after the
transformation is complete, the initial grali

size of austenite is fine (though mo
disperse is the initial structure, the finer
the austenite grain formed).

As the temperature is raised further,
holding time at a given temperature
increasec ther grair coarsenin occur:.

This behavior is schematically illustrated|.

Austenitic grain growth is a naturs
spontaneous process and is caused by
tendency to reduce the surface energy,
reducing the total surface area of the gr

Al
th
b
Alr

boundaries. A high temperature accelerate

the rate of this processes.
Driving force is the surface energy stor

ed

as grain boundary energy. Certain grafins

grow at the expense of smaller grail
which due to their less stable.

1S,

INCREASE OF TEMPEATURE

OVERAHZATED
AUSTERITE
ERANS

COARSE
AUSTENNE
GRAINE

FINE AUSTENITE GRAINS
(SLIGHTLY COARSER THAN
AT TEMP. A1)

Ax TEMPERATURE

T == St B = )

FRESHLY FORMED AUSTENTTE
ERAING WiITH S0ME
FAC-EUTECTOID PHASE
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Schematic illustration of changes in microstructure of steel omigeati



Austenitic Grain Size

O Depending on the tendency of steel to gr
growth, steels can be classified into two brc
groups:

v Inherently fine grained steels
v Inherently coarse grained steels

O Inherently fine grained steel resists the grow
of austenitic grains with increasin
temperature. The Kkinetics of austenite grg
growth is very slow and the steel remains fir~ _ o -

. i temperature a< hiah as Comparison of austenitic grain growth characterssti
grainec ever al temp ~ 9 ~ | ofinherently fine grained and course grained eaté

1000°C or 1050°C. steel

Q)

N
-

Inherently
coarse grained
steel
Inherently
fine grained
steel

Grain size —=

Ac, 1050
Temperature, “C

 On the other hand, grains of inherently coarse grained steel grow abruptliynerdasing
temperature, and so a steel with coarse grains is obtained.

O In the presence of ultramicroscopic particles of oxides, carbides andesitwhich prevent
grain growth. These particles are refractory in nature, i.e., they withstand high
temperatures and are generally present at grain boundaries of austdretefofe, they agt
as barriers to the growth of austenitic grains.

O Intensive grain coarsening of inherently fine grained steels above a parteniperature i$
due to the dissolution of ultrafine particles of carbides, oxides and nitridéise matrix
(austenite). After dissolution, no particles are left to offer reststao grain growth.
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Measurement of austenitic Grain Size

ASTM standard grain size number

O This is the most common method of measuring grain size, where the grairs sggoirted
as ASTM (American Society of Testing Materials) grain size numbke method is used
for equiaxed grains.

O The grain size is determined in a microscope at a magnification of 100X by cormgaith
ASTM standard grain size charts and the matching number of the grain sgg@oidad. So|
that it is also calleg@yrain comparison method.

O This is the simplest and, yet least quantitative, method. Because the meompaf grain
structures may be influenced by the overall type of microstructure, fandard categories
of grair size plate: are use(for compariso.

 PLATE 1 : Untwinned grains, flat-etch at 100X
Includes grain size numbers 00, 0,0.5,1,15,2,25,3,35,4,45,5,55,6,6.5,7,7.5, 8,
8.5, 9, 9.5, and 10.

O PLATE 2 : Twinned grains, flat-etch at 100X
Includes grain size numbers 1, 2, 3, 4, 5, 6, 7, and 8.

 PLATE 3 : Twinned grains, contrast-etch at 75X
Includes nominal grain diameters of 0.2, 0.15, 0.12, 0.09, 0.07, 0.06, 0.05, 0.045, 0.035,
0.025, 0.020, 0.015, 0.010, and 0.005mm.

 PLATE 4 : Austenite grains in steel at 100 X
Includes grain size numbers 1, 2, 3, 4,5, 6, 7, and 8. o5




Measurement of austenitic Grain Size

ASTM standard grain size number

L The ASTM grain size number, N, is related to the number of grains per squaretihof X
magnification, n, by the relationship,

n=2""

O Where, N is the ASTM grain size number, and n is the number of grains per sqarat
100X.

O ASTM has modified the equation to

G =-29542+14427Inn,

O Where G isthe ASTM grair size number anc n, is the numbe of grains pelr mm? at 1X.

64000
132000
116000
4{ 8000
{ 4000
42000
41000
4 500
250
125
63
31.5
16
{8

Table (next page) gives ASTM grain sige
number with corresponding average numper
of grains at 100X per square inch, average
grain diameter in mm and average numper

of grains per square millimeter at 1X.
Figure illustrates the same

11.2¢

[V O B S

NUMBER OF GRAINS PER MM?

2

AVERAGE GRAIN DIAMETER, um
&

’3533'.....111!11"‘4
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ASTM Grain Size Numbers

ASTM Grain | Ave. No. of grains per| Ave. Diameter of grain as Grains per millimeter
size number N square inch. At 100X sphere at 1 X mm square at 1X
00 Ya 0.51 3.9
0 Yo 0.36 7.8

1 0.25 15.5

2 0.18 31.0

3 0.125 62.0

4 8 0.090 124.0
5 16 0.065 248.0
6 32 0.045 496.0
7 64 0.032 992.0
8 128 0.022 1980.0
9 256 0.016 3970.0
10 512 0.011 7940.0
11 1024 0.008 15870.0
12 2048 0.006 31,700.0
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AR
Solved
Example-1

y-__ 4
Solved
Example-1

Thus area of one grain=

A steel has ASTM grain size number 6. what is the average nuoft

grains per mmin this steelat1 X ?

G =-29542+1.4427Inn,

6+ 2.9542
n, = ex
F{ 1.4427 j

=496mm ° = 496x10°m™*

Calculate the average area of a grain if the steel has ASTM grze
numbe 77 Calculatein inch? as well asin mm?.

n=2"" =2""=64grains/in°at100X

_ (0.01??0.01) — 640000grains/in’at1X
: ~in’ = 00010078
Or
64 1 645

n= X~ = = 0.001007817
(0.00(0.01) 645 640000
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Measurement of austenitic Grain Size

Jeferies Planimetric Method

O This is also known Grain counting method. The basic steps of procedure are as follows:
a) Inscribe a circle (or other shape) of known area, A, on an image of magnification,|M
b) Count the number of grains that are completely with in the area.
c) Countthe number of grains that are partially within the area.
d) Divide the result from (c) by 2.
e) Add the result from (d) to the result from (b).
f) Divide the result from (e) by A.
g) Conver theresul from (f) to grains/ir’ @ 10CX
h) Use the definition of ASTM grain size number to determine n.

O This method above can be used in every case. The only step that may be mpmgug)),
where the magnification must be accounted for. The result from (f) will Bergin grains
per unit area, measured on the image of magnification, M. To convert this to the |[100X
equivalent, multiply the result by (M/108)

A For this method, the standard suggests that an area of 500benused for the grain count,
so long as this area encompasses at least 50 grains.

L The standard also includes a table that provides a “Jeffries Multiplientesponding tq
several magnifications (next page).

A —4
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Relationship between magnification used and Jeffries Multiplier, f, for an

area of 5000mm? (a circle of 79.8 mm diameter) (f=0.0002M?)

Magnification Used, M | Jeffries Multiplier, f, to obtain Grains/mm?
1 0.0002
10 0.02
25 0.125
50 0.5
75 1.125

100 2.0
15C 4.5
200 8.0
250 12.5
300 18.0
500 50.0
750 112.5
1000 200.0

d If A=5000mn?¥ , the multiplier indicated by this table can be multiplied by the reom
step () to yield the grain count in terms of grains/fm@ 1X. 70




adved A photomicrograph taken at 250X shows 3.4 grains pet\dfhat is the

Example-1 -~ | ASTM grain size number?

34x250x 250

Number of grains per mbat 1X = =2125
10x1C

G =-29542+1.4427In 2125

ASTM No.=8.1
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Measurement of austenitic Grain Size

Heyn’s Intercept Method

O This is also known linear intercept method. The basic steps of procedure areoasfoll

a) On a single field of view, randomly place one or more straight test lines of know
combined total length, L

b) Count the total number of intercepts, P, between the test lines and the grain besindar
Triple junctions count as 1.5. If P<50, use additional lines

c) Divide the number of intercepts, P, obtained from (b) by the total length, L.
d) Repeat (a-c) for 2-4 additional fields of view.

e) Obtair P, asthe averag of the resul from (c) for all fields of view

f) The ASTM grain size number is given as

n=-33+6.65l09,,(P) Where Ris given in mnt
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Solved Suppose that 5 field of view, at 200X, were used for the measants
Example-1 - | resulting in the following data.

Field of view | Test line length (mm) | Number of intercepts | P, (mm)
337 71 42.2
2 216 45 41.6
3 402 89 44.2
4 529 113 42.8
5 395 81 41.0

From the table, the average value | is found to be 42.36 nt . Using the below equati

n=-33+6.65log,,(R)=n=75



Effect of austenitic Grain Size

L The dependence of yield stress on grain size is expressed by the well knoixAeltt

equation B
o, =0,+K, D™

wheregc, Iis the yield stressg; the frictional stress opposing motion of dislocation, e
extent to which dislocations are pilled up at barriers, and D is the averagedigianeter.

An increase in grain size raises the impact transition temperancethus makes the ste
more prone to failure by brittle fracture.

In general, a coarse grained steel has better creep strength above uibehesjive
temperature. Below this temperature, fine grained steels exhibit sumeeep strength. |
has beer observe thai cas steel: have improvec creef strengtl over forgec steel. The
basic coarse grain size of cast steel is believed to be responsible for this.

Fatigue strength, similar to creep strength, does not exhibit any baatonrship with grain
size. However, fine grained steels have higher fatigue strength as camjma@oarse
grained steels.

Coarse grained steels has better hardenability than fine grainedT8tealeason for this i

that coarse grained steel has fewer grain boundaries. Grain boundarike aggion where

the rate of diffusion is high. Consequently, formation of pearlite , which is fusidn
controlled processes, starts at grain boundaries. With smaller grain bowardarin coars
grained steels, preferential formation of martensite from austehs fglace on cooling.

el

v)

|1=4
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Decomposition of Austenite

O The transformation of austenite on cooling is a complex processes in the H&ise
compositional as well as configurational changes are involved. Carbon present |in the
austenite adjusts itself in such a way that at one end it leaves behinchastadarbon fre
phase (ferrite) and on the other it combines with iron to form cementite.

O Similarly large scale redistribution of alloying elements takes e@laben the solubility o
the element is restricted in alpha iron, and/or there is a strong tendentyefetement t
form carbides. Also, the crystal structure changes fyeinon to a-iron.

L The process of decomposition of austenite to ferrite-cementite aggregaessastially
diffusion controlled processes and proceeds by nucleation and growth mechanism
Therefore any factor which is able to vary eithei the rate of nucleation the rate of growtt
or both is also able to change the nature of ferrite cementite mixture.

 Some of These factors areature of austenite under consideration, the temperature of
transformation and the presence of alloying elements.

O The more the homogeneity of austenite, the better is the probability of gettiagnallar
structure. A heterogeneous austenite may result in the transformation @hiéeisto
spheroidized structure. With lowering of the transformation temperasunarder and finefr
aggregate of ferrite and cementite results.

L The microstructures evolving during austenite decomposition are Ferrite different
morphologies (grain boundary allotriomorphic ferrite, idiomorphic ferrite, WAdstatter
ferrite, and intragranular ferrite) , cementite, Pearlite, Baiaitd Martensite.

[4S)



Time-Temperature-Transformation

(TTT) Diagrams

L The temperature of transformation controls the nature of decomposed product éofi)st
which in turn decides the resultant properties of steel.

L The kinetics of austenitic transformation can be studied best at a constgrdrsgure rather
than by continuous cooling.

L The constant temperature transformation is also referred to as isathensformatior
which is studied by the following experiment.

O Davenport and Bain were the first to develop the TTT diagram of eutectoal. Sthey
determine pearlite anc bainite portions wherea Coher latel modifiec anc includec Mg
and M-temperatures for martensite.

L There are number of methods used to determine TTT diagrams. The most popular method
Is salt bath techniques combined with metallography and hardness measuremhent
addition of this we have other techniques like dilatometry, electricsistigity method,
magnetic permeability,ni situ diffraction techniques (X-ray, neutron), acoustic emissjon,

thermal measurement techniques, density measurement techniques ancbdyimemmic
predictions.

O TTT diagrams, also called as Isotherntahfperature constant) Transformation diagrams.
O For every composition of steel we should draw a different TTT diagram.
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Sample and fixtures
for dilatometric measurements




Determination of TTT diagram for eutectoid steel

O For the determination of isothermal transformation (or) TTT diagrams;amsidemolten
salt bath technique combined with metallography and hardness measurements.

O In molten salt bath technique two salt baths and one water bath are used.
O Salt bath | is maintained at austenising temperature (780°C for euteaei)l st
a

Salt bath Il is maintained at specified temperature at which tramsfoon is to be
determined (below 4), typically 700-250°C for eutectoid steel.

O Bath Il which is a cold water bath is maintained at room temperature.

d In bath I number of samples are austenite atZ20-40°C for eutectoid, A20-40°C for
hypo-eutectoid steel and.A+20-40°C for hyper-eutectoid steels for about an hour.

L Then samples are removed from bath | and put in bath Il and each one is kept éoealff
specified period of time say,tt,, ts, t,,............. fetc.

O After specified times, the samples are removed and quenched in cold water

L The microstructure of each sample is studied using metallographic technithees/pe, as
well as quantity of phases, is determined on each sample.

d Transformation of austenite to ferrite-cementite mixtures occurs aftefinite time (say,)
This time during which transformation does not proceed is known as incubation period.

L The magnitude of incubation period provides a qualitative idea about the relaivétgt
of supercooled austenite. Smaller incubation period corresponds to leabditystof
austenite.

A4

| -
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Determination of TTT diagram for eutectoid steel

1200 I I I
Specimen with s
Eurire handle 1000 - Austanite
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B Ferrite Y
. — Second ]
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= |
5001~ Ferrite +|cementite g
salt bath 5alt bath Cold water 400 : =
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The kinetics of isothermal austenitic transformation
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Determination of TTT diagram for eutectoid steel

% of pearlite

Temperature

100

————————————————ﬂ_—

Metastable austenite +martensite

M Martensite finish temperature

Martensite

Logtime

v'At T,, incubation
period for pearlite=t
Pearlite finish time St

v'"Minimum incubation
period { at the nose of
the TTT diagram

Important points to be
noted:

v The x-axi< is log scale.
‘Nose’ of the ‘C’ curve is
in ~sec and just below
T transformation times
may be ~day.

v The starting phase
(left of the C curve) has
tovy.

v" To the right of finish C
curve is ¢+ FeC) phase
field. This phase field

has more labels included.
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Determination of TTT diagram for eutectoid steel

|mportant points to be
noted:

v The x-axis is log
scale. ‘Nose’ of the
‘C’ curve is in ~sec
and just below T¢
transformation times
may be ~day.

v The starting phase
(left of the C curve
has toy.

v"To the right of
finish C curve is {+

FesC) phase field.
This phase field has
more labels included.

7231 Eutectoid temperature
AustenitclE S
L Pear lite
o + Fe,C|
B — Pearlite + Bainite
i ~ Bainite
M, =S
= M;
= } | | | !
0.1 1 10 1® 168 100 10

t (s) —
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Possible phases in TTT diagram for eutectoid steel

Coarse Pearlitq R/C 15
Medium Pearlit¢ R/C 30

Fine Pearlite (F.P) R/C 40
50% F.P + 50% U.B ||

)
= 4
E Upper bainite (U.BY R/C40 %
g 50% Transformatic E
5 K T+
— A ’}}z,g% Lower bainite | R/C 60

= If@r 4 l

N \QI}JI}@
_______________________________________ {

e o o o e o e e o o o o o o o = =

o Metastable austenite +martensite
Mg Martensite finish temperature

Martensite R/C 64

Log time
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Isothermal Transformation diagram for eutectoid steel

O As pointed out before one of the important utilities of the TTT diagrams comes ineAn t
overlay of micro-constituents (microstructures) on the diagram.

d Depending on the T, theyt Fe,C) phase field is labeled with micro-constituents Ilke
Pearlite, Bainite.

O The time taken to 1% transformation to, say pearlite or bainite is considass
transformation start time and for 99% transformation represents trareiomiinish.

L We had seen that TTT diagrams are drawn by instantaneous quench to a tameperat
followed by isothermal hold.

O Suppose we gquench below (~225°C, below the temperature markedhdn Austenite
transform via a diffusionles: transformatio (involving shear) to a (hard) phas: knowr as
Martensite. Below a temperature marked this transformation to Martensite is complete.
Oncey is exhausted it cannot transform to« Fe,C).

 Hence, we have a new phase field for Martensite. The fraction of Margégiosmed is not &
function of the time of hold, but the temperature to which we quench (betweand/M).

O Strictly speaking cooling curves (including finite quenching rates) should notdaid on
TTT diagramdqremember that TTT diagrams are drawn for isothermal holds!).

|14
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Isothermal Transformation diagram for eutectoid steel

v" Isothermal hold at: (i)
T1 gives us Pearlite, (ii
T2 gives Pearlite+Bainite,
(iif) T3 gives Bainite.Note
that Pearlite and Bainite

are both a+Fe,C (but their
mor phologies are
different).

v'To produce Martensit

v

we should quench at a rate
such as to avoid the nose

of the star ‘C’ curve.
Called the critical cooling
rate.

v If we quench betweer
Ms and M we will get a
mixture of Martensite and
Y (called retained
Austenite).

—

723

Not an isothermal
transformation

Eutectoid temperature

Eutectoid steel (0.8%C)

Temperature —

;

01 1 10
t(s)—
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Isothermal Transformation diagram for eutectoid steel

Temperature —»

Y — Bainite

log (time) —»

In principle two curves exist for Pearlitic and Bi#ic transformations
— they are usually not resolved in plain C ste¢
(In alloy steels they can be distinct)

85
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TTT diagram for Hypo-eutectoid steel

In hypo- (and hyper-) eutectoid steels (say compositignti@ere is one more branch to tl

‘C’ curve-NP (next dide: marked in red).

The part of the curve lying between Bnd Tz (marked in fig : rext slide) is clear, becaus

in this range of temperatures we expect only pro-eutectoitb form and the fina
microstructure will consist of andy. (E.g. if we cool to T, and hold).

ne

e

The part of the curve belowglis a bit of a

: Schematic: not to scale il
‘mystery’ (since we are instantaneously | “/“| undercooling WItA, wirt y
cooling to below Tg, we should get a mix "9 (formation of pro-eutectoid) |
of o+ Fe,C = what is the meaning of a| »| = P
‘pro’-eutectoid phase in a TTT diagram? | 7 (T
(remember ‘pro-" implies ‘pre-") | A, 723
Suppose we quench instantaneously| an 1,
hypo-eutectoid composition ,Go T, we T L
should expect the formation of+Fe,C ;Gi undercooling Wit line
(and not pro-eutectoid first). "] ( (formation ofo+ Fe,C)
The reason we see the formation of pro- | a+Fe,C
eutectoida first is that the undercooling c
w.r.t to A, is more than the undercooling 3
w.r.t to A,. Hence, there is a highér 0025
propensity for the formation of prqy mg“ 0.8 %C =
eutectoidu. 86




TTT diagram for Hypo-eutectoid steel
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TTT diagram for Hyper-eutectoid steel

Similar to the hypo-eutectoid case, hyper-eutectoid compositighs@ ay+Fe,C branch.
For a temperature between and T: (say T,, (not melting point- just a label)) we land U
with y+Fe,C.
d For a temperature below:T(but above the nose of the ‘C’ curve) (say),Tiirst we have the
formation of pro-eutectoid K€ followed by the formation of eutectoid-Fe,C.

4
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P e
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Effect of alloying elements on TTT diagram

O Almost all alloying elements (except, Al, Co, Si) increases the almf supercooled

austenite and retard both proeutectoid and the peatrlitic reaction anghlemTT curves
of start to finish to right or higher timing. This is due to

v low rate of diffusion of alloying elements in austenite as they are substital
elements,

v reduced rate of diffusion of carbon as carbide forming elements strongly hold the
v Alloyed solute reduce the rate of allotropic change,yi-2a, by solute drag effect o
y—>a interface boundary.

Additionally those elements (Ni, Mn, Ru, Rh, Pd, Os, Ir, Pt, Cu, Zn, Au) &xgiand or
stabilise austenite depres the positior of TTT curve: to lower temperatur. In contras

elements (Be, P, Ti, V, Mo, Cr, B, Ta, Nb, Zr) that favour the ferrite pheese raise the

eutectoid temperature and TTT curves move upward to higher temperature.

However Al, Co, and Si increase rate of nucleation and growth of both ferrpearlite anc
therefore shift TTT diagram to left. In addition under the complex difinal effect of
various alloying element the simple C shape behaviour of TTT diagram get modifce
various regions of transformation get clearly separated. There areasepmarlitic C
curves, ferritic and bainitic C curves and shape of each of them are distindiféarént.

1

174

d a
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Effect of alloying elements on TTT diagram

L The effect of alloying elements is less pronounced in bainitic region as ffinsidin of only

carbon takes place (either to neighboring austenite or within ferritex vary short time
(within a few second) after supersaturated ferrite formation by sheangdudrainitic
transformation and there is no need for redistribution of mostly substmaitialloying
elements.

Therefore bainitic region moves less to higher timing in comparison
proeutectoid/pearlitic region. Addition of alloying elements lead to atgreseparation G
the reactions and result separate C-curves for pearlitic and bairgiienteMo encourags
bainitic reaction but addition of boron retard the ferrite reaction. By addioB in low
carbon Mo steel the bainitic region (almost unaffected by addition of B) beaseparate
from the ferritic regior.

However bainitic reaction is suppressed by the addition of some alloyemegits. B
temperature (empirical) has been given by Steven & Haynes

B.(°C) =830~ 270(%C) — 90(%Mn) — 37(%Ni) — 70(%Cr ) —83(%Mo)

Most alloying elements which are soluble in austenite lowey, ML temperature except A
Co. Andrews gave best fit equation forsgM

M (°C) = 539- 423%C) —304Mn—17.7Ni —12.1Cr — 75Mo+10C0— 759

Effect of alloying elements on Mis similar to that of M. Therefore, subzero treatment

\V

0

must for highly alloyed steels to transform retained austenite to mégens 90

to



Various types of TTT diagrams for alloy steels

Temperature —»

A, A,
! L
|E I A A+B B
M, M,
Time —» Time —» Time —» Time —=
With resembalance of plain ~ With both pearlitic and With out bainitic bay With out pearlitic bay
carbon steel bainitic bays

The (a) type of TTT
diagram is similar to th
of carbon steel. In th
presence of carbid
forming elements supar
cooled austenit
decomposes to a mixture
of ferrite and carbide
rather than to aggregaie

The (b) type of TTT
diagram consists of tw«
minima with respect to
the stability of austenite.
The upper bay ( —
pearlite), lower bayy—
2 bainite). Very few steel$
exhibit such a TTT
» diagram.

O

v

The (c) type of TTT
diagram is peculiar in the
sense that bainitic regio
IS not present. Such g
TTT diagram is obtaine

The (d) type of TTT
diagram does not exhib
pearlitic  bay. Undel
| normal conditions eithe
bainite or martensite ca|

, in general, for hig

s

be formed.

alloy steels and M
region shifted to sub zer
region

of ferrite and cementite.
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Factors affecting on TTT diagram

Composition of steel

O Carbon and alloying elements affect the transformation of austeniteany mways. As the
amount of carbon and most alloying elements increase in steel, the lovwef plae curves
is progressively lowered because except for aluminium, all the elementy lthe M,
temperature.

d The austenite stabilizers lower the Aas well as A¢ temperatures, i.e., these elements (Ni,
Mn, C etc) lower the upper part of the TTT curve. This probably is the reason of having
overlapping ‘C’ curves for pearlitic and bainitic transformations in plearbon steel as
well as in steels having Ni, etc.

d Ferrite stabilizer: raise Ac; as well as Ac, temperature. As the TTT curve for sucl steel:
get raised upward as well as gets lowered down ward, there are invaiwabZ’ curves-
one for pearlitic and the other for bainitic transformations. For exampleepcesof 0.8%
Cr and 0.33% Mo in steel yield two ‘C’ curves.

d Andrew suggests the effect of the elements ogpawd Ag by equations :

| =4

Ac, = 910- 203/%C —15.2(%Ni) + 44.7(%S ) + 104%V ) + 315(%Mo) +13.1(%W)

Ac, = 727—10.7(%Mn) —16.9(%Ni) + 29.1(%S ) + 290(%As) +16.9(%Cr ) + 6.38(%W)
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Factors affecting on TTT diagram

Effect of grain size

y=austenite
a=ferrite
CP=coarse pearlite
P=pearlite
FP=fine pearlite =
UB=upper Bainite -
LB=lower Bainite

) —

M=martensit: =5

Ms=Martensite start E
temperature

Mg =temperature at aj
which 50% martensite isQ_

obtained
M= martensite finish

temperature —

F\o\r f'\ner austenite

——_—__

-—
——————
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Factors affecting on TTT diagram

Effect of grain size

O All the composition products of austenite nucleate heterogeneously predélyeat the
grain boundaries.

O A fine grained steel has larger grain boundary area than a coarse grainkdastée
consequently favors nucleation of pearlite, bainite, ferrite, cementite¢hars] reduces the
incubation period, that means the TTT curve of the fine grained steel is meeszds left,
significantly in the pearlitic range, than a coarse grained steel of sampasition.

Effect of Heterogeneity of Austenite

J Heterogeneous austenite increases transformation time range, stamisto df ferritic,
pearlitic and bainitic range as well as increases the transformatnopdrature range in case
of Martensitic transformation and bainitic transformation. Undissolvadettite, carbides
act as powerful inoculants for pearlite transformation. Therefore heterdgeinel
austenite increases the transformation time range in Diffusional tmanafion andg
temperature range of shear transformation products in TTT diagram.

O This heterogeneity of austenite, when the steel is heated to temperattreigmer than

50°C above A is put to advantage to obtain spheroidized pearlite by letting it decompose
within 50°C below A, to improve the ductility and the machinability (high carbon steels).

94



Applications of TTT diagrams

MARTEMPERING

a

d

This heat treatment is given to oil hardenable and air hardenabls steelthin section g
water hardenable steel sample to produce martensite with minimaileshfial thermal ang
transformation stress to avoid distortion and cracking.

The steel should have reasonable incubation period at the nose of its TTT diaayld
long bainitic bay.

——

LM a

The sample is quenched above; Memperature in a salt bath to reduce thermal stress

(instead of cooling below Mdirectly) Surface cooling rate is greater than at the centre|

The coolinc schedul is sucl thai the coolinc curves pas: behinc without touching the nose
of the TTT diagram. The sample is isothermally hold at bainitic bay suchdiffatential
cooling rate at centre and surface become equalize after some time.

The sample is allowed to cool by air througheM- such that martensite forms both

the surface and centre at the same time due to not much temperaturendifend thereby

avoid transformation stress because of volume expansion. The sample is givenngr,
treatment at suitable temperature.

The rate of cooling from austenising temperature should avoid formation of pearid
bainite. Thus the success of Martempering depends on the incubation period atite |
nose, and also at the bainitic bay, and thus the steel suitable foratang should hav
sufficient hardenabilityPlain carbon steels with dia. > 10mm are difficult to mar-temper
and thus, this processisrestricted to alloy steels.

95

at

nper




Martempering

Austenite+ferrite y=austenite
.............................................. (X:ferrite
orLF CP=coarse pearlite
a+P P=pearlite
Ep FP=fine pearlite
_______________________________________ t;,=minimum incubation
50% FP+50% UB PEDANES
UB=upper bainite
UB LB=lower bainite
M=martensite
_ Mg=Martensite start
Tempering temperature
Mg=temperature at whic
y LB 50% martensite is
------------------- obtained
Mg= martensite finish
temperature

Temperature

Martensite

Tempered martensite
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Applications of TTT diagrams

AUSTEMPERING

L Austempering heat treatment is given to steel to produce lower bainitghnchrbon stee
without any distortion or cracking to the sample.

O The heat treatment is cooling of austenite rapidly in a bath maintainéavar bainitic
temperature (above Ytemperature (avoiding the nose of the TTT diagram) and holdipg it
here to equalize surface and centre temperature and till bainitic fimgh t

L At the end of bainitic reaction sample is air cooled. The microstructomngains fully lower
bainite. This heat treatment is given to 0.5-1.2 wt%C steel and low alley. ste

O The produc hardnes anc strengtl are comparabl to hardene anc tempere martensit
with improved ductility and toughness and uniform mechanical properties. €&soda not
required to be tempered.

O TTT diagram is great help in scheduling Austempering as it fixes
v" Temperature of holding of the bath
v Duration of holding time
v Section which can be quenched to avoid pearlite formation
v" Whether Austempering is worth while , or not, as the time at the bay may be too lpng.
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Austempering

Temperature

Austenite+ferrite

50% FP+ 50% UB
UB

LB

Metastable y + martensite
LM 2

M artensite
Lower bainite

y=austenite
a=ferrite
CP=coarse pearlite
P=pearlite
FP=fine pearlite
t;,=minimum incubation
period
UB=upper bainit
LB=lower bainite
M=martensite
Mg=Martensite start
temperature
Mgs=temperature at whic
50% martensite is
obtained
Mg= martensite finish
temperature

-

Log time
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Applications of TTT diagrams

ISOTHERMAL ANNEALING

O Isothermal annealing consists of four steps.

» The first step is heating the steel components similar as in the case ahfdhling.

» The second step is slightly fast cooling from the usual austenitizing tetyserto a
constant temperature just below.A

» The third step is to hold at this reduced temperature for sufficient soakimngdpi®r
the completion of transformation and the final step involves cooling the [steel
component to room temperature in air.

O Figure (nextslide) depict: the hea treatmer cycles of full annealini anc isotherme
annealing. The terme, y, P, Rand R refer to ferrite, austenite, pearlite, pearlite starting
and peatrlite finish, respectively.

O Isothermal annealing has distinct advantages over full annealing which are gioen bel

v" Reduced annealing time, especially for alloy steels which need very &aoling to
obtain the required reduction in hardness by the full annealing.

v" More homogeneity in structure is obtained as the transformation occurs aarie s
time throughout the cross section.

v Improved machinability and surface finish is obtained after machiningagared tg
that of the full annealed components.
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Isothermal Annealing

C I

Temperature,

! H\ 3

a‘,\]

(1) Conventional annealing

(2) Isothermal annealing

Time —»

Isothermal annealing is primarily used for medium carbon, high carbosoamel of the alloy

steels to improve their machinability.
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Applications of TTT diagrams

PATENTING

L Patenting is an isothermal heat treatment processes used for producing éngjthstopes,
springs, and piano wires of normally 0.45% to 1.0% carbon steel. In fact, the sttopnge
material in commercial quantities is the patented and cold drawn waerfrom 0.80% tq
1.0% carbon steel, containing no martensite. Wires having high ultimasédestrength o
4830MN/n? with 20% elongation have been reported.

O Patenting consists of austenitising steel in continuous furnace to tempeit&@u200C
above Ag , then cooling rapidly in and holding in a lead, or salt bath maintained |at a
temperature of 450-58C (near the pearlitic nose of its TTT curve, i.e., in the loyer
temperatur limit of pearlitic transformatior for sufficient time for austenit to completel
transform to finest pearlite (some upper bainite may also form), ami Waind on to
driven drum

O The eutectoid steel after patenting may have interlamellar spacingnabas 40nm with
strength as 1240-1450 Mpa. The process of patenting helps in two ways to obtain high
strengths. Patented wires can be cold drawn by large extent (80-90%) withotiiré as
the soft , weak primary ferrite or brittle cementite is absent and teglamellar spacing is
same every where.

O TTT diagram help to fix the time and temperature of holding. The speed of mofitme
wire through the bath should be such that it remains in bath for a time slightlyegian
the time of completion of pearlitic transformation to avoid any chance ofansformed
austenite to bainite or martensite later. 101
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Patenting

l | Pétente wire
L @) - .
@ | Furnace I _________ | Y
Coilad wire I j
S Rewinder
1000
900
800
g B T ettt s i e e ey
o
& 600
5
[} i
o 500
(=%
§ .
~ 400

300 Fine pearlite (ideal)
200 -

100 -

0 1 sec 1 min 1 hr

Time. log scale

Figure : Patenting (a) Schematic process of patenting, (b) T Gfadieof 0.6% carboii’steel



Continuous Cooling Transformation diagrams

The TTT diagrams are also called Isothermal Transformation Diagrdémsause th
transformation times are representative of isothermal hold treatmietiowing a
instantaneous quench).

In practical situations we follow heat treatments (T-t procedure&sym which (typically)
there are steps involving cooling of the sample. The cooling rate may or may n
constant. The rate of cooling may be slow (as in a furnace which has beeh sffitor
rapid (like quenching in water).

Hence, in terms of practical utility TTT curves have a limitation and wednt draw
separate diagrams called Continuous Cooling Transformation diagrams ,(@@&jein
transformatio times (alsc: product: & microstructure are notec using constar rate cooling
treatments.

A diagram drawn for a given cooling rate (dT/dt) is typically used for a eaofycooling
rates (thus avoiding the need for a separate diagram for every cooling rate).

However, often TTT diagrams are also used for constant cooling rate exgresikeeping
in view the assumptions & approximations involved.

Important difference between the CCT & TTT transformations is that in the CCT case
Bainite cannot form.

The CCT diagram for eutectoid steel is considered next.
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Determination of CCT diagram for eutectoid steel

O CCT diagrams are determined by measuring some physical properties dontiguous
cooling. Normally these are specific volume and magnetic permealidyever, the
majority of the work has been done through specific volume change by dilator
method. This method is supplemented by metallography and hardness measureme

O In dilatometry the test sample is austenitised in a specially desigmadde and the
controlled cooled. Sample dilation is measured by dial gauge/sensor. Slovodisiy is

netric
Nnt.

N

controlled by furnace cooling but higher cooling rate can be controlled by gas quen

ching

Sample and fixtures
for dilatometric measurements
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Determination of CCT diagram for eutectoid steel

O Cooling data are plotted as temperature versus time (Fig. a). Dilaicecorded against
temperature (Fig. b). Any slope change indicates phase transformatioriiofrrac
transformation roughly can be calculated based on the dilation data as exiaload

Temperature

Time

Fig. a : Schematic cooling curve

Dilation ——

Tr

Ts

Temperature——

Fig. b : Dilation-temperature plo
for a cooling curve
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Determination of CCT diagram for eutectoid steel

In Fig. a curves | to V indicate cooling curves at higher cooling rate to lower cooling
respectively.

Fig. b gives the dilation at different temperatures for a given cooling rate/schedule.

In general slope of dilation curve remains unchanged while amount of phase or theer
amount of phases in a phase mixture does not change during cooling (or heating) h
sample shrink or expand i.e. dilation takes place purely due to thermal specitime
change because of change in temperature.

Therefore inFig. b dilation from a to b is due to specific volume change of h
temperature phase austenite. But aslbpe of the curve changes.

Therefori transformatio start: al Ts. Again slope of the curve from c to d is constar but is
different from the slope of the curve from a to b.

This indicates there is no phase transformation between the tempdratare to d but the
phase/phase mixture is different from the phase at a to b.

Slope of the dilation curve from b to c is variable with temperature. TinBcates the

change in relative amount of phase due to cooling.

The expansion is due to the formation of low density phase(s). Some part of dilat
compensated by purely thermal change due to cooling.

Therefore dilation curve takes complex shape. i.e first slope reduces aclieseto 3

rat

ela
owever

igh

14

ion iIs

minimum value and then increases to the characteristic value of the phaseenaitxtur
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Determination of CCT diagram for eutectoid steel

d

a

Therefore phase transformation start at b i.e. at temperatusnd transformation ends
finishes at c or temperaturecTThe nature of transformation has to be determineg
metallography.

When austenite fully transforms to a single product then amount of transformas

directly proportional to the relative change in length. For a mixture of producs

percentage of austenite transformed may not be strictly proportional to changegt,
however, it is reasonable and generally is being used.

Cumulative percentage of transformation at in between temperature dqusal to
YZ/IXZ*100 where X, Y and Z are intersection point of temperature T line tceedéd
constar slope curve of austenit (bg), transformatio curve (bc) anc extende constar
slope curve of low temperature phase (cd) respectively.

So at each cooling rate transformation start and finish temperaturdramsformation
temperature for specific amount (10 %, 20%, 30% etc.) can also be determined.

For every type of transformation, locus of start points, isopercentage pointsirasia
points give the transformation start line, isopercentage lines and fimshdispectively an
that result CCT diagram.

Normally at the end of each cooling curve hardness value of resultant produmirat
temperature and type of phases obtained are shown.
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CCT diagram for eutectoid steel

723 Eutectoid temperature

—
’—_
-

-
-

.
.®
.
------
un®

Original TTT lines

Temperiture —

L | | | |
0.1 1 10 10 100 100 1P
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Different cooling rates for eutectoid steel

(23 X
Process Cooling rate (K/st
Annealing 165-103
Air Cooling 1-10
Oil Quenching ~100
Water Quenching ~500
Splat Quenching 0
Melt-Spinning 16- 10
E:;St(t);%t:;n’ 10° (expected)

0.1
M = MartensiteflP = Pearlite



Eutectoid Transformation : Nucleation of Pearlite

—r

O Pearlite typically forms on the grain boundaries of the austenite phadehyutleation o
either the ferrite or cementite; the exact phase that nucleates is deoadlkedby the
composition and the structure of the grain boundary.

O The nucleation is such that the barrier for nucleation is the lowest; in aitwets, the nuclel
has a orientation relationship with one of the grains such that the interfagegakhergy is
minimized.

O Suppose the first phase to nucleate is cementite; this leads to a depletioa cdrtion
surrounding this region leading to ferrite nucleation. Ferrite nucleatiorssalch that thg
interfacial free energy is minimized; thus, it also has an orientatdationship with the
cementit. This proces is repeate with the entire grair boundar coate« with alternating
cementite and ferrite nuclei.

A4

\V

YooY Vi Y Vil ¥V RS
o

Semi-coherent low  Incoherent mobile y — _
energy interface interface 0 "
® - B - B - B

- . : N \

» N !

FeC Fe.C : )

Branching mechanism

. . . . . .. 110
Nucleation of the eutectoid phases in a system with eutectoid composition



Eutectoid Transformation : Nucleation of Pearlite

O If the composition of the steel is not the eutectoid composition, then, it is lestiat
proeutectoid ferrite or cementite is nucleated at the grain boundary. Thepithse, be i
cementite or ferrite, then forms on the incoherent boundary of this proewtgitiase. Thig

process is shown schematically in Fig.

™1

\~ x4

Orientation Relation:

Semi-coherent low | Incoherent mobile Kurdyumov-Sachs
energy interface intertace
»n — B _
a \ - (100, (111),
Proeutectoid cementfte—"4 > f > ﬁ
v 4 010),((110
e P ool
Y | 7 R SRS (003, (112),

Nucleation of the eutectoid phases in a system with pro-eutectoid composition

L The development of Pearlitic microstructure requires cooperative growth atd~and

Cementite
O If this cooperation is not established then the resulting microstructure isanoglar—

Degenerate Pearlite 111




Eutectoid Transformation : Nucleation of Pearlite

Eutectoid Transformations

JJ

Pearlitein Fe-Calloys |Y > a+FeC

Nucleation at GB

A 4

Low undercooling (below A
Small number of nuclel formwhich grow without interference

»
»

Large undercooling (below A

A partially transformed eurectaid steel. Pearlite has nucleated on grain

A pearlite colony 9‘?“““5“3 0io an ausl_cnitg grain. "A““T L,'S' T)ark.z.:n houndaries and inelusions (% 100). (After J,W, Cahn and W.C, Hugel in Decomposi-
and R.M. Fisher in Decomposition of Austenite by Diffusional Emce.s_se_,s. v .F_. Zackav tion of Austenite by Diffusional Processes, V.F. Zackay and TLI. Aaronson (Eds‘j-ﬁi
and H.I. Aaronson (Eds.}. by permission of The Metallurgical Society of AIME. 1962, by permission of The Metallurgical Societv of ATME.) i |
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Bainitic transformation

O At relatively larger supersaturations (austenite cooled below the nose opdhdite
transformaton), there is another eutectoid product that develops known as;ld@amite is
also a mixture of ferrite and cementite; however, it is microstrudiucplite distinct. In the
next two subsections, we discuss these microstructural features.

Upper bainite

3 At the higher end of the temperatures (350-550°C),
microstructure consists of needles of laths of fer
nucleate al the grair boundar anc growr into one of
the grains with cemetite precipitates between
ferrites; see in Fig.

O The ferrite formed is Widmanstatten; it has
Kurdjumov-Sachs orientation relationship with t
austenite grain into which it is growing; it is in thj

: : . : Cementite
respect, namely the orientation relationship betweer : /

ferrite/cementite and the austeinite grain in which t
grow, that the bainite differs from pearlite.
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Bainitic transformation

O At low enough temperatures, the bainitic microstructur
changes to that of plates of ferrite and very finely dispers
carbides; since the diffusion of carbon is very low at th
temperatures (especially in the austenite phase as comp
to ferrite), the carbides precipitate in ferrite (and, with|a
orientation relationship). These carbides that precipita
could be the equilibrium cementite or metastable carbjde
(sucl as ¢ carbide for example. A schemati of lower
bainite plate that is formed is shown in Fig.

Carbide

ti{ferrite)

Y— o+ FeC” s A

[ Peatrlite is nucleated by a carbide crystal, bainite is nucleated bsrite ferystal, anc
this results in a different growth pattern.

 Acicular, accompanied by surface distortions

 ** Lower temperature— carbide could be carbide (hexagonal structure, 8.4% C)

] Bainite plates have irrational habit planes

 Ferrite in Bainite plates possess different orientation relationglgtive to the parent
Austenite than does the Ferrite in Pearlite
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Precipitation of Ferrite from Austenite

cC O OO0 O

Atin this topic we will be concerned with phase transformations in whinehfirst phase t¢
appear is that given by the equilibrium phase diagram.

Here we will consider to the diffusional transformation of Fe-C austenitefentite.
However, many of the principles are quite general and have analogues in ptems
where the equilibrium phases are not preceded by the precipitation of transitia@sphas
Under these conditions the most important nucleation sites are grain bowwndadethe
surface of inclusions.

It can be seen in figure (next slide) that ferrite can also precipitatiein the austenite
grains (intragranular ferrite). Suitable heterogeneous nucleation sikeshanght to be

inclusion: anc dislocation. Thest precipitate are generally equiaxe: al low undercooling
and more platelike at higher undercoolings.

In general the nucleation rate within grains will be less than on grain bosddiherefore
whether or not intergranular precipitates are observed depends on the gmiaf glze
specimen.

In fine grained austenite for example, the ferrite that forms on grain bowsdaril rapidly
raise the carbon concentration with in the middle of the grains, thereby ingdtice
undercooling and making nucleation even more difficult.

In a large grained specimen, however, it takes a longer time for the carjectecefrom the
ferrite to reach the centers of the grains and meanwhile there will lefornucleation tg

A

=4

14

occur on the less favorable intragranular sites.
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Ferrite

d

723°C

116




.|Ferrite nucleates on Austenite grain boundaries and
_ |grows with a blocky appearance
# 4 |— Grain Boundary Allotriomorphs

SmallAT

Curved interfaces — incoherent
Faceted interfaces — semicoherent

. |Larger undercooling — Ferrite grows as plates from GB
W [— Widmannstatten side-plates LargeAT

Irrational habit planes

Ferrite can also nucleate within tihgrains heterogeneously at
inclusions and dislocations equiaxed at low undercoolings
and plate-like at higher undercoolings.
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W dmannstatten side-plates — become finer with larger
undercooling

Very Large undercooling — Ferrite grows as needles GB
— Wdmannstatten needles
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Martensitic transformations

The name martensite is after the German scientist Martens. It was aigginally to
describe the hard microconstituent found in quenched steels. Martensiansenf the
greatest technological importance in steels where it can confer an oursfarmanbination
of strength (> 3500 MPa) and toughness (> 200 MPam

Martensitic transformation is the name for any transformation th&eg place in :

diffusionless and military manner - that is, these transformatidkes pdace through atomigc
movements which are less than one atomic spacing; and in these transfornaatiorss

change their positions in a coordinated manner (unlike thermally activatedidifalsor,
so-called, civilian processes).

In shap' memon alloys suct as Ni-Ti (nitinol), it is the martensitir transformatio that is
responsible for the shape memory effect.

In this topic, we describe some characteristic features of the mdrtetnransformations
(with specific reference to steels in which, this transformatioregsonsible for hardenin
by quenching).

Since martensitic transformations are diffusionless, necesstirdycomposition does n¢
change during the transformation. It is only the crystal structure thaigesa For example
in Fe-C alloys, the austenite (fcc) transforms into martensite (bct);

in Ni-Ti, an ordered bcc (called austenite) transforms to another atdes€l type structurg

(called martensite). Note that since martensitic transformatsordiffusionless, if the

austenitic phase is ordered, the martensitic phase is also ordered.

119




Martensitic transformations

C OO0

O

Occur at high supersaturations, without change in composition
No long range diffusior~ Movement of atoms a fraction of the inter-atomic distance
Nearest neighbour configuration remains unchanged

Cooperative movement of a large group of atomgransformation proceeds at the spée
of sound in the material

Thermal activation doesiot play a role in thegrowth of the martensitic phase

Thermal activation may play a role in tineicleationof martensite

Usually martensite crystals nucleate and grow across the whole graionji@ sases thi
growtt is a functior of temperature

In some cases the transformation occurs over a period of some time (due raliiie

assisted nucleation)
Martensitic crystals have a specific orientation relationship (OR) thie parent phase

Planes of the parent lattice on which Martensitic crystals frenklabit planeqirrational
Indices)

Interface between Martensite and parent pras€oherent or Semi-coherent

At a given temperature (between,Mnd M) the fraction transformed with plastic
deformation (in some cases elastic stress also has a similal) effec

With prior plastic deformation the transformation temperature camcbeased to Iyl

ved

S)

14

r
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Characteristics of Martensitic transformations

| (a, b) Growth of martensite with
increasing cooling below M
(c-e) Different martensite
morphologies in iron alloys
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Characteristics of Martensitic transformations

Shape of the Martensite formed Lathe and Plate morphologies
Associated with shape change (shear)

But: Invariant plane strai(observed experimentally) — Interface plane between Martensite and
Parent remains undistorted and unrotated

 This condition requires

1) Bain distortion— Expansion or contraction of the lattice along certain
crystallographic directions leading to homogenous pure dilation

2) Secondary Shear Distortiep Slip or twinning
3) Rigid Body rotation

0o o0oo

[nvariant planc P }\’[%1{‘3“151‘0 Surfuiz? Deformations
in austenite - ﬂ _ 1201t planc ‘ ] l
.' P ///' _ Surface . v
|I | - _—-1'I—-—____ -II.- o
|II o - - II _--_-_-_T--- _ .
B o / - Y
||I I|II - I| _-__"---___IJ(':—-"_ -
" B el
| - S
T II __“__-_j _ S
|
[lustration of the coherence of the martensitic plate I

with the surrounding austenite
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Characteristics of Martensitic transformations

O Martensitic transformation can be understood by first considering amateeunit cell
for the Austenite phase as shown in the figure below.

O If there is no carbon in the Austenite (as in the schematic below), teMMartensitic
transformation can be understood asz)% contraction along the c-axis and-d.2%
expansion of the a-axis> accompanied by no volume change and the resultant structure
has a BCC lattice (the usual BCC-Fe)c/a ratio of 1.0

7 (FCC)  quenen  @'(BCT)
0.8%C 0.8%C
In Pure Fe afte
FCC Austenite alternate choice of Cdll the Martensitic transformation

c=a

A Body Centred 1etragonal Cell

e ~ e LTIl -
/’ ~
7 \\
. 7
® e ) .
/7

\
, \
II \\
@ @ F C C — B C> = ’ :
o ] @ \ a ]
d e e Y !
/
N N .’. 7, /
~ 7

a - ° — ~~d ©
° a————d—ar ® ~20% contraction of-axis
488 ~12% expansion d@-axis




Characteristics of Martensitic transformations

frrational Habhit Plane_ |
-, &

(Should remamn
undistoried
and unrotated)

1 )

Difavion due tor phase
transformation
(Rotated due to

the transformation)

But shear will distort the lattice!
Twinning

Slip

A.

Il' Shear
II
I
|

{C(‘.!mhi:nec. Dilation and Shea
leaves/Habil Plane Invariant)
|

Average shape
remains undistorted




Characteristics of Martensitic transformations

How does the motion of dislocations lead to a me@wpic shape change?
(From microscopic sip to macroscopic deformation = afirst feel!)

Dislocation # Step fofmed .
formed by 4 when dislocation
)k - /| leaves the cryst
pushing ii i, X
a plane P — L
T ‘\ —,/b
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Characteristics of Martensitic transformations
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Characteristics of Martensitic transformations

V 14
I | pd i
I| II /I’/I/ /I’/I/
| | A A
I | ’ yd g
I | yd g
I ! pd g
I | X g
| | b4 g
Y y

Net shape chang@
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Characteristics of Martensitic transformations

M, ’
60
l
2 T -
2 o
g ;; 40 - Hardness of Martensite as a
o, 0 function of Carbon content
& T
& T
20
Mg
0 % Martensite — 100 oh 0'a p
% Carbon —
Properties of 0.8% C steel
Constituent Hardness (R | Tensile strength (MN / &)
Coarse pearlite 16 710
Fine pearlite 30 990
Bainite 45 1470
Martensite 65 -
Martensite tempered at 250 55 1990 128




Characteristics of Martensitic transformations

095 190 285 380 4.75 5.70 6.65
| | | | | | |
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a— parameter of bct martensite

7
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7 Effect carbon on lattice parameters Oq

{ Influence of carbon on the }
martensite range

2.86

% Carbon— ) :
austenite and martensite 129




Various ways of showing Martensitic Transformations

AG y-Q
\n_ @
U.i
Y
- -
MS ID
T

(d)

e e e e e o —

4 _—

Fe /'Co \_ %C

iiprium diffusionles: N
equilibrium ' 100

1
i L 1 i

0 1 I I
0 02 04 06 0BG 12 T4 T4
Co C (")

(a) Free energy — temperature diagram for Austenite andemsité of
fixed carbon concentration

(b) Free energy — composition diagram for the austenite aademsite
phases at the Mtemperature.

(c) Iron-carbon phase diagram with, Tas defined in (a), M and M
superimposed.

(d) M, and M inrelation to the TTT diagram for alloy£n C
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Why tetragonal martensite ?

At this point, it is worth stopping to ask why a tetragonal martensite $ommiron. The
answer has to do with the preferred site for carbon as an interstitpalritg in bcc Fe.

Remember: Fe-C martensites are unusual for being so strong (& brittle)t Mveotensites

are not significantly stronger than their parent phases.

Interstitial sites:

FCC:octahedrasites radius= 0.052 nm
tetrahedrasites radius= 0.028 nm

BCC: octahedraséites radius= 0.019 nm
tetrahedrasites radius= 0.036 nm

Surprisingly it occupie the octahedre site in the bcc Fe structure despiti the smalle size
of this site (compared to the tetrahedral sites) presumably because owtin@dulus in the
<100> directions.

One consequence of the occupation of the octahedral site in ferrite Ehéaarbon aton
has only two nearest neighbors. Each carbon atom therefore distorts thatiroa in its
vicinity. The distortion is detragonal distortion.

If all the carbon atoms occupy thgame type of site then the entire lattice becom
tetragonal, as in the martensitic structure.

Switching of the carbon atom between adjacent sites leads to strong iffractiah peaks
at characteristic temperatures and frequencies.

Carbon atom radius = 0.08 nm.

A4

—

2S
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Kinetics of Martensitic transformations

Athermal
Athermal

d Fraction transformed = f(Tonly (between M, and M)

At agiven T a certain number of nuclei form which grow|
the speed of sound in the material across the whole grai

O The number of nuclei forming increases with decreasin
= more transformation

d M,and M temperatures increase with increasing grain si

_‘
% Martensite

~

N

M,

Bursi

O At some T(M,) — sudden transformation of a large fraction Burst

of parent to Martensite (often with a acoustic effect-click)
O % transformed during the “burst> few-over 50%

O The ‘burst’ can be thought of as an extreme form of
autocatalytic effect

d Remaining transformation is completed-ate lower T ¢
longer t

T — I"'r"L
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Kinetics of Martensitic transformations

Isothermal

d Fraction transformed at a givern(detween M, and M) = f(t)
— observed in some alloys at subzero T

O Atthe low T thermal activation of growth does not occur (as ussgl fa

O “t effect” is due to small thermal activation required for natitn of Martensitic plates and
autocatalytic effect

[ Rate of transformation at a giventWwith 1g grain siz€fewer nucleation events give more
transformed fraction)

“’“f LR AR - AL BRI
Burst o0l
-
ool
Time,seconds
M. Isothermal Transformation diagram for

Martensitic Transformation in Fe-Ni-Mn1 3631||Oy
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Classification

| HEAT TREATMENT |

‘/\

BULK SURFACE
Annealing Tempering
Normalizing Hardening Thermal Thermo-Chemical
Full Annealing 1 Flame Carburizing/
Recrystallization Annealing Induction Nitriding
e
Stress Relief Annealing ' aser Cyaniding
idizati ' Boronizin
Spheroidization Annealing  Electron Beam g
Diffusion Annealing Chromizing

Partial Annealing

P

Process Annealing 135




Annealing
Full Annealing\

d The steel is heated above, (for hypo-eutectoid steels)A; (for hyper-eutectoid steels)
—(hold) —»then the steel is furnace cooled to obtain Coarse Pearlite

1 Coarse Pearlite hasHardness? Ductility

d Not aboveA,, —to avoid a continuous network of proeutectoid cementite along grain
boundaries-Gpath for crack propagation)

910°C

Full Annealing
723°C

Spheroidization A,
Recrystallization Annealing
Stress Relief Annealing

0.8 %
Wit% C 136



RechstaIIization Annealinb

d The Heat belowA; — Sufficient time— Recrystallization

T

Cold worked grains> New stress free grains

 Used in between processing steps (e.g. Sheet Rolling)

91Q0°C

Full Annealing
723°C

Spheroidization A,
Recrystallization Annealing
Stress Relief Annealing

0.8%

Wt% C 137



Stress Relief Annealing
Residual stresses Heat belovwA,

Differential cooling Annihilation of dislocations,
polygonization

Martensite formatio

— Machining and cold working ***

Full Annealing

—) W@'dlﬂg 723°C

Spheroidization A
Recrystallization Annealing
Stress Relief Annealing

|
0.8 %
Wit% C
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Annealing
Spheroidization Annealing

Heat below/abovA , (Prolonged holding*)
Cementite plates> Cementite spheroids 1 Ductility

tempering
O Driving forceisthe reduction in interfacial energy

O Used in high carbon stedl requiring extensive machining prior to final hardening and

high-carbon steels) maximum machinability is important.
condition they are excessively soft and “gummy”.

ductility.

O The spheroidized structure is desirable when minimum hardness, maximumty umtfln
O Low-carbon steels are seldom spheroidized for machining, because in the syl

O Medium-carbon steels are sometimes spheroidization annealed to obtaimung

oidi

*1f the stedl is kept too long at the spheroidized-annealing temperature, the cementite
particleswill coalesce and become elongated thus reducing machinability
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Diffusion Annealing

O This process also known as homogenizing annealing, is employed to remove anyratfuct
non-uniformity.

O Dendrites, columnar grains and chemical inhomogeneities are generallywedsarthe
case of ingots, heavy plain carbon steel casting, and high alloy ststehgs. These defects
promote brittleness and reduce ductility and toughness of steel.

O In diffusion annealing treatment, steel is heated sufficiently above theerupritical
temperature (say, 1000-1200°C), and is held at this temperature for prolongedsperi
usually 10-2C hours followed by slow coolinc.

 Segregated zones are eliminated and a chemically homogeneous coarsetaghiis|s
obtained by this treatment as a result of diffusion.

 The coarse grained structure can be refined either by plastic working fotsirar by
employing a second heat treatment for castings.

O Hypoeutectoid and eutectoid steel castings are given full annealintmeg wherea:
hypereutectoid steel castings are either normalized or partially amifealéis purpose.

V)
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1200
Diffusion
' > annealing

Full annealing

LY
tea

&)

o

o)

S

T 800

o } Partigl
% - annealing
-

L \\\\W“ Process
Recrystallization annealing
annealing :

— ' l
Fe 0.4 0.8 1.2 iE

Carbon, wt %

Temperature ranges for various types of annealing processes %!



Partial Annealing

a

a

a

Partial annealing is also referred to as intercritical annealingaomplete annealing. In th
process, steel is heated between thead the A or A, Itis followed by slow cooling.

Generally, hypereutectoid steels are subjected to this treatrRestultant microstructure
consists of fine pearlite and cementite. The reason for this is that granement takes
place at a temperature of about 10 t6G@bove Ag for hypereutectoid steels.

As low temperature are involved in this process, so it is cost effectivefthlzannealing

Process Annealir

O In this treatment steel is heated to a temperature below the loweattemperature, and

held at this temperature for sufficient time and then cooled. Since it is arisoéic
annealing, cooling rate is of little importance

The purpose of this treatment is to reduce hardness and to increase ductibtg-eiarked
steel so that further working may be carried out easily. It is an Intdiaie operation and is
sometimes referred to as in process annealing. The process is lesssiegpéhan
Recrystallization annealing.
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Normalizing

Heat abové\; |A ,,— Austenization— Air cooling— Fine Pearlite itjgbenhheddassy)

910°C

Refine grain structure prior to hardening

ey, o
My
/ Full Annealing
723°C —
Purposes To harden the steel slightly Spheroidization A
\ Recrystalllization Annealing
Stress Relief Annealing

To reduce segregation in casting or forgings T

y

T~

O In hypc-eutectoic steel: normalizing is done 5C°C above the annealinitemperatur

cementite does not form a continuous film along GB

d In hyper-eutectoid steels normalizing done above, A~» due to faster cooling

|\ -4

Annealed Vs Normalized

Annealed Normalized

Less hardness, tensile strength and toughness Slightly haydness, tensile strength and toughne

PSS

the optical microscope optical microscope

Pearlite is coarse and usually gets resolveq Pgarlite is fine and usually appears unresolved \

vith

Grain size distribution is more uniform Grain size disttibua is slightly less uniform

Internal stresses are least Internal stresses are sligbtly
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Heat abové\, | A_,,— Austenization— Quench (higher than critical cooling ratg)

O Certain applications demand high tensile strength and hardness valuedsatsdahé
components may be successfully used for heavy duty purposes. High tensilenstiedgt
hardness values can be obtained by a processes knddardsning

O hardening process consists of four steps. The first step involves heatingéhéosdbove
Astemperature for hypoeutectoid steels and aboytemperature for hypereutectoid stegls
by 5¢°C.

O The second step involves holding the steel components for sufficient sockingfdime
homogeneol austenizatio.

O The third step involves cooling of hot steel components at a rate just exceediggttbal
cooling rate of the steel to room temperature or below room temperature.

O The final step involves the tempering of the martensite to achieve theedesardness.
Detailed explanation about tempering is given in the subsequent sections hattdening
process, the austenite transforms to martensite. This martensitduse improves the
hardness.

O In the hardening process, which involves quenching and tempering. During quenching outer
surface is cooled quicker than the center. In other words the transfomwdtthe austenite
IS proceeding at different rates. Hence there is a limit to the overaldizhe part in thig
hardening process. 144

\V




A few salient features in hardening of steel

O Proper quenching medium should be used such that the component gets cooled at a|rate just
exceeding the critical cooling rate of that steel.

O Alloy steels have less critical cooling rate and hence some of the alkmlsscan be
hardened by simple air cooling.

A4

O High carbon steels have slightly more critical cooling rate and has to beretdsy oil
qguenching.

O Medium carbon steels have still higher critical cooling rates and hencer woatbrine
guenchiniis necessalu.

Tempered to Desired
Hardness

Tempered
Martensite

TEMPERATURE

145
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Factors affecting Hardening Processes

N
7

N
7

N
7

Vv

Vv

Hardening Methods

Chemical composition of steel
Size and shape of the steel part
Hardening cycle (heating/cooling rate, temp, soak time

Homogeneity and grain size of austenite
Quenching media

Surface condition of steel part

Conventional or direct quenching
Quenching in stages in sequence in different media
Spray Quenching

Quenching with self tempering
Austempering or Isothermal Quenching

Martempering
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Retained Austenite

a

Austenite that is present in in the ferrous alloys even after the coimplef the heal

treatment process is referred to as retained austenite. In singopts, retained austenite |i

the untransformed austenite.

Austenite transforms to martensite betweep &hd M temperatures as it is essentially
athermal transformation. However, this transformation never goes tpleton, i.e., 100%
martensite (Mtemperature line is illustrated as dotted line in TTT diagrams).

This is because at M a small amount of (~1%) of austenite is present in highly stre
state along with ~99% martensite, and can not transform to martensitedeecafavourabls
stress conditions.

Both M, and M temperatures decrease with increase in carbon content. Therefore arh
retained austenite in hardened steels increase with increase in cawiient.

All alloying elements, except Al and Co, lower the, Mmperature and hence enhance

amount of retained austenite. Therefore, both high carbon steels and loglstdels are

more prone to the presence of retained austenite.

The substructure of retained austenite differs from that of the originalratesses it has as
higher density of imperfections like dislocations, stacking faults, ekichvare created b
local plastic deformation of the austenite by martensite crystals.

Tool steels may have retained- austenite in the range of 5-35%. At the surface oichedle

steel, that restrains are minimum. R.A is less at surface than a#ritex part. e

an

ssed

=4

punt

the

174




Retained Austenite

Advantages

a

Ductility of austenite can help to relieve some internal stresses ajgeidue to hardening
to reduce danger of distortion and cracks. 10% retained austenite along witgmait is
desirable.

The presence of 30-40% retained austenite makes straightening operatione
components possible after hardening. Straightening increases the hardness slightly.

Non-distorting steels owe their existence to retained austenite. henggk austenite i
retained to balance the transformational contracting during heating, eofotmation of
austenit from ferrite carbide aggregat on the one hand anc the expansio correspondin
to the formation of martensite during cooling, on the other, Here, thes lndislimensiona

|\

of th

S

stability of non-distorting steels is the presence of retained austenite.

disadvantages

a
a

The soft austenite if present, in large amounts, decreases the hardness ofdhateelse

As retained austenite may transform to lower bainite, or to marternbigee takes plac
increase in dimensions of the part. Not only it creates problems in precisimegaor dies
the neighboring parts may be put under stress by it. In the component itset§esdtrmay b
created to cause distortion or cracking.

e

Retained austenite decreases the magnetic properties of the steel. 148




Sub-Zero treatment

a

a

The retained austenite is generally undesirable, sub-zero treatnmmme i3f the method fg
eliminate retained austenite.

As the room temperature lies between &hd M temperatures of steel, quenching to ro
temperature results in retained austenite.

Subzero treatment consists in cooling the hardened steel to a tearpdoatow OC. The
temperature of the sub zero treatment depends on the position démaperature of the
steel.

A steel can be cooled much below the Mmperature, but it, evidently achieves nothi
becaus it canno bring abou any additiona increas of hardnes: or any additiona increas
of martensite, because the Martensitic transformation ends trivperature.

Sub-zero treatment is more effective, if it is carried out immediatdter quenching

operation. Any lapse of time between hardening and the cold treatmentscése

stabilization of austenite, makes the retained austenite resistamtherftransformation.

Most steels can be cooled by subzero treatment in a low cooling unit withobrtlee
mediums as given in table (next page) .

The low-cooling unit consists of two vessels, the interior one of copper, where ttseqp;
tools to be deep frozen, are placed and the exterior one of steel provided gotidaheat
insulation.

D

olpfl

UV

g,
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Sub-Zero treatment

Table : Subzero Coolants with

Temperature of Application g
Minimum
Sl temperature °C
Dry ice (solid Cg) |
+ Acetone 18 ey} CnpesgmNa l i:__ Themmeceugle
Ice + Salt (NaCl) -23 — T h—_———_ === D - i o
ice + Salt (Cag) 55 =l e — B
Liquid air -183 . pDoooooooo
Liquid N2
. . . - 4 UM:J_!_‘H_I_‘
Liquid Nitroger -19¢ T T
Liquid Pentane -129 Solenaid
valve
Freon -111 T
o Temperature contraller

Figure :

Liquid cooled (liquid M) system.

Components are immersed in a bath of
alcohol, or trichloro ethylene, which is cooled
by a submerged liquid nitrogen spray (-260

), cooling rates can be controlled.
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Sub-Zero treatment

O The space in between the vessels is filled with one of the chosen mediuansysten
(figure in previous page) which is inexpensive and can be used.

O Usually the temperature range used is in range ofC30 -150C, and total time of cooling
and holding at that temperature (Maries from Y2 - 1 hour. The hardness increased by 2-4
HRc.

O As the amount of martensite increases by sub-zero treatment, it gesrbardness, abrasipn
resistance, fatigue resistance and eliminates the danger of developing griratiks,. c

O As the newly formed martensite may add further to unfavorable stréssasise distortion
anc cracks the complicatec or intricate shape componeni may be first tempere at 15C-
160°C immediately after first quenching and then given the sub-zero treatment.

Sub-zero treatment has been most extensively used for...!

O Alloyed tool steels — like high speed steel, which now shall need only sistgige

tempering.
O Tools and components which need exact dimensions — gauges
L Carburized steels, especially alloy steels (having elementsNikia it) to increase their

hardness and wear resistance

O Steels having 0.8 to 1.1%C as hardness increases by 1-3 HRc
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O The hardened steel is not readily suitable for engineering applications. It sgesse
following three drawbacks.

v' Martensite obtained after hardening is extremely brittle and willlteis failure of
engineering components by cracking.

v Formation of martensite from austenite by quenching produces high intéresdes ir
the hardened steel.

v’ Structures obtained after hardening Internal stresses
consists of martensite and retained .,\_/ | '
austenit. Both thest phase are Hardness
metastable and will change to stable \
phases with time which subsequently \
results in change in dimensions and
properties of the steel in service.

perty —»

O Tempering helps in reduce these proble ms.2 ,l,oughnes‘,s

Tempering is the process of heating the ' : .
hardened steel to a temperature maximum s O
up to lower critical temperature (4 I IR R aEE
soaking at this temperature, and then

cooling, normally very slowly.

b e e e s e fem s e mm me e owm e e e s

200 500
Tempering temperature ——p
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Relieve Internal  Restore ductility To improve To improve magnetic
stresses and toughness dimensional stability properties

Structure in as Quenched state

Highly supersaturated martensite
Retained austenite
Undissolved carbides

Rods, or plates of carbide particles produced during ‘auto-tempering’

Segregation of carbon
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Tempering of plain carbon steels

First stage of Tempering

O First Stage of tempering temperature extends from room temperature to 200eC.
tempering reactions in steels, containing carbon less than 0.2%, diffegvghat from the
steels containing more than 0.2% carbon.

O In the former, if carbon atoms have not yet segregated (during quenching) to dmisciat
these diffuse and segregate around the dislocations and lath boundariegirist thtage of
tempering. Nce-carbide forms as all the carbon gets locked up to the dislocations (defects).

L Martensite in steels with more than 0.2% carbon is highly unstable bea#usaper
saturatior anc interstitia diffusion of carborin BCT martensit car occu. Thus in the first
stage of tempering, the decomposition of martensite into low-tetragonakistensite
(containing ~0.2%C, c/a ~ 1.014) andcarbide, Fg¢,C occurs. There are reports of
precipitation of eta-carbide, Fe,C and Haggs carbide, F¢C.

L e-carbide is a separate phase and is not a preliminary step in the formatiemehtite, bug
it nucleates and grows more rapidly than cementite. It has HCP struciilve w 4.33A°, a
= 2.73A°, c/a =1.58A° and forms as small (0.015-0,08) platelets, or needles observed
under electron microscope.

L The structure at this stage referred to as tempered martensite, wldichble phase mixture
of low tetragonal martensite amecarbide.

O In this stage volume because specific volume of martensjtdue to rejecting of C atoms.




Tempering of plain carbon steels

Second stage of Tempering

L Second Stage of tempering temperature lies between 200-300°C. The amounairm‘dlet

austenite in the as-quenched steel depends mainly on the composition ofefharstethe
temperature to which steel is quenched.

O In the second stage of tempering retained austenite transforms to bainttie (the carbids
in bainite ise-carbide). The matrix in lower bainite is cubic ferrite (c/a = 1), whesdm
tempered martensite, the low tetragonal martensite has c/a ~ 1.014

L When retained austenite changes to lower bainite, their takes place moreatume.

\V

Third stage of Tempering

O Third Stage of tempering temperature lies between 200-350°C. In this stagepdriag,

e-carbide dissolves in matrix, and low tetragonal martensite lossesntpletely its carbon

and thus, the tetragonality to become ferrite .

[ Cementite forms as rods at interfacescsedarbide and matrix, twin boundaries, interlz
boundaries, or original austenite grain boundaries.

O During this stage, volume decreases just as in stage one, due to completef
tetragonality. In a 1% carbon steel , the total decrease in length inrgte@nd third stage

in around 0.25%
155
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Tempering of plain carbon steels

Fourth stage of Tempering

Q
Q

Fourth Stage of tempering temperature lies between 350-700°C.

Growth and spheroidisation of cementite, as well as recovery and Raltinatton of ferrite
occur. Though the growth of cementite starts above 300°C, its spheroidisatiorasiawts
400°C to 700°C.

Spheroidisation takes place due to reduction in interfacial energy oftef@ementite
interfaces. As quenched martensite has high concentration of ladfeets. Though thei
annealing out starts in the third stage of tempering, but the cementite paeespietard thg
recoven processe.

Substantial recovery processes starts occurring only above 400°C. origh@ablaundaries

are stable up to 600°C, but above this, these are replaced by equiaxed-jeaiite

boundaries — the process, which is best described as ‘Recrystallization’.

In the end, the optical microstructure consists of equiaxed ferrite grairts eaarse
Spheroidal particles of cementite, and then the structure is called gtope&lite, or
spheroidized cementite.

The structure perhaps is the most stable of all ferrite- cementite aggsegad is the

197

V)

|1=4

\V

softest with highest ductility with best machinability.
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Effect of carbon on Tempering

Hardness (VPN) —pn

As guenched hardness Tempering temperature, *C et

Effect of tempering temperature( 1 hour at each temperature) dnelsarand reactions



Tempering of alloy steels

a
a

The presence of alloying elements, steels can change their nature and psaderttvely.

Most common elements (except cobalt) shift the CCT curve to longer timeshy
essentially result in the increase of hardenability of the steels, sb pkarlitic
transformation can be avoided easily to obtain Martensitic structues) at a slower trat
of cooling and in thicker parts.

Alloying elements also lower Mand M temperatures, increasing further the amoun

retained austenite. The decomposition of retained austenite on tempplayg quite 4

significant role on the properties of tempered steels, specially havgigdarbon and higl
alloying elements.

Some elements, that are not found in carbides, but are present as soiosioldierrite, are
Al, Cu, Si, P, Ni, and Zr. Some elements arranged in order of inargasndency to forn
carbides are Mn, Cr, W, Mo, V and Ti. These carbide forming elements reterst
effectively the rate of softening during tempering of the steel.

The first stage of tempering does not appear to be effected by the preseahecatibying
elements. However, most of the alloying elements in steels tends waseithe hardnes
after tempering than a plain carbon steel with the same carbon content.

At smaller concentration, they merely retard the tempering prosdssace the softening
particularly at higher temperature (> 500°C), where these elements have dlosd/dy to

vhi

s

t of

—

V)
w

|\ -

take part in tempering reactions.
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Tempering of alloy steels

L When alloy carbides are formed, the drop in hardness during tempering is gaetarded
but is significantly increased. The steel is then said to secondary hardening.

O Thus, 0.5% chromium , or less than 0.5% Mo resists softening but secondary harde

ning i
produced by either 12% chromium, or 2 % Mo.. Stronger the carbide, the more potea is t
secondary hardening.
5 HRc VPN
i 60 697
400 50 513
z 3.07% Mo
= 2.05% Mo 2
] § 40 392
2 1.50% Mo S
€ 300} £
s 0.90% Mo
0.47% Mo 30 302
200 -
20 238 0.35% Carbon
1 | 1 | |
400 500 600 700 _ 2
ISR T 5 e e ] R
Tempering temperature (1 hr at each temperature) 10 196 zéo 3100 4:) - 530 - sge %3@3{& TW
i : - A8 duenched Tempering temperature, °C o wi'
Effect of increasing Mo on tempering of as — .

quenched 0.1%C steel Effect of increasing chromium in 0.35%C steel @jtering



Tempering of alloy steels

a

Element, such as, silicon dissolvescsHtarbide to stabilize it. Steels with 1-2% silicon have

g-carbide present even after tempering at 400°C, which means that the itornudt
cementite is delayed considerably, and thus, resisting the softeningrvidse, the effect of
silicon is essentially due to solid solution strengthening.

Nickel has a small, but constant effect on tempered hardness at allregomes due to solid

solution strengthening as it is not a carbide former.

Manganese has little effect on softening at low tempering temperaturesatbhigh
temperatures, has a strong effect on due to its faster diffusion then, andittih@sists
cementite coarsening as it is present in cementite as (Fe(vin)

Martensite in plain carbon steels losses its tetragonality by 300°C, buetttagonality is
seen at 450°C, or even at 500°C if the steels have elements like Cr, W, Mbaid Si.

The basic cause of steep softening in carbon steels on tempering above 4008€
coagulation of the cementite particles. Alloying elements notably Si,Mgr, V, when

present in steels, retard the coalescence and the coarsening of cemariidles., resulting

in enhanced hardening over and above the solid solution hardening effect.

Elements like Cr, Si, Mo, or W delay coarsening to temperature range of 500-56016
tempering temperature 500°C, the carbides formed are of iron with propdratioging

elements in it, but above 500°C, alloying elements can form their owndsstand thus,

coarse cementite particles are replaced by fine dispersion of more slialylearbides.
160
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Tempering of alloy steels

a

An Fe-10 Ni alloy shows constant
hardness on tempering up to 450°C an
then, there takes place some decrease

strength (curve I).

Addition of 0.12% carbon increases the
as guenched strength to almost doubl
and slow decrease of hardness occurs

tempering to fall to 0.7 GPa at 500°C.

A 8% cobalt addition, which doesn't

ente the carbide delay: the softenin¢ to

have strength of 0.8 GPa at 500°C .

Addition of 2% Cr almost continuousl
but slowly 1 hardness to start falling :
above ~450°C to become 1.1 GPa
500°C by fine dispersion of Cr carbide|

Addition of Mo causes seconda
hardening, as it is very strong carbi
forming element, to attain a hardness

1.3 Gpa at 500°C

At

P
C

Y
0¢
C

1.4 F
13
2 Fe-10 Ni-8 Co-2 Cr
£ 12 iMo-012C V_7 1% Mo
T
N Y ' .
E i Fe-10 Ni-8 Co-2
g T Cr-0.12 C
g 10 I
&
e 0.9 2% Cl'l
oy oA I f S
E 08 L e Co
w |-
3 = Co-0.12C
ok 0.12% C
]
os EV R T O
i

LA 1 1 1 I 1 1
/ 200 300 400 500 600 700
As quenched -
Tempering temperature (1 hr time)

Effect of C, Co, Cr, and Mo on tempering of
Fe-10Ni steels
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Tempering of alloy steels : Secondary Hardening

O In alloy steels, having larger amounts of strong carbide forming elemdsetdvio, Ti, V,

Nb, W, Cr etc., and carbon , a peculiar phenomena occurs, the hardness ofjtienakecd
martensite (called primary hardness) on tempering, decreaseslyniéialthe tempering
temperatures is raised, but starts increasing again to often becayher than the as

guenched hardness, with much improved toughness, when tempered in the range of 500 to

600°C. This increase in hardness is cabedondary hardness (also called red hardness).

| g o

This is great importance in high speed steels, as these are able to eomaminining, a
high speeds (as these are able to resist fall in hardness and thus, the maiagy ) ever
when they become red hot.

Secondar hardenini is a process similar to age hardeninc in which coars: cementit
particles are replace by a new and much finer alloy carbide dispes§iggC,, Mo,C, W,C
(which normally form on dislocations). As in aging a critical dispersianses a peak in the
hardness and strength of the alloy, and as over aging takes place, i.edecdidpersior,
slowly coarsens, the hardness decreases.

Secondary hardening is best shown in steels containing Mo, V, W, Ti andna(30 steels af
high chromium concentrations.

The amount of secondary hardening in an alloy steel is directly proportiortaétaolume
fraction of the alloy carbides, and thus is directly proportional to the coratgan of strong
carbide forming elements present in steels. The alloy carbides muspipate as fing
dispersion in ferrite matrix rather than massive carbide particles. 162




Time and Temperature relationship in Tempering

L For a given steel, a heat treater might like to choose some convenient tegpere, say
over night, otherwise different than 1 hour, and thus, wants to calculate thet |exa
temperature required to achieve the constant hardness.

O Hollomon and Jaffe’s “tempering parameter” may be used for this purpose elatis the
hardness, tempering temperature and tempering time. For a thermaligtadtprocess, the
usual rate equation is : 1

Rate= = Ae 'R

O Where, t is the time of tempering to develop a given hardness, and Q is theri@hpi
activatior energy . ‘Q’ is not constar in the comple> temperin¢ processe but varies with
hardness. Thus, hardness was assumed to be a function of time and temperature:

H= f[te ¥F]
O Interestingly, [te"@'RT] is a constant, and let it heEquating activation energies of eq (1)
and (2) gives, Q=T[Int=Int,]= f(H)

d As t, constant then
H = f[T(C+Int)]

O Where, C is a constant, whose value depends on the composition of austenite. The single
parameter which expresses two variables time and the temperatufe((Ce+ In t) is called

the Hollomon and Jaffe tempering parameter. (hardness in vickers is fimefera .




Temperature and colours for Heating and Tempering of Steel
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Colours of Hot Solid metal iC Process of Heat treatment
White 1500
Yellow white 1300 High speed steel hardening (12300I8)
Yellow 1100
Orange Red 1000 Alloy steel hardening (800-1100°C)
Light-Cherry-Red 900
Cherry-red 800 Carbon steel hardening
Dark-red 700
Vary dark-red 500 High speed steel tempering (500-6P0
Black red in dull light, or darkne 40C
Steel gray 300 Carbon steel tempering (150-575°C
Colour of Oxide film C Parts Heat treated
Steel Gray 327 Cannot be used for cutting tools
Pale-light blue 310 For springs
Purple 282 Spring and screw drivers
Brown 270 Axes, wood cutting tools
Gold 258 Shear blades, hammer faces, cold chis
Dark-straw-light-brown 240 Punches and Dies
Light-Straw-Yellow 220 Steel cutting tools, files,gma cutters
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Embrittlement during Tempering

O Normally, as the tempering progresses, the hardness and the strengthsdscrbut the
ductility and impact strength increase. But in certain steelsetlsean unexpected decrease
of the impact strength in certain ranges of temperatures. This inditzéeshere are two
main types of embrittlement during tempering.

» Tempered Martensite Embrittlement (TME)
» Temper Embrittlement

 Both these embrittlement raise the impact transition temperature) (K6T higher
temperature. Figure (below) indicates the increasenpact transition temperature, A(ITT)
dueto TE in SAE 314( stee.

120 /___-————/

unembrittled

ft.-1l§ —
|
N
\

Temper-embrittlement in SAE 3140
steel shifts the impact transition
temperature to higher temperature .
A(TTT) indicates the amount of
increase.
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Embrittlement during Tempering

Normally, the degree of both type of embrittlement is expressed in termelafive
displacements of ITT i.e., bX (ITT) illustrated in figure (in previous slide).

In both the transgranular fracture mode is replaced by an intergranular @@ below the
transition temperature, i.e., these show bright inter crystalline uractlong origina

austenite grain boundaries.
Inspite of these similar effects, the two types of embrittlement aces®parate phenomera,

which occur in two different temperature ranges. Moreover, TME is a mustierf@roces:
usually occurring in one hour, where as TE takes many hours.

Tempe embrittlemer is of musl greate conceri from practica point of view, as the rotors
and shafts of power generating equipment even after tempering above 600°C, develop it

when thick section cool very slowly through the range (450-600°C)

V)

D TIROrTTYY

!

o Schematic illustration of effect of

& tempering temperature on impact
3 strength in steels prone to
= embrittlement during tempering.

L 1
260 370 450 600
Tempering Tomperature °C 166



Tempered Martensite embrittlement

As TME develops after tempering in range 260°C to 370°C, it is called as “35
embrittlement, or 500°F embrittlement. It is called ‘one-step embmitiet’ as during
heating only in this range, TME develops. It is also called ‘irreversibldrdatrement

because a steel embrittled by tempering in this range , if heated fudhebnave 400°C

(above the critical range), becomes tougher, and the tempered martanbitétlement
does not occur again if cooled down to or tempered in the range of 260°C to 370°C ag

All steels, including the plain carbon steels are prone to irreversilerittlement to som
extent, and that is why tempering range of 260°C- 370°C is avoided in alsteeugh it
is a malady of low alloy steels.

The embrittlemer is associate with the chang: in the structure of carbide from epsilor (g)
to cementite in the form of a film at the grain boundaries.

On tempering at higher temperatures, this film disappears and can not besdesbtn
repeated heating in 260°C-370°C temperature range.

Although, tempered martensite embrittlement is concurrent with the t&ion of
cementite, but such precipitation is not in itself the cause of loss of imipaghness, as th
embrittlement is does not occur if P, Sb, Sn, As, or N are not present in steel.

Addition of sufficient silicon to the steel inhibits the formation of cemie in the critical
range, as silicon dissolved in epsilon carbide, increases its sgahihidl thus embrittlemer,

does not occur
167
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Temper embrittlement

L The sickness of alloy steels occurs when they are tempered in the rangetéS80C°C. it
is also called reversible embrittlement (as well as two step dtidonent), because |t
occurs, when steels are tempered in this range, but gets removed, when toehigd
temperatures, but occurs again on slow continuous cooling through this range frongthiat hi
temperature (>600°C). The degree of embrittiement depends on the rate ioigcoothe
range 600-450°C.

O The phenomena of temper embrittlement results in loss of toughness as measured by
notched impact test (without affecting very much the hardness, Y.S, UdBgaion anc
fatigue properties), and a rise in ductile to brittle transition tempegabccurs, with am
intergranula (IG) fracture below the transitior temperatur alon¢ the original austeniti
grain boundaries.

 Carbon steels in general, but with less than 0.5% Mn, do not show temper esnbeitt.
Alloy steels of high purity do not show it. It is caused primarily by Sb anahé secondarily
by Sn or As (even in amounts as low as 0.01%) in presence of elements like Ni,nV&i,|C
in steels. The highest effect is in Ni-Cr and Mn-Cr steels. Presehelements like Mo, Ti|
Zr delay, or remove embrittlement.

L The characteristic features of temper embrittlement are best explaynd@ concept of co
segregation. The impurity solutes are the surface active elements jn.@grihese reduce
the grain boundary energy, and thus reduce the cohesion. Elements like Sh, $),As,

interact with certain elements like Ni and Mn in steels. -




Temper embrittlement

a

These interactions leads to co-segregation of alloying elements anohpheity elements

A4

such as between Ni-Sb, Ni-P-Ni-Sn and Mn-Sb. The reason of co-segregati@stronge(

interaction between them than, between either of these and iron.

If the interaction is very strong then, co-segregation does not occur, lwatvarsying effec
Is got, as happens between Mo-P, Ti-P, which is the cause of elimination oitéentent

by 0.5% Mo in such steels. If larger amount of Mo, Ti, Zr are present , thesetelements

slowly react with carbon to form stable carbides releasing the impataiyns to segregate |
the boundaries.

Additional segregation may take place, when two alloying elements aesepi
simultaneousl sucl as Ni anc Cr. At high temperature (>60C°C), therma vibrations make
the equilibrium segregation low enough not to cause embrittlement.,, and at
temperature (<450°C), the diffusion of the elements is too low to cause enoug
segregation with in the normal tempering time.

The following methods are normally recommended to minimize the effect ofpéem

embrittlement
v" Keep the impurities such as Sb, P, Sn, As as low as possible
v Alloy the steel with Mo (0.5-0.75%)
v" Quench from tempering at higher temperatures
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Heat Treatment Defects

 Heat treatment of steels or aluminum can lead to several defda¢spiincipal types o

defects found in quenching of steels are internal and external cracks wothke distortion
and warping.

CRACK : When the internal tensile stresses exceed the resistance of éhéosseparatior,
the crack occurs. The insertion of the tools in the furnace without preheatingmpering
IS one of the main causes of crack propagation. The crack formation is reduc
preheating the tool between 2o 300C.

DISTORTION : Distortion occurs due to uneven heating, too fast cooling, part incorr
supported in furnace, incorrect dipping in guenching and stresses presentprefwgating
Distortior car be prevente by preheatin the tool or checl furnace¢ capacity reduct the
hardening temperature, and by reviewing the method of dipping.

WARPING : Asymmetrical distortion of the work is often called warping in firaating
practice. Warping is usually observed upon non-uniform heating or over heatin
hardening. It also occurs when the work is quenched in the wrong position and wh
cooling rate is too high in the temperature range of the martensite trarsformAn
elimination of these causes should subsequently reduce warping.

The properties required in the heat treated part are obtained withoutrtdopang distorte
beyond the acceptable limits.

The ideal design for a heat treatable part is the shape that when heated léat) aoould
have the same temperature at every point with in the part. 170

f

—

ed by

ectly

g for
en the

——




~_ Hardenability -

=

AvalaLavaKumar : D.K.Mishra: Dr.S.K.Badjena

Department of Metallurgical aterialsEngineering (MME)
Veer Surendrasai University of Technology (VSSUT), Burla -768018

*E-mail : lavakumar.vssut@gmail.com

171



Introduction

a

Hardenability is one of the most important properties of a steel because itdssttre eas

a)

s

with which a given steel can be quenched to form martensite or the depth th whi

martensite is formed on a given quench.

It is an important property fowelding, since it is inversely proportional t@eldability, that
s, the ease of welding a material.

The ability of steel to form martensite on quenching is referred to as tluehability.

Hardenability is a measure of the capacity of a steel to be hardened in depth
guenched from its austenitizing temperature.

Steelswith high hardenability form martensite even on slow cooling.

High hardenability in a steel means that the steel forms martensite noabsiirface but t(
a large degree throughout the interior.

For the optimum development of strength, steel must be fully converted to martensite

To achieve this, the steel must be quenched at a rate sufficiently rapaldid the
decomposition of austenite during cooling to such products as ferrite, pearlitmant.

Hardenability of a steel should not be confused with the hardness of a steel.
Hardness # Hardenability

when

A4

The Hardnessof a steel is a measure of|&lardenability refers to its ability to be
sample's resistance to indentation |bardened to a particular depth under
scratching, particular set of conditions. 172
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Hardness profile in a cylinder from case to core
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Hardenability

a

a
a
a

It is a qualitative measure of the rate at which hardness drops off with distance into
theinterior of a specimen asa result of diminished martensite content.

Hardenability is more related to depth of hardening of a steel upon heat treat.
The depth of hardening in a plain carbon steel may be 2-3 mm Vs 50 mm in an akdy s

A large diameter rod quenched in a particular medium will obviously cool mowysthan
a small diameter rod given a similar treatment. Therefore, thdl sodhis more likely to
become fully martensitic.

O The hardenability of a steel is the i,
maximun diamete of the rod which will = GNP
have 50% martensite even in the core
when quenched in an ideal quenchants.”F= ™~ g
This diameter is known as ;Dor ideal Y \\
diameter. g e~ Sl W Ry (o
g 400 - \\
( W \\ \
Relation between cooling curves fo gl ! \
the surface and core of an oil- Martensite A\
guenched 95 mm diameter bar
1\ ol | = = S

| 10 10! 10! o 174 b
Time (s}



Determination of Hardenability

 Hardenability of stedl isdeter mined by the following methods
v" Grossman’s critical diameter method
v" Jominy end quench test
v Estimation of hardenability from chemical compasiti

v" Fracture test
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Grossman’s critical diameter method

In Grossman’s method, we use round bars of different diameters.
These bars are quenched in a suitable quenchants.

Further, we determine the critical diameterivhich is the maximum diameter of the rt

which produced 50% martensite on quenching.
The ideal diameter (Dis then determined from the curve.

This type of experiment requires multiple Austenitisation and quenching tesésnon

specimens of varying diameter just to quantify the hardenability of a singleiadate

60 | i ' '

o
T 40 SN o _llll_.'___
% -i:—IFit'L;,,-rt =50% M
5
= 20
=

G .

Determination of the critical diameter [paccording to Grossmann
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Severity of Quenching media

Process Variable H Valug
Air No agitation 0.02
Oil quench No agitation 0.2
" Slight agitation 0.35
Good agitation 0.5
" Vigorous agitation 0.7
Water quench No agitation 1.0

If the increase in rate of heat
conduction is greater than the
decrease due to persistence of the
vapor film, the net result will be an
increase in the actual cooling rate.
However if the reverse istrue, then the
result will be decrease in cooling rate.

" Vigorous agitation 1.5
Brine quenct .
(saturated Salt watey) No agitatior 2.
Vigorous agitation 5.0

ldeal quench

oo

Severity of Quench as indicated by the heat
transfer equivalertt

f

H = K [m™]

f — heat transfer factor
K — Thermal conductivity

Note that apart from the nature of the quenching medium, the vigorousness of the sleakersst the
severity of the quench. When a hot solid is put into a liquid medium, gas bubblasfothe surface of
the solid (interface with medium). As gas has a poor conductivity the quenchtegig reduced.
Providing agitation (shaking the solid in the liquid) helps in bringing the liquiddiona in direct

contact with the solid; thus improving the heat transfer (and the cooling raibe).H value/index
compares the relative ability of various media (gases and liquids) to cool a hibtIsi@lal quench isja
conceptual idea with a heat transfer factosof= H = «) 177




Grossman’s critical diameter method

d The relation between ideal critical diameter &nd critical diameter P and severity of
guench (H) can be determined from thermodynamic considerations.

d These relations are shown in Grossman’s master graph. In this figure th@IDtted as the
abscissa, and thedbs plotted as ordinate.

O A number curves are plotted in this graph and each belongs to different rates iogcdol
every case, the rate of cooling is measured by the H-value or the severity of quench.

d From this graph, by knowing the value of.Pthe corresponding value for,[Ban be foung
out. For example, assuming-> linch and H = 5 (for agitated brine quench), the critical
diameter or hardenability works out to 1.2inch with help of figure.
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2.0 Fromfigure it can be observed that
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Jominy End Quench method

a

a

The most commonly used method for determining hardenability is the end quencgh test

developed by Jominy and Boegehold

Grossmans method requires multiple Austenitisation and quenching treatments on

specimens of varying diameter just to quantify the hardenability of a singleialate

An alternative approach is to develop a more convenient standard test meabaarnhbe
used for relative comparison of hardenability. The Jominy end-quenchsesta suck
approach.

The Jominy end-quench test is specified in ASTM standard A255 and is a widely
method for quantifying hardenability. Its wide use adds to its value, sinceutiliy of
empirica relations anc date compariso become more reliable as more date are
accumulated.

Moreover, Jominy data have been collected on a large enough scale to offerdebrgle of
statistical certainty for many steels.

These data have been correlated with measurements and/or calculatigns of D

By using these correlations, a single Jominy test can be used to estipaedD for a
given steel (and austenite grain size).

Information gained from this test is necessary in selecting the proper natdn of alloy
steel and heat treatment to minimize thermal stresses and distevhen manufacturin
components of various sizes.

179
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Jominy End Quench method - Principle

O The hardenability of ateelis measured by a Jominy test with following procedure.

O In conducting this test, a 1 inch round specimen 4 inch long is heated uniforntlyeto
proper austenising temperature. It is then removed from the furnace aretigla a fixture
where a jet of water impinges on the bottom face of the sample.

O After 10 min. on the fixture, the specimen is removed, and to cut along thetlainggal
direction.

O And then Rockwell C scale hardness readings are taken at 1/16 inch,aistémem the
guenched end. The results are expressed as a curve of hardness values Ves. fstatie
guenched end. A typical hardenability curve shown below for eutectoid steel.

Jominy Sampl Jominy Distance (in.) Cooling Rate (°C/s)

specime
(heated toy
phase field)

24°C watet\




Jominy End Quench method - Principle

A number of Jominy end quench samples are first end- quenched for a series oénd
times and then each of them (whole sample) is quenched by complete immersvater
to freeze the already transformed structures.

Cooling curves are generated putting thermocouple at different locationseandding
temperature against cooling time during end quenching.

Microstructures at the point where cooling curves are known, are subsequently e
and measured by quantitative metallography. Hardness measurement isitdoaach
investigated point.

Based on metallographic information on investigated point the transfamatart ang
finish temperatur anc time are determine. The transformatio temperatur anc time are
also determined for specific amount of transformation.

These are located on cooling curves plotted in a temperature versus agrardi The
locus of transformation start, finish or specific percentage of transtoomgenerate CC]
diagram éee next dide).

A, B, C, D, E, F are six different locations on the Jominy sample showkigare (before
dide) that gives six different cooling rates. The cooling rates A, B, C, DFEare in
increasing order.

The corresponding cooling curves are shown on the temperature log time plot. At tbé

the cooling curve phases are shown at room temperature. Variation in hardniiss

distance from Jominy end is also shown in the diagram.

ffer

amine

end
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Temperature

Hardness, HRC

"\ _

Jominy sample

EED C B A
Distance from quench end

— -
— = =
— = —
-— [
= =

\C \\\
\\ \\\
1/ \\\
M| | P+M FP||P C.P

Logtime

t,=Minimum incubation
period at the nose of the
TTT diagram,
t'.=minimum incubation
period at the nose of the
CCT diagrar

M — Martensite

P — Pearlite

F.P — Fine pearlite
C.P — Coarse pearlite
Mg — Martensite start
Mg — Martensite finish
Te — Eutectoid temp.
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Determination of Hardenability from Jominy curve

O After plotting the Jominy distance Vs Hardness curve, the Jominy disteanaag hardness
equal to 50 % martensite is determined.

L Then the diameter of a rod having cooling rate similar to the cooling ratkeadominy
distance having 50 % martensite is determined from the graph correlatingothiayJ
distance with the diameter of the rod having similar cooling rate for water dumsgc

L This diameter gives the hardenability of the steel in water quenching (haviradue equa
to 1).

Hardenability in any other quenchants can be determined from the same graph.
D, (hardenability in ideal quenching medium) can also be determined in a smmalaner.

We car determini hardenabilit for any othel amoun of martensit in the core in any
guenchants in a similar way.

OO0

0k '/Mm‘feﬂsff@ Variation of hardness along
a Jominy bar

é 60_ | _ _.C-54 (50% Matensite) Z Grossman chart
3 o 5/32” g used to determing
o d0F B the hardenability
E 30k - ‘g of a steel bar

< 20f v Q

NS
s =

PR P U T T U T N I A AN RN A A P 2
0 4 & 12 16 20 24 28 32 36 40 44 48 16 16

Distance from quenched end in 1/16 inch units Jominy distance (in.)
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Estimation of Hardenability from chemical composition

O Although the ideal critical diameter is generally determined experiafllgntit is also
possible to estimate it from chemical composition and the grain size df stee

O This method is based on the fact that the hardening of steel is controlledlbaby the
carbon content.

O Every steel has a base hardenability which depends only on carbon content ansizga
Alloying additions change the rate of reaction.

O Furthermore, the effect of each alloying elemgent %4°
is independent of other alloying elements. The **
effect is also independent of carbon content and [
grair size.

O Figure gives base hardenability in terms of ideal z:z
critical diameter. It is clear from the figure that,e
as the carbon content and grain size decre ses [

the base diameter value also declines. hep

O The effect of alloying elements in the
hardenability is shown in Figure (b) (next page). o o]l

d Mo, Mn and Cr are seen to very effective. The 4
base diameter obtained from Figure (a)| IS gl
multiplied by the multiplying factors F for eagh ¢ R At TS AR
of the alloying elements given in figure (b) Base diameter as function of carbon gontent and

grain size

0.34 -

0.24 -
0.22 -

p—




Estimation of Hardenability from chemical composition

D, = D, (basediameter) x F,, x F., X F

O For example, for a steel of grain size ASTM 8, with 0.5% carbon, 0.6% Mn, 1%nd
2%Ni, D, = 0.22 (From figure ax 3.00 (Mn factor from figure bx 3.17 (Cr factor from

figure b)x 1.77 (Ni factor from figure b) = 3.70 inches

O Sulphur and phosphorous are present in low concentrations in steel as impurity,
combined effect can be ignored in most of the cases. Multiplying factorsuighur and

phosphorus are unity

3.80 (
3.40 Mn / Cr m—— Ni —]
w1/ F.
ol Ll /
o / S 7
£ 220 / /f //
3 1.80 / '/
5 =
1.40 . e —
|
W 0.80 1.60 2.40 320 3.60

Alloying element, wt.%
Multiplying factor F as a function of weight % farset of alloying elements
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Significance of Hardenability Multiplying factor

O The Hardenability Multiplying Factor shows the rate at which the hardenimihdes
increased with the percentage of the alloying element

O The ideal diameter,) is calculated from: D, = D jica X Fun X For X Fri X Fg X Fyo
d Where D is the basid, factor for carbon and fx is the multiplying factor for the alloying

element x.
Carbon grain size Alloying factor, fX

% No. 6 No. 7 No.8 Mn Si Ni Cr Mo
0.05 0.0814 0.0750 0.0697 1.167 1.035 1.018 1.1080 1.15
0.10  0.1153 0.1065 0.0995 1.333 1.070 1.036 1.2160 1.30
0.15  0.1413 0.1315 0.1212 1.500 1.105 1.055 1.3240 1.45
0.20 0.1623 0.1509 0.1400 1.667 1.140 1.073 1.4320 1.60
0.25  0.1820 0.1678 0.1560 1.833 1.175 1.091 1.5400 1.75
0.30 0.1991 0.1849 0.1700 2.000 1.210 1.109 1.6480 1.90
0.35 02154 0.2000 0.1842 2.167 1.245 1.128 1.7560 2.05
0.40 02300 0.2130 0.1976 2.333 1.280 1.246 1.8640 2.20
0.45  0.2440 0.2259 0.2090 2.500 1.315 1.164 1.9720 2.35
0.50 0.2580 0.2380 0.2200 2.667 1.350 1.182 2.0800 2.50
0.55 02730 0.2510 0.2310 2.833 1.385 1.201 2.1880 2.65
0.60 0284  0.262 0.2410 3.000 1.420 1.219 2.2960 2.80
0.65 0295 0.273 0.2551 3.167 1.455 1.237 2.4040 2.95
0.70 0306 0.283 0.260 3.333 1.490 1.255 2.5120 3.10
0.75 0316  0.293 0.270 3.500 1.525 1.273 2.6200 3.25
0.80 0326  0.303 0.278 3.667 1.560 1.291 2.7280 3.40
0.85 0336 0.312 0.287 3.833 1.595 1.309 2.8360 3.55
0.90 0346 0.321 0.296 4.000 1.630 1.321 2.9440 3.70
0.95 - - - 4.167 1.665 1.345 3.0520 -

1.00 - - - 4.333 1.700 1.364 3.1600 -
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Fracture Test

a
Q

a

There is a contrast in the nature of fracture undergone by martensitic andipeagiions.

Whereas martensite formed on the case exhibits brittle fracture, tmitgpéarmed in the
core undergoes ductile fracture.

Where there is changeover from martensitic to pearlitic structuree tisecorresponding
sharp change from brittle to ductile fracture.

It is similar to a sudden change in hardness or microstructure as one passesdrtensitid
to pearlite region.

This region of sudden change is the one that contains 50% pearlite and 50% martens

The method based on the nature of fractured surface is successful vehearteformation
processe is quick anc a sharf boundar is formec.

When the transformation is sluggish, the method cannot be applied since thengrag

hardness is gradual, and it is not possible to get a clear demarcating boundary.
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Hardenability Band

change composition and average grain $i:
from batch to batch, therefore, the
measured hardenability of a given type|c
steel should be presented as a band rgtl
than a single line, as demonstrated by (ttr
Figure at right

L Hardenability data now exists for a widle
range of steels in the form of maximum
anc minimun enc-quencl hardenabilit
curves, usually referred to as hardenabilit
bands.

O This data is, available for very many pf
the steels listed in specifications such|a
those of the American Society of
Automotive  Engineers (SAE), the
American Iron and Steel Institute (AlIS|)
and the British Standards.

O The industrial products of steels may

Hardness, HRC

Cooling rate at 700°C (1300°F)

490 305125 56 33 16.3 10 7 5.1 3.5 °Fis

270
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Distance from quenched end
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Factors effecting Hardenability

 Sowing the phase transformation of austenite to ferrite and pearlite increases thg
hardenability of steels.

L The most important variables which influence hardenability are
» Quenching conditions
» Austenitic grain size
» Carbon content
» Alloying elements

U

Quenching Condition:

O The fluid used for quenching the heated alloy effects the hardenability.
O Each fluid has its own thermal properties like..

v" Thermal conductivity

v Specific heat

v Heat of vaporization
 These cause rate of cooling differences

O Ideal quenchant : It is one which brings down the surface temperature to roonrétuanp
instantaneously and keeps it at that temperature thereafter.
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Factors effecting Hardenability

Austenitic grain sizg

O The hardenability increases with increas
austenite grain size, because the gf:
boundary area which act as nucleating sit
decreasing. 032

J This means that the sites for the nucleatior
ferrite and pearlite are being reduced
number, with the result that the:

-~

(D

—4
o
L
(=]

o
s
®

)
Ideal Diameler D,, inches

transformations are slowed down, and f & °*®

hardenabilit is therefor¢increase. 0.24

L The morey-grain boundary surface the easji o022

it is for pearlite to form rather thar
martensite

 Smallery-grain size— lower hardenability o8

0.16

d Largery-grain size— higher hardenability o
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Factors effecting Hardenability

Percentage of carbo

 Carbon is primarily a hardening agent in steel.
O It also increases hardenability by slowing the formation of pearlite amideer

 But its use at higher levels is limited, because of the lack of toughness whialtsres

greater difficulties in fabrication and, most important, increased fitibaof distortion
and cracking during heat treatment and welding.

Coaling rate at 700°C (1300°F})

450 305125 56 33 18.3 10 7 5.1 3.5 °Fis
270 170 70 31 18 9 5.6 3.9 2.8 2 “Cls
I T © [ % F 4

60 — =

8660

(0.6 wt% C)
50 |—

40 —\\

30| \\

| 8620 N\
(0.2 W% C)

20 |
0

8640
(0.4 wit% C)

Hardness, HRC

8630
(0.3 wt% C)

| | | | | | |

| |
1 3 1 1 3 :
] z 1 13 lE 1;1‘ 2in.
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Factors effecting Hardenability

Effect of alloying elements

d

a

Most metallic alloying elements slow down the ferrite and pearlieectiens, and so also

increase hardenability. However, quantitative assessment of theses effeeteded.
Chromium, Molybdenum, Manganese, Silicon, Nickel and Vanadium all effhet

t

hardenability of steels in this manner. Chromium, Molybdenum and Manganese bethg us

most often.
Boron can be an effective alloy for improving hardenability at levels as [0W@35%.

Boron has a particularly large effect when it's added to fully deoxidizeddavbon steel
ever in concentratior of the ordel of 0.001%, anc would be more widely usec if its
distribution in steel could be more easily controlled.

The most economical way of increasing the hardenability of plain carbohistedncrease

the manganese content, from 0.60 wt% to 1.40 wt%, giving a substantial improtam

hardenability.
Chromium and molybdenum are also very effective, and amongst the cheapencn
additions per unit of increased hardenability.
Hardenability of a steel increases with addition of alloying elemamtt ss Cr, V, Mo, Ni,
W — TTT diagram moves to the right.

llo
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Factors effecting Hardenability

Cr, Mo, W, Ni

-

N

time

temperature

v

Exceptions

O S - reduces hardenability because of formation of MnSand takes Mn out of solution as MnS

O Ti - reduces hardenability because it reacts with C to form TiC and t@kast of solution;
TiC is very stable and does not easily dissolve

O Co - reduces hardenability because it increases the rate of nucleation and gfpearlite
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Hardness, HRC

Factors effecting Hardenability

Cooling rate at 700°C (1300°F)

450 305125 56 33 163 10 7 5.1 3.5 °Ffs
2704170 70 31 18 g 56 39 28 2 °Cls
60 T T T T T
LT | | | |
- =100
50 \ .\\\\ AU 80
<— 50
40 — 4140
1.
\.“.
30— v
e 140 i
4] 10 20 30 40 50 mm
[ T O VI T T T . |
1 1 3 ] 1 3 -
Distance from quenched end
Hardness at center of a 3 inch bar is

different for different steels indicating
different amounts of martensite at the

center

Percent martensite

O All steels have 0.4wt% C, but wit
different alloying elements. (in th
figure shown)

At the quenched end all alloys ha;
the same hardness, which is
function of carbon content only.

The hardenability of the 1040 is lo
because the hardness of the al
drops rapidly with Jominy distanc..
The drop of hardness with Jomir

h
e

Ve
a

v
oy

1y

distance for the other alloys is mo
gradual.

O The alloying elements delay tf
austenite-pearlite and/or baini
reactions, which permits mol

re

1€
te
e

martensite to form for a particular

cooling
hardness.
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Effect of boron on Hardenability

coopoo O

U

Boron is added to steel for only one reason-to increase hardenability. Boateersteels

have certain peculiar characteristics

Boron increases hardenability in hypoeutectoid steel, has no effeaitenteid steel, any
decreases hardenability in hypereutectoid stee.

As the austenite grain site becomes finer, the hardenability effect of Bases.
Austenitizing at high temperature reduces the hardneability effect of B.

For the maximum B effect, the concentration should be in the range 0.0005 to 0.003 v
Increasing hardenability by adding B does not decrease therperature.

These arise because of the manner in which B produces its effect and tlaetiotes of B
with other elements in steel.

To be effective, B must be in solid solution in austenite. The solubilit af austenite is

very low, for example, the solubility at 912°C is about 0.001 wt% , increasing
temperature to a maximum value of about 0.005 wt% at the eutectic.

In a-iron, the solubility is essentially zero, but is influenced by the impasifpresent,

Because of its low solubility in austenite, B can be highly concentrated in graindaries.

When a boron steel is cooled from the hardening temperature the solubility of bo
reduced, which results in a still greater concentration of B at the grain boesdari

/1%0.

with

ron Iis

Minute grains of boron carbide F£BC), are formed there and to some extent they assume

an orientation coherent with one of the two austenite grains between thech sdparats

\vV




Effect of boron on Hardenability

d Atomic contact is thereby established between B£), and austenite, resulting in|a
reduction in the surface tension and grain-boundary energy.

L The presence of boron in solid solution and coherent boron carbide in the grain bosihdarie
delays the formation of ferrite and pearlite and also to some extentjtdaimence
increasing the hardenability of the steel

O The effect of B may be expressed quantitatively as the boron factor, whichiatibef the
ideal diameters, P(according to Grossmann) for the steel with and without boron
_ Dwith'B'
D, without'B'

F

d D, (with boron) is derived from the Jominy end- oo
quench hardenability curve;. Owithout boron) is — ** \
calculated from the chemical composition of the *

teel.
stee N \ o

O The optimum B content, near 0.002 wt%, for
increasing hardenability in 0.2% C, 0.65% Mn,
0.55% Mo (wt%) steel is shown in Fig. 15. Boron
contents above about 0.003 wt% lead to a loss i
hardenability, and B in excess of about 0.004 wt%
causes a loss in toughness through precipitation
Fe,B in austenite grain boundaries.

BORON FACTOR

O 002 004 006 008 01017001
BORON, percent
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Heating of a Steel

MINIMUM - X 1
i TIME . = l 3 - =
id ¥ 2 4 Te, P
E TR E | S g
’—
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[+% w S
2 = i
w = |C
[
(b) TIME © TIME
Temperature of 3rd furnace (Normally
w & molten 1260-1290° (2-5mints) Bacl, Sat
T ﬁ Ts Tc  bath)
E g <«—— Temperature of 2nd funace (Salt bath)
o E 800 G b
w
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Schematic principles of heating methods. (a) Heating imdoe kept at required temperature, mpre
difference of temperature between surface and center #)dandqugh heating rate is faster here; (b) Heating
in a furnace originally at a high temperature than requiféaster heating than (a) but difference |of
temperature between surface and center is largest; (c)indeaith furnace, difference of temperature
between surface and center at any instant is small. Takes time than (a) & (b); (d) Method t?gnding 0

decrease distortion during heating; (e) Heating methodgsf speed steel (Large tool of intricate shape




Introduction

extremely fast.

O The outstanding importance of steels in engineering is based on their abildiyatoge
mechanical properties over a wide range when subjected to controlled heaeingat

O For unalloyed carbon steels, for example, the hardness can be increaseddy00% just
by changing the cooling rate from the austenitizing temperature from eslyestow to

O However quenching at a rate faster than in still air does not only determine fivedle
mechanical properties but is an important side effect of quenching is the formait
thermal and transformational stresses that lead to changes in sizhapel and thus may
result in quenching cracks that damage the work piece.

schematically represents the
coupling effects among the
three different characteristics of
guenching—cooling rate,
metallic structure, and internal
stresses .

Cooling rate d 7/dt

AR

Phase transformation < »>

Volume changes and

Y

resulting stresses

o

Metallographic
structure

Deformation and
residual stresses

Ry

Material properties
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Introduction

a

a

The coupling effects between temperature distribution during quenchingllimstiaucture,
and stresses require correct cooling rate during heat treatment.

This includes sufficient reproducibility and predictability of quenching peniance as wel

as the ability to exactly control quenching intensity by varying the type of cheant and its

physical state.

The main objective of the quenching process is to achieve the desired tnictoee,
hardness, and strength while minimizing residual stresses and distortion.

The most common quenchants in hardening practice are liquids including water, tineti
contains salt, aqueous polymer solutions, and hardening oils. Inert gases, naitte
molter metal anc fluidized bed: are alsc usec.

Quenching techniques used for liquid media are immersion quenching and spray que
Immersion quenching, where the part is sub merged into an un-agitated or
guenchant, is the most widely used.

N S

nching
pitate

The quenching intensity can be changed by varying the type of quenchant, its coinaentra

and temperature, and the rate of agitation.

Spray quenching refers to spraying the liquid through nozzles onto those artwees lodt
work piece where higher coo ling rates are desired.

The heat transfer is mainly determined by the impingement density and itd
distribution.

loc
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Metallurgical Transformation Behavior during Quenching

Influence of Cooling Rate

L We can explain cooling rate effect by considering The transformation bha@wing very
slow coo ling of an unalloyed steel with 0.45 wt% carbon (1040 steel) from m@itizsteg

temperature (about 8%0) is described by the meta stable iron—cementite equilibrium
diagram
m{m-G
900 1 E
O B{}D'\___ i A
£ 700 - | g Ai Pearlite
£ 6001 | range
o y 4
§ =0 I Bainite
E 400 | range
o .
= d |
300 \ _
| L uc Martensite
200 - | o LC range
100 ' '
0.45— —F
Carbon content Cooling rate Time (log)

(@)

(b) (c)

Influence of cooling rate on the transformation temperatures of austesmjt®ldtastable iron—
cementite equilibrium diagram; (b) change of transformation temperatured@fGsteel with
increasing cooling rate; (¢) CCT diagram of a 1040 steel. 201
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Microstructures of a 104
steel obtained with increasing
cooling rate from
austenitizing temperatu
(85C°C). Magnification 1000,
(a) Globular cementite (gra
in a ferritic matrix (white),
after tempering at 6808C over
60 h starting from a ferrite
pearlite microstructure;

(b) proeutectoid ferrite (white
and pearlite (dark) in
normalized structure. Heat
treatment: 8508C/still air;

(c) pearlite—ferrite (white
and carbide (dark) in a
arrangement of parallel plate
and small amounts
proeutectoid ferrite (white)
(d) bainite. Heat treatment:
8508C/oil;
(e) martensite. Heat treatment:
8508C/water;
() widmannstatten structure.
Heat treatment: 11008C/stifl
air.
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Metallurgical Transformation Behavior during Quenching

Influence of Carbon concentration

(J The hardness of steels increases with the concentration of carbon dissolvestanite
before quenching.

70 — 1l _%Marta;gsi‘b;& J 800 |-
60 R f%éﬂ o) 9 e
- £ ] ) =
) A X0 //‘/r""'ﬂ;__,_._.—-- 80.0% o] 400
o __'_,,..r’"""" 50.0% =2
E i f’jg‘:’ —f/’",';//’/f:‘/’/)ﬂ'ff — Steels g 200
8 G | |ake g o
£ 40— P> ///,x S ik soo |-
o = O — - =
- 46 /‘f . A S S SO N, [ | S |
,/ . & Cr - = 02 04 06 08 10 12 14 16 18 20
——Maximum hardness according to (b)
Bums, Moare and Archer Carbon content wi%
20 ——Hardness at different % of marten-
slte1acccs'd'lrrg to Hu:-:l.ge and l;}rehaslﬁ a0
0 01 02 03 04 05 06 07 08 2
(a) Carbon content in wi% S 40
=
E 30
Effect of carbon concentration on (a) &
hardness for structures with different & 20
. @
martensite content; (b) temperature for<
starting and completing the martensitec

formation M, and M; (c) retained austenite. %02z 04 06 08 10 12 14 16
{c) Carbon content in wi%: 203



Metallurgical Transformation Behavior during Quenching

Influence of alloying elements

O As described in the previous section, the concentration of carbon dissolvadsianite
before quenching has a great effect on hardness and strength. While carboces aa
interstitial locations in the iron lattice , alloying elements argsdived at the original lattice
sites.

O The additional warping of the iron lattice due to the alloying elements cauggaslight
increase in hardness but strongly affects the mobility of carbon , whichtsesula
drastically reduced transformation rate.

O This influence can be used to produce steels whose transformation chatmstesire
adapte to the desire( microstructur anc to the geometnr of the parts to be quenche.

Influence of stresses

O The internal stresses formed during quenching have a decisive influence onaltisJa t
formation behavior of austenite as already described in introductory part ohtdider.

O Depending on the chemical composition and the cooling rate, austenite cdorimansthe
pearlite, bainite, or martensite range.

O All these phase trans formations are accompanied by volume expansion. The change of
length during slow and rapid cooling of unstressed and tensile stressedituistshown in
Figure (next page).

8!
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Metallurgical Transformatio

Influence of stresses

n Behavior during Quenching

Al 4

L After cooling austenite at a very slo
cooling rate, close to the equilibriun
ferrite and pearlite are formed in t
temperature range between,fand Ar
temperatures (continuous line).

diffusion controlled trans formations a
suppressed, and below the marten
star temperatur¢ Mg, the unstresse
austenite transforms into martensite w
an increase in specific volume.

O With fast cooling rates (dashed lines), th

=)
e length Alf

@

g%ge of relativ

ﬁ
- (D
Ch

Y
—t
)

Temperature T

I Effect of tensile stresses on the change of relative length
during very fast cooling compared to a slow cooling rate,

shown schematically.

Mg to Mg’ and larger changes of length

O If tensile stresses occur within the sample, the martensite stapetature increases from

This phenomenon is called transformation plasticity.

O The volume changes of the ferritic—pearlitic transformation as well asetlusthe
martensitic transformation are due to the transformation of the fantered cubic austenite
crystal lattice into the body-centered cubic ferrite lattice or th&agonal deformed
martensite lattice. The ferritic and martensitic crystal ¢asihave a higher specific volume.

occur. The opposite is true for compressive stresses
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Quenching Processes

a

a

Previously it was shown that the cooling rate and the shape of the cooling curve adluen

the course of phase transformations, residual stresses and distortion.

In quench hardening, fast cooling rates, depending on the chemical compositiensiéeél
and its section size, are frequently applied to prevent diffusion céedirtlansformations in
the pearlite range and to obtain a structure consisting mainly of martenditeamite.

However, the reduction of undesirable thermal and transformational stidissas volume
changes usually requires slower cooling rates.

Quenching processes therefore require the selection of cooling rates thastagaough tq
permit the desired micro structure to form but slow enough to minimize rakgttesse!
anc distortior.

These considerations have resulted in different quenching methods such as
Direct quenching,
Interrupted quenching (Mar-quenching, Austempering, Isothermal Annealing
Spray quenching,
Gas quenching
» Fog quenching.
The time temperature cycles that can be obtained with different quenchatigods are

A —

\v Q)

YV V V V

shown in Figure (next page) for the center and surface of the quenched part togeither w

the time temperature transformation diagram.
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Quenching Processes

Direct Quenching

O Direct quenching, the most common quenching technique, refers to the quenching| of the
part from the austenitizing temperature directly to room temperatyrenmersion into a
vaporizable liquid quenchant. Petroleum solutions or aqueous polymer solutionfeare
used for this process.

Interrupted Quenching

O Interrupted quenching consists of rapidly quenching steel from the austentérnugerature
to a temperature above thesMemperature, where it is held for a time sufficient to affect|the
desire(transformatio anc ther coolecin air.

O Interrupted quenching comprises three different quenching techniques: mar-quenching
Austempering, and isothermal annealing—which differ in the temperaturavhath
guenching is interrupted and the time for which the steel is held at this teioper The
guenchants usually used for interrupted quenching are molten salt baths andhyspdsia
such as mar-tempering oils.

d Mar-quenching consists in rapidly quenching the steel to a temperaturabogé the M
temperature, holding it at this temperature to equalize the temperatorgghout the work
piece, and then removing it from the bath before transformation into bainite begins

O Austempering is similar to mar-quenching in that the steel is rapidiyncjusd from the
austenitizing temperature to a temperature abovebM differs in that the work piece is
held at temperature for sufficient time to allow an isothermal transdition into bairiite.

14




Quenching Processes

O Isothermal annealing, differs from mar-quenching and austempering in that the ba

temperature is sufficiently high that isothermal transformation intalpeaccurs. Pearlite
exhibits high toughness and sufficient strength to be the optimal structurertersuech ag

wires or cables and railroad rails.

A\] "4

7

T L

T A
DN
F
S\\\{: E
A B
' M
log tr log ;
(c) (d)

Cooling curves for the center and the surface of quenchdd fmardifferent quenching methods correlated
to a time-temperature transformation schematic diagramnD(rect quenching; (b) mar-quenghing; (c)

austempering; (d) isothermal annealing or pearlitizing.



Quenching Processes

Spray Quenching

at sufficiently high pressures on the surface of the workpiece produces fast comiH
because the liquid droplets impact the surface and cause a high rate of heat.transf

O The rate of heat extraction can be varied over a wide range by varying the guarttie

immersion quenching, spray quenching allows better control in cooling the workpiece

Gas Quenching

O In gas quenchinc hea remova is achiever by blowing a strean of gas ovel the workpiece

that obtained in still air but slower than that achieved in oil and is coetidily the type
pressure, and velocity of the cooling gas. Inert gases including helium, amgmjteogen
are most commonly used.

Fog Quenching

O The fog-quenching is very profitable for quenching of cast or forged steel pieces)dseit
can control the cooling rate in a wide range, and make uniform cooling at variotisrss
of a material with complicated shape by controlling the flow rates oewahd compresse
air.

ZU3

sprayed liquid or by spraying a mixture of water and air (fog quenching). Comgare

sometimes after austenitizing it in a vacuum furnace. Usually, thengpadte is faster than

O Spray quenching with a liquid quenchant, generally water or an aqueous ponmdamrsjlut

d



Wetting Kinematics

O During quenching in liquid media with boiling temperatures far below theiain
temperature of the body , three stages of heat removal occur. These are refased

1. The film boiling or vapour blanket stage,
2. The nucleate boiling stage, or Vapour-transport cooling stage
3. The convection stage.

it

Vapor-blanket cooling stage

O In this stage, quenching medium is vaporized at the surface of the metal ansl daitnm
stablelayel.

 Cooling is by conduction and radiation.

O Cooling rate is relatively slow

Vapor-transport cooling stage

O This stage starts when the metal has cooled to a temperature at whicapiefilm is no
longer stable.

O Wetting of the metal surface by the quenching medium and violent boiling occur.isl

stage of cooling.

removed from the metal very rapidly as the latent heat of vaporization. Thie iEastes

cat
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Wetting Kinematics

—

Liquid cooling stage

L This stage starts when the surface temperature of the metal relehaailing point of the
guenching liquid .

O Vapor no longer forms, so cooling is by conduction and convection through the liquid.
rate of cooling is slowest in this stage.

O Some typical examples of the wetting sequences on steel and silver sanuglleched ir
water, oil, and aqueous polymer solutions are depicted in following figures.

211
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Wetting process on the surface of CrNi
steel specimens quenched from 850
into water and oil. (a) Cylinder (25-mm
diameterx 100mm) in water at 3
flowing at 0.3 m/s; (b) cylinder (25-mm
diameterx 100 mm) in oil at 60C
flowing at 0.3 m/s; (c) prismatic
cylinder (15x 15 x 45mm) in water at
60°C without forced convection.
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Wetting Kinematics

v
v
v
v
v

O The wetting process can be strongly influenced by the addition of additivgiste=a and
(next page) show two wetting sequences that were obtained in water wehediffchemical
admixtures.

O On the surface of the sample, a polymer film forms that provides a uniform breakoio
the vapor blanket and reduces heat transfer in the lower temperature range. Nl
polymer film has completely redissolved, heat transfer is achieved gritiyedonvection.

O The velocity of the spreading wetting front and the time interval of the simubtas
presence of film boiling and nucleate boiling can be strongly influenced by chamigg
physical properties of the quenchant and the sample. The items varied are:

O Type of quenchar as describe by its boiling temperatur¢ viscosity therma capacity anc
surface tension

Additives to the quenchant, and their concentration

Temperature and agitation rate of the quenchant

Thermal characteristics of the body and its transformation behavior
Surface roughness of the body and surface layers

Geometry and initial temperature distribution of the sample

d The influence of some selected properties on the time when wetting Stattt® time wher

n
en t

wetting is finished the time interval of wetting is given byt =t, —t.
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Wetting Kinematics

t, + 0.35s t,+ 1.65s

Wetting process on the surface of cylindrical samples which is quenchedan wigh different
admixtures. (a) CrNi steel cylinder (25-mm diameter100mm) quenched in 5% aqoagaser
solution at 30C without forced convection and (b) silver cylinder (15-mm diametdb mm)

quenched in a 10% aqueous polymer solution with a chemical additive’@t\@hout forced
convection.



Quenching as a Heat Transfer problem

O When a part is heated to a specified temperature, heat is tramsterie by the furnace|
Conversely, when the part is quenched, heat is transferred to the surrounding mEadisim.
produces localized temperature gradients where there is conductive hetdrtfears the
higher temperature region to the lower temperature region. The heat trassfgyer unif
area is proportional to the local temperature gradient and can be exprgsSedrier’s law

of heat transfer, oT
Q == —ZA?
X

O where Q is the heat transfer rate in Jss the thermal conductivity in J/(s m K), A is the
unit area in M, T is the temperature in K, and x is a local coordinate. The minus sign is
inserte« becaus the hea flows from highel to lower temperatur area accordin( to the
second law of thermodynamics.

O Heat transfer in a solid where temperature changes with time and nosbeates arc

present within the body is
oT _ [6°T 6T &7
ot X & &

\J

d where t is the time in s, a is the thermal diffusivity iré/8) and x, y, and z are local
coordinates. According to above Equation the temperature distribution witHiods
depends not only on the local temperature gradients but also on the thermaiviffus
which includes all thermodynamic parameters of the material.

215



Quenching as a Heat Transfer problem

The thermal diffusivity a is defined as A

" Co
wherep is the density in kg/fand G, is the specific heat capacity under constant pres
in J/(kg K). The larger the value of a, the more quickly heat will diffuseotigh the
material.

A high value of ‘a’ can be achieved by either high thermal conducti¥itgr low -heat

Ssure

capacitypC,, which means that less of the heat moving through the material is absorbed

which will increases the temperature of the material.
This fact is illustrated by faster cooling of silver relative to austesiteels.
Anothel importan problen for the determinatio of the coolinc behavio of steel: concern

heat transfer across the surface of the body to the surrounding medium. This is

mathematically described in terms of the (interfacial) heat tramsfeff icient ‘a’:

o= Q
A(Tl_TZ)
where the units of ‘a’ are J/(s#)8, T, is the surface temperature of the body, andsTthe
temperature of the medium. Determination of the heat transfer coeffisehased or

Fourier’s law of heat transfer, which states that heat flow across thiacsuof a body i
proportional to the temperature gradient at the surface.
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Process Variables Affecting Cooling Behavior and

Heat Transfer

O Immersion Quenching

 Bath Temperature

O Effect of Agitation

O Effect of Quenchant Selection

O Surface Oxidation and Roughness Effects

 Effect of Cross-Section Size on Cooling

O Effects of Cooling Edge Geometry

 Effects of Steel Composition o




Immersion Quenching

O Heat transfer during immersion quenching is influenced by many factors ascthe
dimensions and shape of the part that is quenched, the quench ant, and the qu
facility.

O In the heat treatment shop only a few of these parameters can be rakyistiaried,
including bath temperature, agitation rate, and the quantity and rackiaggament of the
parts during the quenching process .

O Of these, only agitation is readily varied during the quench, because rapidenaperature
changes and variation of the quench ant (and concentration, if an agqueous pautiens

enching

\J

|14

A4

Is used) can not realistically be accomplished during the quenching proceks itsel
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Bath Temperature

O The principal mechanism of heat transfer for vapor blar

cooling during immersion quenching is illustrated in Figy
Heat is transported across the surface through the V
blanket by conduction {gjand radiation (g).

Only a fraction of the heat is released to the liquid
convection (g). The remainder (g vaporizes and stabilize
the fluid into the vapor blanket. The hot vapor flows upwa

and at the vapor—liquid interface bubbles pass from the vg
film into the fluid, especially at the top of the coolin

workpiect.

A local decrease of the thicknes® of the vapor film
immediately increases the heat flow by conduction),(

resulting in additional vaporization of the fluid , tht

sustaining the vapor film.

When the surface temperature decreases, the thickrafshe
vapor film is reduced until the fluid contacts the hot me
which is the star t of wetting.

With increasing water temperature the duration of film boil
increases, which is indicated by the delayed transition f
low cooling to fast cooling . In addition, the cooling rates

\ Vapor liquid
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Immersion quenching

(e Mechanism of heat

transfer during film
N hoiling and distribution
'C of temperature and flow
C velocity in the bordering

the three different stages of heat transfer are reduced.

layer (schematic)’*®




Effect of Agitation

O In addition to bath temperature, the stability of the vapor film is greiatijyenced by the
velocity profile in the liquid . As illustrated in the lower part of Figutae velocity profile
is caused by the buoyancy-driven vapor flow and possibly by agitation (forced convection)

d A high flow velocity increases the heat transfer by convectigh &qd reducesd, therefofe
reducing the duration of film boiling. With agitation, heat transfer during tined stages df
cooling is increased.

1000 ] 1000
e 750+ O 750
E £ 0 m/s
o O
[
@ : JE 0.3 m/s
s R 5 500 |
3 E \ 0.6 m/s
g_ o
E 250 E 250 \
I"_ T e I'_"
I""“—_—--
0 —
{I:u 15 30 45 80 0 15 30 45 60
(a) Time tin s (b) Time tin s

Effect of quenchant velocity on cooling curves in the center of an austeniticesaisieel
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aqueous polymer solution at 0. 220



Effect of Quenchant Selection

 The quenchant also exhibits dramatic effects on cooling behavior. The cooling curves in
below figure were obtained with a 25-mm diameter probe quenched in water at two
temperatures, a 10% aqueous polymer solution, and a fast quenching oil. All quenchants
were evaluated at 0.6 m/s. Using the same probe size (cross-section) and flow velocity,
different cooling curves were obtained for each quenchant.
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Influence of different quenchants, some with different bath temperaturesoohng curve
behavior (agitation velocity of 0.6 m/s) 221



Surface oxidation and roughness effects

O The surface roughness of the body and surface layers, such as oxides or orgata'mxxas;tts
also strongly influences the cooling process. Chromium-alloy steels adlatmi-resistan
due to concentration of chromium oxide at the surface. Oxide layers have gsadiare
roughness and a lower thermal conductivity.

4 In Figure, the time interval of wetting;(t t) of austenitic stainless steel cylinders heatef to
85C°C in an oxidizing atmosphere after annealing at“®@or 20 h in air is compared tp
that of similar cylinders heated to the same temperature in a pneecteducing
atmosphere. Water at 20 and°&0flowing at various flow velocities was used as the
guenchant. The wetting time is shorter for the oxidized surface and is fugaced with
increasini liguid flow velocity sustaine by a de creasin batl temperatur as showr in
Figure.

g frs

. . . . e Bright surface
Influence of surface oxidation on the time interva, d

of wetting (t - t) of an austenitic stainless steel. >
specimen (15-mm diameter 45mm) quenched

into water at two bath temperatures, 20 and®0 » ° i

Oxidized surface: after annealing 20 h at 8208%; Bfightsuﬁaﬂe:\kizt 50°C
in oxidizing atmosphere. Bright surface: afteg 3 —
heating in protective atmosphere.

Oxidized surface
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Effect of cross-section size on cooling

d

d

The ratio of surface area to mass is an important factor in determihengdtual cooling
rate, because only the surface of a part which is in contact with the quenchingmmed

Thin plates and small diameter wires have a large ratio of surfag@ t&ar mass an
therefore rapid cooling rates.

For Cylinder Surfacearea _ ( DL j

Mass (7 /4)D%Lp

The calculation shows that the ratio is inversely proportional to diametbe iitameter

IS increasec the ratic of surfact are: to mas: decrease anc the coolinc rate decreasse.

The heat in the interior of the piece must be removed by conduction, through the b
the piece, eventually reaching the surface and the quenching medium forbetiee
cooling rate in the interior is less than that at the surface.

If such variation in cooling rates exists across the radius of a bar duringhgodliis to

be anticipated that variations in hardness would be evident when the bars aed¢

hardness surveys made on the cross section. A considerable temperaterencd
between the surface and the center during quencilseggrf next slide).

This temperature difference will give rise to stresses during heatrtrent called residus
stresses, which may result in distortion and cracking of the piece.

0

pdy of

ut
£
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Rockwell “C” hardness
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Effect of cross-section size on cooling
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Effect of cooling edge geometry

O As the initial rupture of the vapor blanket is always related to the deeresurface
temperatures below the wetting temperature, wetting behavior is strarfilgmced by the
radius of the lower edge of a cylindrical steel sample.

O A sharp edge will cause high heat removal rates across the surface and aupeemat
breakdown of the vapor blanket . Increasingly, the lower surface radius from a gadde
to a radius of 2.5 mm reduces the initial wetting temperature and the mciuef bath
temperature is diminished due to the greater thickness of the vapor blanket.

d The heating time,t is more for thicker parts. Comparing the simple shapes (figure below)
of the same steel under similar conditions, the relative heating tihes (Lfor the sphere
2.5 for the parallelepipec 2 for the cylinder anc 4 for the plate.

AL 4

Cylinder

Parallelepiped
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Effect of steel composition

O The chemical composition of steel determines the thermodynamic pamamet the
material, the transformation behavior of austenite, and oxidation of thecsuaind therefor
influences the wetting and cooling behavior during quenching.

O The effect of chemical composition on cooling curves and cooling rate curves pobaugce
the center of steel cylinders with 25-mm diameter quenched in water°at &dd 0.3 m/
agitation is illustrated in Figure. All samples were austenitizéd8%(°C, except th
20MnCr5 steel, which was austenitized at 820

L Cooling curves for different alloys were obtained with the same diansstdr cooling
conditions. High cooling rates for 1045 carbon steel are related direcity togh therma
conductivity .

O The minima in the cooling rate curves are 1000
caused by the latent heat of transformation
of austenite into ferrite —pearlite, bainite, (or
martensite. The trans formation temperature
and the amount of latent heat depend on|the
hardenability of the steel grade and the
cooling rate.
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Influence of the chemical composition of steels on the capli
behavior of 25x 100mm steel bars quenched into different fluids o 10 20 30 40 50
flowing at 0.3 m/s. Center cooling curves and cooling ratesesi for Thiic Ei S
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Distortion mechanisms

a

d

The shape and size changes of a part during heat treating can be attributee thutitlaments
causes:

Residual stresses that cause shape change when they exceed the matdrglgngth.
This will occur on heating when the strength properties decline

Stresses caused by differential expansion due to thermal gradientse Blresses wi

increase with the thermal gradient and will cause plastic deformasdhe yield strength is

exceeded.

Volume changes due to transformational phase change. These volume changes
contained as residual stress systems until the yield strength is exceeded.

Residue stresse that remair in the pari aftei the force has disappeare. Residue stresse
always arise from a nonuniform plastic deformation.

In the case of heat treatment, this nonuniform plastic deformation may usedady the
temperature gradient or the phase change or usually a combination of both factors
cooling.

Residual stresses are a very serious problem in heat treatment, sinceftdreyesult in
distortion or cracking and in some cases in premature failure of the panvicese

Consider the effect of temperature gradient alone . It was shown earlier, inedeffect of
size and mass, that during quenching the surface is cooled more rapidly thandlee insi

Almost all solids expand as they are heated and contract as they are cooled. This means
that at the end of 10 s ( for example) the surface, since it is at a much tewgerature
should have contracted much more than inside. 227
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Residual stresses

O Thermal stresses may by calculated from the following fdemu

S = a .E .AT

Where S =Thermal stress, psi
a = Coefficient of linear expansion in./(in.)(°F)
E = Modulus of elasticity, psi
AT = Difference in temperature, °F

The stress distribution is plotted schematically in below figure.

15

s B
The stress distribution 2 100 i i The area in tension
across the dia. Due to -8" 0 { ; must balance the
lemperafliielgiadienty o, | { area in compression
Dotted curve indicates < \ / in order for the
a truer representation @ _ O 'S ¥ stresses to be in
of  the stress | = 2 e "~ equilibrium across
distribution. “é 50 PR -~ the cross section

S Diameter 228
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Residual stresses

a

d

However since the outside and inside are attached to each other, the ingidelobger,
will prevent the outside from contracting as much as it should.

It will therefore elongates the outside layer, putting them in tensionewth@ inside in turr
will be in compression.

In general, the tensile stress on the surface may reach a very high Vathes $tress
exceeds the ultimate strength of the material, cracking will occur.

In the case of steel, however, thermal stresses alone very rarelydeadcking. If the
stress is below the yield strength of the steel, the stress will be borstcally.

When the entire piece has reached room temperattifes 0, and therefore, since tt
therma stres will be zero there will be no distortior.

If the stress exceeds the yield strength, the surface layer will Istigaly deformed or

permanently elongated. At room temperature the surface will have residomdressive
stress and the inside, residual tensile stress.

Let us consider the combined effect of temperature gradient and phase change fi
possibilities:Through-Hardened steel and Shallow-Hardened steel

The next two slides shows the surface- and center- cooling curves superimpdased-dn
diagram for thehrough hardened steel andshallow hardened steel.

In many applications, the tensile stress developed by the external foraaximum at of

near the surface. For these applications, shallow hardened or case-hapdetsedre

preferred.
229
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Residual stresses

Through-Hardened Condition

Ag _ A STRESS CONDITION
C?er cooling curve SURFACE CENTER
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Residual stresses

Shallow-Hardened Condition
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Flame Hardening

a
Q

Flame hardening is the simplest form of surface hardening heat treatment.

This process consists of heating the large work-piece, such as crank shaflasgg gear
cam, bending roller, or any other complicated cross-section, by an aetytane, or oxy:

fuel blow pipe, followed by spraying of jet of water as coolant.

After hardening, reheating of the parts is carried out in furnace or oil bathoait 4 80-20Q

°C for stress relieving.

Normally, case depth up to 3mm can be achieved.

Four methods are generally use |
Flame Hardenin

v Stationary (Spot): Torch anc
work is stationary

v Progressive: Torch moves ove
a work piece

v' Spinning: Torch is stationary

while work piece rotates
v Progressive-spinning:

piece.

o

Torgh
moves over a rotating work

— FLAME HEADS
A ISTATIONARY)

FLAME HEADS
{STATIONARY] —

SPIMMIRG
COMPORNENT —

- COMPONENT
(STATIDNARYS

SFOT HARDENING

FLAME HEADS

(STATIONARY) -,

f ~ FLAME HEADS !
A MOVABLE)

QUENCHIMNG .
RING —

St

WATER
SOLUACE

SPINMING HARDEMNING

- COMPONENT
T {STATIONARY]

COMPONENT >
(MOVRBLE)

4

PROGRESSIVE HARDENING
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Induction Hardening

a

d

Induction hardening may be used for local surface heat treatment. Genéralysed to
surface harden crank shafts, cam shafts, gears, crank pins and axles.pgrotess, heatin
of the component is achieved by electromagnetic induction.

Here, an alternating current of high frequency passes through an inductioenctonsing
the steel part to be heat treated. The induced emf heats the steel. thaidéptwhich the
heat penetrates and rises the temperature aboys Awo/ersely proportional to the squa
root of the AC frequency.

Correspondingly, the hardened depth decreases with increasing frequeneguction
hardening, the heating time is usually a few seconds. Immediatelyredtting water jet:
are activate( to quencl the surfact . Martensitt is producer al the surface making it harc

and wear resistant. The microstructure of the core remains unaltered.itmdo@tdening is

g

re

V)

suitable for mass production of articles of uniform cross section

Five basic designs of work coils with the heat patterns developed by each are shown below

-
A Simple Solenoid for
external heating
Heating pattern
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Induction Hardening

A colil to be used internall
@ for heating bores

Henrinq' pattern

A “pie-plate” type of caoill

Heating patfern designed to provide hig

current densities in a narro

m band for scannin
applications.

/A Single turn coll for scannin Q@D
a rotating surface, provide Heating pottern
with a contoured half turn tha

&Will aid in heating the fillet

Heating pattern

{A ‘Pancake’ coil for spo?J>

heating.

§
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Laser Hardening

d

Laser hardening treatment is widely used to harden localized aredsebfamid cast irov|1
machine components. This process is sometimes referred to as lasdorirati®n
hardening to differentiate it from laser surface melting phenomena.

There is no chemistry change produced by laser transformation hardenindpeamatess
like induction and flame hardening, provides an effective technique to hardesud:
materials selectively.

As laser beams are of high intensity, a lens is used to reduce the intbpgitypducing 3

\V

defocused spot of size ranging from 0.5 to 25 mm. proper control of energy input is

necessary to avoid melting.

Lase transformatio hardeniniproduce thin surfact zone: that are heater anc coolec very
rapidly, resulting in very fine Martensitic microstructures, even eéelt with relatively low
hardenability. High hardness and good wear resistance with less distasol from this
process.
Laser hardening has the advantage of precise control over the area talbrdthran ability
to harden reentrant surfaces, very high speed of hardening and no separatargustep
(the quench is effected by the mass of the unheated material).

The relationship between depth of hardening and power is as follows

3.02P P = laser power, D, = Incident beam diameter
(DV)"? V= traverse speed (mnvs)
The disadvantage is that the hardening is shallower than in induction and flam%pgrde

<

casedepth(mm) =-0.11+

Ni



Electron Beam (EB) Hardening

L This process is used for hardening those components which cannot be induction hardened
because of associated distortion. Automatic transmission clutch ¢&#is %060 steel) arg
hardened by this processes.

O Electron Beam (EB) hardening is like laser treatment, is used to hahdesurfaces of
steels. The EB heat treating process uses a concentrated beam of higtywdmtrons as

an energy source to heat selected surface areas of ferrous partsortdeare accelerated

and are formed into a directed beam by an EB gun.

O After exiting the gun, the beam passes through a focus coil, which precisdiplsoneam
density levels (spot size) at the work piece surface and then passes througdgcaatefoil.

O To product ar electror beam a high vacuun of 10> torr is neede in the regior where the
electrons are emitted and accelerated. This vacuum environment pribteamitter from
oxidizing and avoids scattering of the electrons while they are still irayat a relatively,
low velocity.

O Like laser beam hardening, the EB process eliminates the need for quenchamtgumas
a sufficient work piece mass to permit self quenching.

O A mass of up to eight times that of the volume to be EB hardened is requioeddiand
beneath the heated surfaces. Electron beam hardening does not require eserging,
coatings, as does laser beam hardening.

O Normally, case depth upto 0.75 mm can be achieved by this method. A minicomguter
used to control voltage, current, beam time and focus.
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Case Depth Measurements in Steels

>

Y V V

 Case depth (actuaily defined as “the perpendicular distance from the surface of the st
the point at which the change in hardness, chemical composition or micros¢rwgttine
case and the core cannot be distinguished.

[ Effective case deptls defined as the perpendicular distance from the surface of a harq
case to the farthest point at which a specified hardness value is abtdihes hardnes
criterion is HRC 50, except when otherwise specified. Effective cagsthdis always
determined on representative samples, or the part itself but in the hdattoeadition.

 On abroad basis, the methods used for measuring case depth can be classified a

Chemical method
Hardnes methot
Macrostructure method

cel to

lened

D

Microscopic method

Chemical method

O Itis a usual practice to apply this method only to carburized cases. It l'vaya applied t
other case-hardening methods which involve change in chemical composition, vdingi
and carbonitriding. Carbon content is determined at various depths below the soirface
case hardened specimen. Where hardening is due to formation of nitridesenitrogten
Is estimated. This is the most accurate method of determining case depth.

238



Case Depth Measurements in Steels

Hardness method

O In this method, hardness values are taken along the case and core. It i @acgerate
method since sharp change in hardness across case and core region can bedmeasure
Specimens for this method are prepared by

v Cross section procedure
v Taper-grind procedure
v’ Step-grind procedure

Cross section procedure

 The specimen is cut perpendicular to the hardened surface at a predecaledaaszshould
be taken to ensure that no change in hardness takes place as a result of Théiagrface

U

Core
CD=!8ind

’ - _ Methods for measuring light and medium
Methods for measuring light and medium cases and heavy cases 739



Case Depth Measurements in Steels

Taper-grind procedure

O This method is suitable for light and medium cases, and is illustratedlowkiggure. A
shallow taper is ground through the case of steel, and the hardness values are dognd al
the surface of the prepared taper.

> W////////”///Iﬂﬂnu._

Taper ground specimen for
light and medium cases

Step-grind procedure

O For medium and heavy cases, step-grind procedure is suitable . In thiglfwa$ardnes
values are taken in steps of known distances below the surface. Here twoepmaded
depths are ground to ensure that the effective case depth is within speaifred i

Case
e :
Step ground specimen for

Core medium and heavy cases
2 240
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Case Depth Measurements in Steels

Macrostructure method

O In this technique, the test specimen is cut perpendicular to the harderfadesurhe cu
surface is ground and polished through 0/0 to 4/0 emery paper.

O After this, disc polishing is carried out, which is followed by etching wathtable etchin
reagent so that case and core regions can be distinguished.

O The etched specimen is washed in water or alcohol and dried, and is examinedaynder
limited magnification of X20.

Microscopic method

O In this method, the specimen is cut perpendicular to the hardened surfdctharcut
surface is ground, polished and etched.

L The specimen is examined under microscope with calibrated eye piece.

O The total case depth is the distance from the surface to the point up to whiatotfiged
microstructure is observed
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Introduction

 Chemical heat treatment is the process used to achieve different pespertore and steel
components. Numerous industrial applications require a hard wear resistiatescalled
thecase, and a relatively soft, tough inside called twre. Example: Gears

 They are two different methods. The first method is known as thermochketreeament
because the surface composition of steel changes by diffusion of carbon andigemit
and sometimes other elements.

O The second method is known has surface hardening, it involves phase transformation by
rapid heating and cooling of the outer surface . The aim of both methods are same

SURFACE
Hardening Thermo-Chemical
Flame Carburizing
Induction Nitriding
Laser Cyaniding
Boronizing
| Electron Beam

Chromizing| 243




a

d

Carburizing is the most widely used method of surface hardening. Here, tlaeslalyers

of a low carbon steel (<0.25) is enriched with carbon up to 0.8-1.0%. The souresbafng

may be a solid medium, a liquid or a gas.

In all cases, the carbon enters the steel at the surface and diffiiséle steel as a functig
of time at an elevated temperature. Carburizing is done at 920-950°C. at thisrétume
the following reaction takes place

Fe+2CO—Feg, +CQ

S

Where Fg., represents carbon dissolved in austenite. the rate of diffusion of carbon in

austenite al a giver temperatur is depender upor the diffusion coefficien anc the carbor
concentration gradient.

The carburizing equation given previous Fé+2C0 — Fg +CO, is reversible and
proceed to the left, removing carbon from the surface layer if the steelatedhen an
atmosphere containing carbon dioxide ({0 his is called decarburization.

Decarburization may be prevented by using an endothermic gas atmospherdumtce

may

to protect the surface of the steel from oxygen, carbon dioxide and water vap
endothermic gas atmosphere is prepared by reacting relatively rich naxédrair and
hydrocarbon gas (usually natural gas) in an externally heated generdterpneisence of
nickel catalyst.

Carburizing can be done by Pack carburizing, Liquid carburizing, Gas carbumaids
vacuum carburizing. 244
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Pack Carburizing

O This method of carburizing is also known as solid carburizing.

O In this process, steel components to be heat treated are packed with 80% rgcaaliEnd
20% BaCQ as energizer in heat resistant boxes and heated at 930°C in furnace
specific time which depends on the case depth required.

O Such a high temperature in furnace helps in absorption of carbon at the outerTihge
following reactions takes place:

I.  Energizer decomposes to give CO gas to the steel surface
BaCO, — BaO+CQO,

CO,+C — 2CO
ii.  Carbon monoxide reacts with the surface of steel :
2CO+ Fe— Fe(c)+CO,
lil. Diffusion of carbon into steel
Iv. CO, formed in step (ii) reacts with “C” in the coal
CO, +C < 2CO

O For a given steel at a given temperature, the depth of penetration is dependkifigion
and can be related to the time t by the equation
casedepth = kvt  Wherekis constant

O Generally, carburizing time varies from 6 hours to 8 hours, and case deptheabtaries
from 1 mm to 2 mm. 245

14

for a

I



Liquid Carburizing

a

It is also popularly known as salt bath carburizing. In this process, canbgrzccurs
through molten cyanide (CN) in low carbon steel cast pot type furnace heattidy gas.
Bath temperature is maintained between 815°C and 900°C.

The life of pot depends on quality of material, operating temperature and mode afioper
viz. whether it is continuous or intermittent. Continuous and automatic procgs&segood
end results.

The bath surface is covered with graphite or coal to reduce radiation lassesxcessive
decomposition of cyanide.

Different salt mixtures used in this processes are named accordihgitacarbon potentig
activity. Beside sodiun or potassiur cyanide the batl contain: (i) Sodiun anc potassiur
chloride (ii) Barium chloride which acts as an activator

BaCl, + 2NaCN — Ba(CN), + 2NaCl

Ba(CN), + Fe — Fe(c) + BaCN,

Some beneficial nitrogen diffusion may also take place through oxidation of @NN{. In
liquid carburizing, heating time is short and heat transfer is rapid. Tleem@mplete
uniformity of the carburized layer in the component.

This process gives a thin and clean hardened layer of ~0.08mm thick.

N
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Gas Carburizing

O This is the most widely used method of carburizing. It is carried out in réyp-, sealech
guench type, or continuous pusher type furnaces. These furnaces are eithezdjas fire
heated electrically. Gas carburizing temperature varies from 8#0960°C.

L Gas atmosphere for carburizing is produced from liquid (methanol, isopropargdseous
hydrocarbons (propane and methane). An endothermic gas generator is used to| supply
endothermic gas.

O A mixture of propane or methane with air is cracked in hot retort of an endogasagento
form carrier gas, whose dew point is adjusted at about +4°C by proper gas/airTriaé
approximate composition of this gas is as follows.

A4

0 Such a gas acts as a ‘carrier gas’ for the progesBlitrogen 40%
Furnace chamber is purged with this gas to gas mai tal-rPydrogen 40%
a slightly positive pressure. This in turn prevepts

Carbon monoxide 20%

infiltration of air from atmosphere.

O This gas also prevents oxidation of the steel dufipéarbon dioxide 0.3%
heating. When the material reaches carburizingjethane 0.5%
temperatures, propane or methane is introduced [t
maintain a specific carbon potential

Water vapour 0.8%
Oxygen In traces
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Gas Carburizing

a

During gas carburizing, the following reactions take place:
I.  C3Hg— 2CH, + C (cracking of hydrocarbon)
i. CH,+Fe— Fe(C)+2H
. CH,+CQ,— 2CO + 2H,
Iiv. 2CO + Fe— Fe(C) + CQ

Carburizing occurs mainly due to conversion of CO to,@i@ough reaction (iv). Hydroge
reacts with CQand increases CO concentration by the reaction

H,+CO, - CO+H.,O
Trace: of O, are alsc preser due to the following reaction:
2C0O, — 2C0O+0,
CO, + Fe— Fe(c)+0,
Average concentrations of GOH,O, and Q are 0.2%, 0.5% and 10 ppm respectively.

One of the recent developments in the gas carburizing technique is the usegénits 3
carrier gas. Normally, nitrogen gas is used with some minor additives. Caxditential is
controlled by adjusting the level of oxidizing constituents.

Currently the cost of equipment for this modified process is high. Also, skilfet veell

N

(o

trained operators are required for successful operation of this process.
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Vacuum Carburizing

O The first commercial application of vacuum carburizing started in thy 4270s. Vacuum
carburizing is a processes of carburizing, carried out either in vacuum oeduced
pressure. The main advantage of the process lies in the tremendous energy SsMunfed
with it.

O Carburizing in vacuum or reduced pressure is carried out in two stagese lirghstage
carbon is made available to the steel for absorption.

O In the second stage, diffusion of the carbon takes place within the steel @ne results in
appropriate concentration of carbon and depth of carburizing.

O In vacuum carburizing, there is accurate control on the amount of carbon absorbeddls
the proces take: place al a relatively higheitemperatur¢ carbor absorptiol is quite rapic.

 To start the process, the job is introduced into the furnace which is theateal. After
achieving the required degree of vacuum, the furnace is heated up to a carbyurizing
temperature which lies in the range 925-1050°C. In this temperature ranggnisaisvhich
is formed is unsaturated with respect to carbon.

O A gaseous hydrocarbon such as methane or propane is then introduced into the.fAslac
soon as the hydrocarbon in gaseous form comes in contact with the surfacejol,thte
cracks. As a result, a very thin layer of extremely fine carbon is depositéde surface.

L This carbon is immediately absorbed by the steel till saturation @&natl. The process
continuous till sufficient carbon is absorbed and the required case depth isdaime

inflow of gas is then stopped and the excess gas is removed by vacuum pumps.
249




Vacuum Carburizing

O At this point, the second stage or controlled diffusion cycle commencesndpthis stage
the required carbon concentration is formed. Vacuum carburizing can bedcautieither
by continuous flow of gas during the carburizing cycle or by short cycles of carbuandg
diffusion

14

Advantages

 Since heating is carried out by
radiation, there is improved efficieng

due to the presence of vacuum.
Hea zone: occupy less volume.

It is not necessary to keep the furnace

on throughout the process. It can
heated and cooled rapidly as and wi
required.

Absence of atmosphere, so that fr

from oxides, micro cracks, an
decarburization.

The quantity of gas required is on
about 1% of the requirement
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Post-Carburizing Heat treatments

The objectives of this post-carburizing heat treatment are to (i) Impio¥enicrostructurg
and refine coarser grains of core and case of carburized steel (ii) Achighdhardness &
the surface; and (iii) break the carbide network in the carburized cdsehway be formeg

due to higher carbon content (1.0%)

\) "4

t

o

——

A procedure has been devised to obtain maximum case hardness and very fine grain siz
Step 1: Work piece is heated to about 1040°C (about 120°C above the normal range) for a

short time, followed by quenching in oil bath

Step 2: Tempering at about 3709C

Step I

for converting retained austenite
into bainitic microstructure.
Step 3. Rapid austenising [
induction beating just above Ac
temperature, followed by o
guenching

Final step consists of temperir
at about 180°C
CaseJ

This four-step heat treatmentrr

>
>»3 >
T

<

Temperature —»
+

Q

=
T

Step |
(Carburize)

(Rapid austenitize)

Qil quenching
41__
Oil quenching

Step Il
(Temper)

Step IV
[\ (Final temper)
. oo\

——

gives maximum case hardngss
(around 900 DPH) with very fing
grained case and core.

\V

Time —»

Recommended heat treatment cycle for maximizing cas

hardness along with grain refinement
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Post-Carburizing Heat treatments

| Corburizing femperature | 4 d o
PN crteopompeonreacod) \ | o\
5
oyt — .
=) Critical
E
= temperature A Y A
of case
Carbon content ——=— )
Time —»=—
TREATMENT CASE CORE
A—best adapted to fing Refined; Excess carbide not dissolved Unrefined;aod machinable

grained steels
B-best adapted to fine| Slightly coarsened; some solution of exceis®artially refined; stronger and tougher thgan
grained steels carbide A

C-best adapted to fine Somewhat coarsened; solution of excess  Refined: maximum core strength and
P carbide favored; austenite retention promothdrdness; better combination of strengthjand

grained steels in highly alloyed steels. ductility than B
D-best treatment for | Refined solution of excess carbide favored; Refined; soft and machinable; maximurp
coarse grained steels austenite retention minimized toughness and resistance to impact
E-adapted to fine grained Unrefln_ed Wlth-exc.es_s carl_Jlde c!ls_so_lved; Unrefined but hardened
steels only austenite retained; distortion minimized
F-adapted to fine grained Refined; solution of excess carbide favored; el
Unrefined; fair toughness. ,

steels only austenite retention minimized




Cyaniding and Carbonitriding

In cyaniding and carbonitriding processes, the surface layer of statl (0.3-0.4%C) is
hardened by addition of both carbon and nitrogen.

In this case that contain both carbon and nitrogen are produced in liquidoatis
(cyaniding) or by use of gas atmospheres (carbonitriding). The temperatures s
generally lower than those used in carburizing, being between 750-900°C.

Exposure is for a shorter time, and thinner cases are produced, up to 0.010in. mMdmzy
and up to 0.030in. For carbonitriding.

In Cyanidingis done in a liquid bath of NaCN, with the concentration varying betwee
and 97%. Both carbon and nitrogen enter the steel via the following reactions:

2NaCN + 0, —2NaCNO

2NaCNO + O, — Na,CO, + CO+ 2N
2CO - CO, +C

Carbon and nitrogen so formed in atomic form diffuse into the steel and gientbar
resistant layer of the carbonitridephase.

The temperature used for cyaniding is lower than that for carburizing arteinainge of
800-870°C. the time of cyaniding is 0.5-3 hour to produce a case depth of 0.25 mm of
Cyaniding process is not suitable for hardening those parts which are subjecdbddk,
fatigue and impact because nitrogen addition has adverse effects on suchi@sopk
steels. 253
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Cyaniding and Carbonitriding

a

d

Carbonitriding is a case-hardening process in which a steel is heated in a ga
atmosphere of such composition that carbon and nitrogen are absorbed simultaneous

This process is also known as dry cyaniding or gas cyaniding. It is the gharizang
process modified by the addition of anhydrous ammonia.

The decomposition of ammonia provides the nitrogen, which enters the steel aldn
carbon.

A typical gas mixture consists of 15% NHCH, and 80% of neutral carrier gas. T
temperature used is 750-900°C. With increasing temperature, a greater mnojditarbon
enters the steel.

The presenc of nitroger in the austenit account for the majoi difference betwee
carbonitriding and carburizing.

Carbon-nitrogen austenite is stable at lower temperatures than plain-carstemige and
transforms more slowly on cooling. Carbonitriding therefore can be carriectolawer
temperatures and permits slower cooling rates than carburizing in the haydgr@ration

In this process, surface hardenability, wear resistance and corras@tance are betts
than in the carburizing process. But the time required for heat treatmémmger than tha

1ISE0US
5y

g wit

e

for carburizing.
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In contrast to the processes described before, nitriding is carriechdbeiferrite region
Consequently, no phase change occurs after nitriding .

This part to be nitrided should possess the required core properties prioridingitiPure
ammonia decomposes to yield nitrogen which enters the steel:

2NH, — 2[N].. +3H,

The solubility of nitrogen in ferrite is small. Most of the nitrogen thaters the steel forms

hard nitrides (e.g. R&l). A typical nitriding steel contains alloying elements of 1%
1.5%Cr and 0.2%Mo. Al, Cr, and Mo form very hard and wear resistant nitrides.

The temperature of nitriding is 500-590°C. the time for a case depth of 0.02mm is a
houl In additior with weal resistance it alsc increase the resistanc of a carbor stee to
corrosion in moist atmospheres.

A common problem encountered in nitriding is the formationy'ohitride (FgN) on the
outer layers of the case , known as the “white layer”, as it looks white unde
microscope. This layer is very brittle and tends to crack. It must beovenh by final
grinding operation. Its formation can be minimized by maintaining the coregio of NH,/
H, in the gas mixture during the heat treatment.

There are two ways by which white layer can be totally suppressed

v Floe process or double stage nitriding, where a white layer is first produce
then decomposed

v lon nitriding process or Plasma nitriding
255
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Salt Bath Nitrocarburizing

a

d

a

In this process, besides nitrogen, carbon atoms are also diffused into #neofcateel
component at 570-580°C in salt baths. The salt baths are of two types, nahusg
containing cyanide and others which do not contain any cyanide.

Cyanide-free salt baths are more popular because these are not hazardohasq lsalt

contains a mixture of sodium and potassium cyanates and carbonates.

The time for obtaining a case depth of 10-lE is about 1% hours for low carbg
unalloyed steels. Reactions that take place in the bath are as follows.

4ANCO™ — CO,+CO+2N + 2CN
XFe+ N — FexN

2CN™ + 0, — 2NCO™ (regenerationofCN ™)
3CO, +regenerator — 6NCO™ + XH,O(regeneratorofCO, )

One of the recent developments is to destroy cyanate and the small percsitggeide in
the drag-out salt. This is achieved by quenching in oxidizing quenching (coolirigpsiah
a treatment eliminates the need for neutralization plant.

This process can be used for any ferrous material; the time taken fom&etts short
However, it is not suitable for very large objects and odd shaped components.

Limitation of the processes is that the typical treated layers are thary and nitro

carburizing atmospheres/salts are difficult to handle safety 556




Boronizing

LDiffusion coating}

ERRIS

[ Boronising ]

| ] |

Pack Molten Gas Plasma
Boronising Bath Boronising Boronising

Boronising
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Boronizing

a

d

OO0

Boronizing is one of the recent methods of surface hardening, which may be appéiag
ferrous material but is generally adopted for carbon steels and tool steels.

In the case of pack process, the components are packed in heat resistant Itbx
mixtures of granules or paste of boron carbide or other boron compounds with addi
activators and diluents at 900-1000°C.

Boron diffuses inwards and iron borides (FeB andHjdayers are formed. On the out
surface, FeB phase forms, While in the interior,B-@hase is formed. FeB phase is m(
brittle and is not desirable.
Higher temperatures, longer treatment times and high alloy steels favedortmation of
FeE phas. The boride layers are very harc. The hardnes of boride layers on stee range
between 1500 and 2100 VHN.

Boride layer depths range from 0.012 to 0.127 mm, depending on material and agpli
The treatment time required for a case depth of 0.15 mm is 6hours at about 900°C.
Thick layers (up to 0.127 mm) — for abrasive wear

Thin layer (up to 0.025 mm) — for adhesive wear and friction reduction

Boronizing increases tool and mold life by improving resistance to abrasiving and
adhesive wear. It reduces the use of lubrication as have low coefficienttdifri But high

process temperature may lead to the distortion of the component. Moreover, thercmt
shows poor fatigue and corrosion resistance.
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Like Boronizing process, Chromizing is also used for surface hardening of both camidg
tool steels.

There are two basic types of chromizing : Pack chromizing and gaseous chrgmihie
components to be chromized are packed with fine chromium powder and additives.

A typical chromizing mixture consists of 60% Cr or ferro chrome (with carbament not
exceeding 0.1%), 0.2% ammonium iodide, and 39% kaolin powder.

Diffusion of chromium takes place at 900-1020°C, and chromium carbide is formed ¢
surface of steel. The treatment time needed for achieving a case depth @.@402wm is
12 hours at 900-1020°C. Hardness of chromium carbide layer is about 1500 VHN

HARD CHROMIZING : If the steel which to be chromizec contain: enougl carbor
(minimum 0.35%), a corrosion and wear resistant chromium layer will be foromethe
surface of the work-piece during the chromizing treatment.

SOFT CHROMIZING :On steel, with low carbon content (<0.35%), a chromium carl
layer cannot be formed. Instead a chromium diffusion layer builds up duringhtieenizing
process which can reach up to 200 in thickness and a chromium content of upto 3¢
The high chromium content endows the work piece with an excellent resistgaoest
corrosion and oxidation while maintaining its ductility

Chromizing leads to excellent corrosion resistance under a variety of sewad#ions.
High temperature oxidation resistance is also improved significantly. Compomeay
undergo bending and flanging operations without spalling. Hardness of chromium ¢
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layer is about 1500VHN. 259
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Introduction

O As the name suggests- ‘Thermo’ means heat and ‘mechanical’ means deformateaspr
thermo-mechanical treatment, thus involves simultaneous  application of various
combinations of heat treatments and deformation processes in order to ctmsspape
refine the microstructure to improve properties of the alloys.

O Generally, increased strength with improvement in ductility and/or tougharesthe chief
objectives of thermo-mechanical treatments. Thermomechanical treatozmbe classified

based on the timing of deformation of austenite during the heat treatment asitdsin
below.

Classification of Thermomechanical Treatments (TMT)

|. Above critical TMT (above Ag — Controlled hot rolling, High temperature thermo-
mechanical treatment (HTMT)

Il.  Inter-critical TMT (between Agand Ag)
Ill. Sub-critical TMT (below Ag)

O Deformation prior to austenite transformatiem Ausforming-ausworking, ausrolling;
Low temperature thermo-mechanical treatments (LTMT)

O Deformation during transformation (Isoforming)
O Deformation after transformation
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Controlled rolling : HTMT

a

Very high strength levels are obtained by controlled rolling. This processists of heating
steel above the upper critical temperature, i.e., stable austenifpetatare range. Austeni
thus obtained is deformed, and conditions are so maintained that fine grainsystaéized
austenite are obtained. The grain growth tendency is checked by the hot wprkicess
variables and by the presence of second phase particles.

Second phase particles are generally carbides of microalloying elesumtisas niobium
vanadium and titanium. Fine austenitic grains will result in fine fermjrains in the fina
structure. Ferritic grains nucleate at austenitic grain boundaries.

Thus, the finer the austenitic grains, the better will be the ferritiongral herefore, it is ven
essentie to checl grair growtr durinc Recrystallizatio.

Carbides of microalloying elements not only control the growth of austenitiogjkait also
retard the rate of recrystallization. However, the carbide of oalboying elements ar
effective only up to about 108C, and so rolling should be performed below t
temperature.

Heavy deformation during rolling elongates the austenitic grains, thdreisgasing the

grain boundary area. This results in the availability of larger number of atictesites for
ferrite.

In order to have maximum strengthening, heavy deformation and low finishing tatops
should be chosen. The process is widely employed for high strength low alloy steels.

(_I—Dru
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Hot-Cold Working : HTMT

O Hot-Cold working process consists of heating steel above the upper critropktature
Stable austenite present at this temperature is deformed heavily inasuway that ng
recrystallization takes place.

 This non-recrystallized austenite is transformed into martensiteg quenching. In this
process, work is carried out at minimum possible temperature above the tzsigni
temperature. In order to control recrystallization, alloying elemessh as vanadiun
titanium or niobium are added to steel. The steel so obtained strong directiopaltfes.

O Mechanical properties, such as strength, ductility, impact and fatigrengsth are
considerably improved by this process.
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Ausforming : LTMT

Ausforming is consists of heating steel above the upper critical temperaoras to ge
austenite. This austenite is supercooled to a temperature below the talaatson
temperature of the steel. The austenite so supercooled is deformed héaslythen

guenched to obtain completely martensitic structure and then tempered.

Not all steels can be given this treatment. Only steels which possdgsesifgap between
pearlitic and bainitic C-curves are suitable for this purpose. In addition ¢aglifpc and
bainitic C-curves should have sufficiently long incubation period. This enswaakahbility

of sufficient time for deformation.

[ g ol

Carbor is essentic for Ausforming ai leas

a minimum of about 0.05 to 0.10%, but
little effecg

larger additions produce
although steels normally have 0.3 to 0/
carbon.

Strong carbide forming elements such
molybdenum, niobium, vanadium, titaniu
not only display the TTT curves towar

right, but form a fine dispersion of the|
softening

carbides which resists

t,
1%

(coarsening) during tempering and increase

the strength of the steels.

&

Temperature —»

o

Stable austenite

Deformation Metastable
austenite

;

Time —a

Ausforming Process
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Ausforming : LTMT

Ausforming process variables

O Austenitizing temperature

[ Rate of cooling form austenitizing temperature to deformation temperature
 Temperature of deformation

O Amount of deformation

Structural changes

O Refinement of the martensite plates, or packets

O Increas in dislocatior density (=10 cm?) in martensit. Martensitt plates may have
inherited fine dislocation substructures from austenite.

 Change in the size, amount and distribution of carbides.

 Development of texture in the martensite

Strengthening factors

L Major contribution is due to fine dispersion of alloy carbides associated wstaaditions.

L The presence of alloying elements which raise the stacking fault en8FKly) (of austenite
for example Ni, raises SFE, reduces the strengthening effect. In cpnbastrengthenins
effect associated with ausforming is increased considerably in themresof element

S

which reduces the SFE of the austeniddn(lower SFE, raises rate of work hardening)y




Isoforming

a

The isoforming process consists of deforming steel below the lower crigcaperatur
during transformation. The resultant product of transformation may be ditlegpearlite o
bainite, depending on the prevailing conditions. The process is called isoformuag

transformation proceeds isothermally.

The steel is first heated above upper critical temperature and then quenuinediately tg

a temperature of about 630, i.e., in the vicinity of nose of the TTT curve . Mechanical

working is carried out at this temperature.

Sufficient time should be available at th

temperature for carrying out the deformation 4

proces anc for the metastabl austenit to
transform isothermally to pearlite. Just after |
completion of the transformation, steel

guenched. The larger the deformation or low

the deformation temperature, the greater is
level of strength developed in the steel.

Bainitic structure can be achieved in the fir

product in the same way as discussed above il Msi-

minor modifications. In this case stable austel
IS supercooled to a temperature range whel
transforms to bainite, steel is deformed dur

IS
A1

he

—
> D »;
Temperature —

al

it M

Stable austenite

(a)

Bainite

ng

the transformation of metastabldo bainite.

Time, Log scale —»
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In the marstraining process, steel is heated above austenitizing taomeerfollowed by
rapid quenching so as to get a martensitic structure. Since as as-quesncieed hard ang
brittle, it is partially tempered to restore ductility.

The ductility martensite thus obtained is cold worked. Only small deformatman be
employed in this case because of the rapid rate of work hardening oémséd. This cold
worked structure is re-tempered.

The second tempering temperature should be lower than the first one. The pmnhsses
strain ageing and results in significant improvement in yield stieagid tensile strengt

levels. It is believed that epsilon carbide formed at low tempering teamye dissolves

durinc deformatio..

The dislocation-carbon interaction thus obtained hinders the movement of disiccatn
re-tempering, and mechanical strength of the steel is improved. Singiebigi relatively
soft as compared to martensite, it can be cold worked easily.

The strain tempering response of bainite is found to be better than that tEnsige in the
sense that, for a given strength value, better ductility can be obtained.

The first stage of the process, i.e., pre-tempering, which is carriedoouhpart some
ductility to the steel for cold working, can be dispensed with in the caseahdempering
of bainite.

——

h

J
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Cryoforming or Zerolling

O It consists of heating steel above the upper critical temperature. Fromipgtature, steel
is rapidly quenched to sub-zero temperature. Then it is plastically mefbrat sub-zero
temperature, which is accompanied by high rate of work hardening.

O The transformation of a part of austenite to martensite takes place duriogrdion, ang
martensite thus produced has better yield strength, tensile strength and kardnes

O When austenite gets transformed into martensite at sub-zero tempemmnoise similar t
crying is produced. This crying like sound is produced because both deformatdn
transformation proceed simultaneously.

\d

L The proces is well suitec to steel: which
cannot be strengthened by cold working
because of the high rate of work hardening,
resulting in loss of ductility in rapid rate.

O The only drawback associated with the
process is that a part of austenite]is
stabilized. This in turn transforms to hard
and brittle martensite during service |at
room temperature.

 Martensite so formed may cause brittlengss. Time, Log scale —

Temperature —»

Cryoforming Process
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Preliminary Thermomechanical Treatment

O In this process, steel is plastically deformed. Such steel is sapielted to austenitizinLg
temperature, followed by rapid cooling. The treatment does not result inpl
elimination of strain-hardening effect developed by deformation given prior temitiging.

L Therefore, the steels thus treated are associated with some strdanng effect developed
by deformation given prior to austenitizing. Therefore, the steels tleasetl are associated
with some strain-hardening effect.

L The magnitude of residual strain hardening effect depends on the chemical dionpofs
steel, amount of deformation, rate of deformation, rate of heating to auziegit

temperature, and the austenitizing temperature.

A

Temperature —»

G

avanal

Time, Log scale —»
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Thermomechanical Treatment of Non-Ferrous Alloys

O Thermomechanical treatment of non-ferrous alloys is commonly applied toagee
hardenable alloys. The process consists of plastic deformation of abdbdge/é€d by aging
treatment. This is in contrast to thermo mechanical treatment apjgica steel, which
consists of plastic deformation and simultaneous phase transformation.

O Al, Cu, and Ni base precipitation hardenable alloys have been successfbigcted tc
thermomechanical treatment. Depending on the temperature of deformation, teesprad
be divided into two classes, namely

v Low temperature thermomechanical treatment (LTMT)
v High temperature thermo mechanical treatment (HTMT)

[ P .

—t
e

Temperature ———»

Temperature
Temperature

LTMT

=

wt. %8B —» Time —» Time —»

LTMT and HTMT cycle for an age hardening alloy 270



Thermomechanical Treatment of Non-Ferrous Alloys

Low temperature thermomechanical treatment (LTMT)

d

d

Low temperature thermomechanical treatment of non-ferrous alloys comdisteating
alloy to a single phase structure (solutioning).

From this temperature, alloy is rapidly cooled so that it retains the egipérature phas
which is generally a supersaturated solid solution of alloying elementsmrnatal.

This supersaturated solid solution is subjected to cold deformationcdldenorked alloy
Is then aged at room temperature or at slightly higher temperatures.

For a given alloy, such a treatment results in better yield streagthtensile strength than

simple age hardenini treatmer. However ductility will be comparativel poo..

The strengthening mechanism during low temperature thermomechanicalen¢atihmon-
ferrous alloys can be explained on the basis of strain hardening andctidarbetweer
crystal defects and precipitated particles.

High temperature thermomechanical treatment (HTMT)

e

O High temperature thermomechanical treatment includes heating of tyetalljet a single

L The hot deformed solid solution is quenched rapidly and then aged. Hot defonmasiults

phase structure. It is followed by deformation of the alloy.

in increased dislocation density and strain hardening . Here the extemawf Bardening
will be less than in LTMT because of dynamic recrystallization and dynepmliygon2i7zlation




Thermomechanical Treatment of Non-Ferrous Alloys

HTMT Continuous....

L The desired structure can be developed in hot deformed alloy by controllh'aJ; t
temperature, rate and degree of deformation. The structure may be eitierhstrdened,
recrystallized and polygonized, or mixed.

L The HTMT consists of hot deforming solid solution (single phase) in such a wagithat
non-recrystallized or very feebly recrystallized structure isirath in the hot deformed
alloy. Once this non-recrystallized structure is quenched, it will predactructure with
high dislocation density and crystal defects.

O On aging sucl a structure will develoj bette mechanice properties specially tensile anc
yield strength improved properties are obtained by HTMT under a set of optim
conditions. These conditions are as follows.

v' The structure of hot deformed supersaturated solid solution should be| non-
recrystallized

v Dynamic recrystallization during hot deformation should be prevented efédgti

v' The degree of supersaturation should be sufficient so that considerable amaunt of
precipitation should take place to induce significant hardening effect.

O Optimum combination of strength and ductility is obtained by this treatmemprdved
ductility is essentially due to more uniform precipitation from the suparaged solid
solution and very fine grain size

279
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Iron — Graphite Phase Diagram

The true equilibrium diagram for iron and carbon is generally considerecoaggmphite
phase diagrartmext dide).

Earlier we learn about iron-iron carbide phase diagram and it is not a truabeigunl
diagram, generally it is called metastable iron - iron carbide phase dmagra

Cementite (F¢C) is a metastable compound, and under some circumstances it can b¢ made

to dissociate or decompose to form ferrite and graphite, according to thereact
Fe,C - 3Fe+C

For explair of cas irons we will refers to bott Iron-Iron carbid¢ phas: diagran anc Iron-
Graphite phase diagram.

Earlier we are studied steel microstructures from Iron-Cementiteeptiiagiram. Same as
earlier now we will learn the characteristic features of CAST NRBBOwith the help of Iron-
Graphite phase diagram.

Cast irons are a class of ferrous alloys with carbon contents above 2.14 nviS@dtice,
however, most cast irons contain between 3.0 and 4.5 wt% C and, in addition, ltaligrgg|
elements.

The ductility of cast iron is very low and brittle, it cannot be rolled, drawn, orked at
room temperature. However they melt readily and can be cast into coneplichape!
which are usually machined to final dimensions. Since casting is the onbbseiproces:
applied to these alloys, they are known as cast irons. 274
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Iron — Graphite Phase Diagram
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Classification of cast irons

White CI

Grey CI Malleabilize

CAST IRON¢S

Ductile/Nodular CIS=, Stess concentration
\L at flake tips avoided

Malleable CI

Compacted Graphite ClI

Alloy CI

Good castability=> C > 2.4%
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Cast Irons Alloying System

O Most common alloying element of Cast Irons is Silicon for various reasohshwnclude

a

the manipulation of temperatures required to achieve desired microstiacture

For example

Increases the stability of solidification of Graphite phadeecreases th
stability of the solidification of FgC. Eutectic and eutectoid temperatures change 1

single values to temperature ranges. Eutectic and eutectoid compositiofffe etieda

Carbon Equivalent (CE): a measure

the equivalency of Carbon coupled

with other alloying elements to that ¢
just Carbor. An easie basic for
classifying the properties of a mu
alloy material.

CE = %C + 1/3%Si = 4.3

of
Df

ti

(hypoeutectic) < CE = 43 <
(hypereutectic), with the addition
phosphorus CE = %C + 1/3(%P |+

%Si)

4.0

3.0

2.0

Ductilelirons

Gray
~ irons

S———— White irons
Malleable iroans _

........

s -f"----;- % C + ‘if;l’:?"fc- Si = 2.0 4

e

.
-
-

Slesls

1

0

2.0
Silicon content, 9%

3.0
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Solidification of phases in cast irons

O U

Graphite structure is a factored crystal bounded by low index planes.

Growth occurs along 1010 |& (0001 planes (direction A & C). Unstable growth ocgurs
along direction A, giving the Graphite microstructure rough, poorly defined, ®dge
certain areas.

When grown from the solidification of liquid Iron Carbon alloys, Graphiteesgkn a layef
structure. Among each layer covalent chemical bonds with strengthsdret@e 9x 10° to
5x 10° J/mol.) exist. Between layers weaker bonds exist on the order of ¥4109— 8.37
x 10%)J/mol.

The structure of the Graphite depend on the chemica composition the ratic of temperatur
gradient to growth rate, and the cooling rate. Such structures are:

(0007}
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Crystalline structure of graphite, A and C possible growth directions’’®



Nucleation of Flake and Spheroidal Graphite

O Such structures aré) Flake or Plate Graphitgb) Compacted vermicular graphités)

Coral Graphite(d) Spheroidal Graphite.

..

C
{; — ‘ T_; & e Section a-a
1]

el (d)

A wide variety of compounds and certain metals have been claimed to serethas
inoculants or nuclei for Flake Graphite growth. (Silicon dioxide, silicasegfides, boror
nitride, carbides sodium potassiun calcium ect..!)

Two methods of growth i Graonve s o e
possible. The nucleation of Flake T <L ) o
Graphite Iron occurs mainly on 7% i @ ’.' @

silicon dioxide particles. Another
one, Salt like carbides containing
the ion Carbon are used 8S; . e <
inoculants. Such carbides inclugde '
NaHC, & KHC, from Group I,
CaC, SrC, BaGC, from group Il,
and YGC, & LaC, from group IlI.

Epitaxial growth of graphite on Cagcrystal



Cooling Curve Analysis

a

The solidification of
represented mathematically
relationship do

—= =VpC, dT/dt
o = VPG dT/

Where V is the volume of the sample s
the density, € is the heat capacity, ar

a sample i
by t

dT/dt is the slope of the cooling cun
before solidification begins.

When the liquid cools below the liquidt
temperature, crystals nucleate and begi
grow. The rate is thus re-expressed as

9Q _ vpC, + pAH df /dt)dT /ct

dT

WhereAH is the heat of solidification an

df/dt is the volume fraction of solid formed

at a changing temperature

i

he

& |
de 1180
dT/dt is the cooling rate of the quuidi.:

/e
= 1120
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Cooling curve for an lron-carbon alloy with
3.2%C. The solidification starts with a primary
precipitation of austenite, followed by a
eutectic temperature
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White Cast Iron

a
a

In which all the C is in the combined form as f(Cementite)

The typical microstructure of white cast irdsee next dide), consisting of dendrites @
transformed austenite (pearlite) in a white interdendritic network ofeceite.

Microstructure— Pearlite + Ledeburite + Cementite

White cast iron contains a relatively large amount of cementite as a contil
interdendritic network, it makes the cast iron hard and wear-resistarexm@mely brittle
and difficult to machine.

‘completely white’ cast irons are limited in engineering applicationgabise of thig

brittlenes anc lack of machinabilit. mainly usecin liners for cemen mixers ball mills anc
extrusion nozzles.

A large tonnage of white cast iron is used as a starting material for the nuaumeia of
malleable cast iron.

Hardness : 375 to 600 BHN, Tensile strength : 135-480 Mpa, Compressive str&gth:
1725 Mpa

White cast irons fall into three major grougsickel Chromium White Irons. containing
3-5%Ni, 1-4%Cr. Identified by the name Ni-Hard iron. Tlearomium-molybdenum
irons (high chromium irons): 11-23%Cr, 3%Mo, and sometimes additionally alloyéial

f

1UOouS

Wi

Ni or Cu. 25-28% Cr White Irons. contain other alloying additions of Molybdenum andjor

Nickel up to 1.5% 281




White Cast Iron

[ Typical white cast iron contains 2.5-3.5% C, 0.4-1.5% Si, 0.4-0.6% Mn, 0.1-0.4% %%
S, and balance Fe.

O During solidification, high internal stresses may be developed due to vargolqng rates

across the cross section . These stresses can be relieved by hehttagcast iron to aboy
500-550C

).




Grey Cast Iron

a

Gray cast iron is obtained by cooling the molten metal slowly during solatibn. A

typical gray cast iron contains 2.5-3.5% C, 1.4-2.8% Si, 0.5-0.8% Mn, 0.1-0.986d7,

0.06-0.12% S.

Fractured surface of gray cast iron appears grey because of the presermehitegiHence

the alloy is termed gray cast iron.

In the manufacture of gray cast iron the tendency of cementite to sepa@tgaphite ang
austenite or ferrite is favored by controlling alloy additions and cooling rates.

These alloys solidify by first forming primary austenite. The alippearance of combing

carbon is in the cementite resulting from the eutectic reaction. With praperol of carbon
content temperatur anc the prope amoun of graphitizin¢ element notably silicon,
magnesium cerium and, alloy will follow the stable iron — graphite equilibrium diagr

For most of these cast irons, the graphite exists in the form of flakes (sitmitarn flakes),
which are normally surrounded by arferrite or pearlite matrix.

Mechanically, gray iron is comparatively weak and brittle in tensioa asnsequence of it
microstructure; the tips of graphite flakes are sharp and pointed, and may seyumts of
stress concentration when an external tensile stress is applretg®t and ductility arg
much higher under compressive loads.

Gray irons are very effective in damping vibrational energy. Base sirestfor machine
and heavy equipment that are exposed to vibrations are frequently constafcthis

| =4

S

\V

material. In addition, gray irons exhibit a high resistance to wear.
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Grey Cast Iron

a

d

Furthermore, in the molten state they have a high fluidity at casting tertyse, which
permits casting pieces having intricate shapes; also, casting shrinkage is |

Finally, and perhaps most important, gray cast irons are among the least egpehall
metallic materials.

Gray irons having different type of microstructures, it may be generateadpustment of
composition and/or by using an appropriate heat treatment.
For example, lowering the silicon content or increasing the cooling rate prevent the

complete dissociation of cementite to form graphite. Under these circunastaihe
microstructure consists of graphite flakes embedded in a pearlite matrix.

Tensile strengtl of gray cas iron varies from 10C Mpa to 34C Mpa

(Comparison of the relative
vibrational damping capacities
of (a) steel and (b) gray cast

\i ron y

i

Time ——=

Vibirational armplitude

L I L
Tq Iﬁl?la'l.'r'r- b=
A7
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Grey Cast Iron

€ [2.4% (for good castability), 3.8 (for OK mechanical propeties)]

< 1.25%— Inhibits graphitization

/ < 0.1%— retards graphitizatiorl; size of Graphite flakes

A FeFCSl + (]VIn

Invarlant lin become INnvariant regionsin phase diagram

_ -

~

\ \‘( T volume during solidificatior= better castability

Most of the ‘P’ combines with the iron to form iron phosphide{P).This iron
phosphide forms a ternary eutectic known sksadite, contains cementite and
austenite &t room temperature pearlite).

L - y+(FeC) - a+FeC +(Fel)

Ledeburite Pearlite

Si T= Coreaas



Grey Cast Iron

Pear lite matrix

TS S SR
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Grey Cast Iron : Heat treatment

The heat treatment given to grey cast iron may be classified is
L Stress relieving
O Annealing
v" Ferritizing annealing
v Full annealing
v Graphitizing annealing
O Normalizing
 Hardening and Tempering

Stress Relievir

L The purpose of stress relieving in grey cast iron is to relieve residredssts introduced
during solidification, due to different cooling rates prevalent at various secfioastings.

 Residual stresses adversely affect strength and cause distrotion andverayesult in
cracking in some cases.

d The temperature of stress relieving is kept much below ®mperature. For maximum
stress relief without changing the microstructure, a temperature rangba38 is
recommended.

O In this temperature range, about 80% of the residual stresses are removéaao ity time
of about one hour. When held at 540 more than 85% of the stresses can be removed

2Q 7
£0O/7




Grey Cast Iron : Heat treatment

L The purpose of annealing is to soften the grey cast iron and to improve its madhyiab
minimizing or eliminating massive eutectic carbides.

O Three types of annealing treatment are given to grey cast iron : fargtannealing, ful
annealing, and graphitizing annealing.

O FERRITIZING ANNEALING : To improve machinability in unalloyed or low alloy grey
cast iron of normal composition, ferritizing annealing treatment is choid.

O In this treatment, pearlitic carbide transforms to ferritic nxadnd graphite. Ferritic matrix
is sofl. Above 59C°C, the rate of decompositio of iron carbide¢ to ferrite anc graphite
increases significantly, and at /&Dthe rate of decomposition is maximum.

O Therefore for most gray cast irons, the ferritizing annealing temperasukept between
700°C and 760C, and the recommended holding time is 1 hour per 25 mm of section.

O Normally, After ferritizing annealing, the annealed specimens aréedaat a rate varying
from 100°C/hour to 300C/hour.

O FULL ANNEALING : If alloy content is high in grey cast iron, then it is difficult to
decompose iron carbide into ferrite and graphite a@60

O Therefore, under such conditions, full annealing treatment is adopted. Fdraatment,

casting is heated to a suitable temperature betweetC780d 900C and held about 1 hour.
Then it is cooled slowly between 790 and 680C.
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Grey Cast Iron : Heat treatment

Annealing

a

d

a

GRAPHITIZING ANNEALING : The purpose of graphitizing annealing is to cony
massive iron carbide into pearlite and graphite. The treatment is canrtet 900-95%C.

At this temperature, massive carbide dissolves in austenite which daymposes t
pearlite and graphite on cooling.

ert

D

Above 928C, FgP may also melt. Holding time varies from 15 minutes to several hour

S.

Normalizing

a

d

a

The purposi of normalizin¢ treatmer for grey cas is to improve mechanice propertie
such as hardness and tensile strength.

This treatment also helps restore as cast properties which have beefechdigh other
heating processes such as graphitizing or pre-heat and post-heat treatmddedfjoiats.

Normalizing temperature is kept above transformation range, i.e., 88%:92wlding time
recommended for gray cast iron at normalizing temperature is about 1 hour per 25
maximum thickness.

Heating temperature significantly affects the mechanical propemrigs, hardness arn
tensile strength as also the microstructure.

Alloying elements such as Cr, Mo, and Ni enhance the strengthening due to nongualizi

mm of

289



Grey Cast Iron : Heat treatment

Hardening and Temperin

O The purpose of hardening and tempering in grey iron is to improve its strength amd wea
resistance. After this treatment, the wear resistance of peaytey cast iron increases four
to five times.

O Ordinarily, grey iron is furnace or salt bath hardened from a temperaturéaft 860-
87(°C. The transformation range can extend by more th&&%thove the Actemperature|
Approximately Ag temperature of unalloyed grey iron is related to silicon and Manganese

content by the relatior _
Ac, (°C) = 730 + 28.0 (%Si) — 25.0 (%Mn)

 Tempering treatment increases the toughness and relieves interisgkestsghich may be
developed during quenching. Due to tempering hardness decreases.

 To achieve maximum toughness in grey iron, tempering temperature of abot® 330
recommended. After tempering at this temperature, the matrix retaiasdadss level o
472 BHN.

O Increase in wear resistance in grey cast iron is achieved by productngctuse consisting
of graphite embedded in a martensitic matrix through heat treatment.

O Flame or induction hardening of grey iron is not so common as furnace hardening hecause
for adopting the first two methods, a relatively large content of combindabeas required
since very little time is available for carbon to dissolve in austenit@teWls often used as|a
quenchant with flame or induction hardening where only the outer case is hardeped.

—




Ductile Cast Iron : Spheroidal Graphite (SG) iron

U 0O 0 O

O U

O U

Ductile cast iron also called as Nodular cast iron, and Spherulitic icast |
Graphite nodules instead of flak@a 2D section)
Mg (0.03-0.06)%, Ce, Céor other spheroidizing) elements are added

The elements added to promote spheroidization react with the solute imti o form
heterogeneous nucleation sites

The alloying elements are injected into mould before pouring

It is thought that by the modification of the interfacial energy the ‘c’ andgi@wth
directior are mad¢ comparabl leadin¢ to spheroide graphite morpholog

The graphite phase usually nucleates in the liquid pocket created by the proesyutecti

As compared to flaky graphite in grey cast iron, spheroidal graphite does not nvirak
matrix considerably. For this reason the mechanical properties of SGisosuperior tq
gray iron.

SG iron has tensile strength of 400-700 Mpa, Yield strength 270-390 Mpa, and pge
of elongation 10-20.

Approx. chemical composition of SG iron is 3.0-3.6%C, 2.0-2.5%Si, 0.6%Mn, 0.04
P, 0.04 max S, and balance Fe.

A —4

enta

max
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Ductile Cast Iron : Spheroidal Graphite (SG) iron

Ferrite Graphitenodules

|
N
=i )

| With Peaflitic matrix




Spheroidal Graphite (SG) iron : Heat treatment

O The normalizing, hardening, and austempering heat treatment, which involve
Austenitisation, followed by controlled cooling or isothermal reaction, corabination of
the two, can produce a variety of microstructures and greatly extend this kamithe
mechanical properties of ductile cast iron.

L These microstructures can be separated into two broad classes

» Those in which the major iron-bearing matrix phase is the thermodyndyngtable
body-centered cubic (ferrite) structure.

» Those with a matrix phase that is a meta-stable face-centered Cabstenite)
structur. The former are usually generate by the annealinc normalizing
normalizing and tempering, or quenching and tempering processes.

O The latter are generated by austempering, an isothermal reactiorspnasilting in &
product called austempered ductile iron (ADI).

o

 Other heat treatments in common industrial use include stress-reliefalalngneand
selective surface heat treatment. Stress-relief annealing does notanwvajor micro-
structural transformations, whereas selective surface treatmeanh (as flame an:
induction surface hardening) does involve microstructural transformations, butironly
selectively controlled parts of the casting

Sl
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Spheroidal Graphite (SG) iron : Heat treatment

O Stress Relieving: 540 - 595°C reducef
warping and distortion during subsequént

Austempering temperature, °F
428 464 500 536 572 608 640 680 716 752

machining. 1600 =N 1 232

O Annealing: Full feritizing Annealing used tg = ' \\d\ ng 8
remove carbides and stabilized Pearlite, heat#o \ 203 %
to 900°C, holding long enough to dissolve 1o = 189 2
carbides, then cooling at a rate of 85°C/h| 1@ 1 ¥ 4 2
705°C, and still air cooling to room¢,, 1 > o 8
temperature. Also improves low temperaturemm l R | 14
fracture resistanc bul reduce fatigue 14 =
strength. e 12 ]

0 Normalizing, Quenching, And Temperingé 8 — ,&
heated to 900°C, held for 3 hours (allowing® ¢ 1%
1h/25mm or 1h/in of cross section to redch : > |
that temperature). The air blasted or joil
quenched. Followed by tempering between "-fuszi”m?Sgrg““tsf: el o
540 - 675°C. Used to achieve grade 100-[70- Perne b
03. Hardness'’s as high as 255HB, increg Relationship  between  austempering
short time fatigue strength, decreases fatig temperature and the strength and ductility
life. Increases tensile and yield strengthg of a 1.5Ni-03.Mo alloyed ductile iron.
the expense of ductility. Austenitizing temperature was 900:C.




Spheroidal Graphite (SG) iron : Heat treatment

0 AUSTEMPERING: Used to achieve Austempered Ductile Iron, requires two stages.

1: heating to and holding at 900°C. Stage 2: quenching and isothermally holding
required austempering temperature, usually in a salt bath. austempenmgratures
shown in figure below.

SURFACE HARDENING: SG iron are also flame or induction hardened. Pearlite typ
SG irons are preferred for flame or induction hardening as time required famatiang is
comparatively small. in the case pearlitic SG iron, tempering isedhout at 595-65TC for

1 hour plus 1 hour per 25 mm of section thickness to remove virtually all internalsste

before going in for flame or induction hardening.
The possiblcapplication of S.G Iron are very wide. The use of S.G Iron is suggeste where

improved properties are dictate a replacement of other material or wreeuséhof S.G Iron

will permit an improvement in the design.

Some popular uses of S.G Iron for various engineering application are for —Supporttk
for agricultural tractor, Tractor life arm, Check beam for liftin@dk, Mine cage guid
brackets, Gear wheel and pinion blanks and brake drum, Machines worm syaaheEl,
Thrust bearing, Frame for high speed diesel engine, Four throw crankshaft, etc.,

Stage
at the

e of

racke

al

s
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Spheroidal Graphite (SG) iron : Nodular cast iron

Ferrite(White)

Ferrite | &

Graphite(black)

Pearlite(grey)
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Malleable Cast Iron

White Cast Iron Malleablize ___ Malleable Cast Iri

To Increase Ductility

L As we discussed earlier that cementite is actually a metastable.phiasre is a tendengy
for cementite to decompose into iron and carbon. This tendency to form frieencarthe
basis for the manufacture of malleable cast iron.

[ The reaction ofFe,C == 3Fe + Cis favored by elevated temperatures, the existence of solid
nonmetallic impurities, higher carbon contents, and the presence of eletinantsd the
decomposition of F£.

U

Categorize into 3 categorie: Ferritic, Pearlitic anc Martensitic Malleable Cas Iron.

U

ferritic malleable Irons require a two stage annealing cycle. :firebnverts primary
carbides to temper Carbon.

A4

L Second: converts Carbon dissolved in Austenite at the first-stage anniaipgrature tc
temper Carbon and Ferrite. Consists of temper Carbon in a matrix otd=eiontain g
slight amount of controlled Iron.

O Pearlitic :1st stage identical to that of Ferrite. Casting is slovagled to approx 870°C.
When the combined Carbon content of the Austenite is reduced to about .75% the gastings
are air cooled. Usually air blasted to avoid the formation of ferrite arahedtempet
Carbon particles. Then, the castings are tempered to specified time.
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Malleable Cast Iron

Stage |

* (940-960¥C (Above eutectoid temperature)
» Competed when all Cementite Graphite

\ 4

A: Low T structure (Ferrite + Pearlite + Marten¥ite (y + Cementite)

A 4

B: Graphite nucleation sfCementite interface

(rate of nucleation increased by C, S)
(S ¢ solubility of Cin = 7 driving force
for growth of Graphite)

A 4

C: Cementite dissolves C joining growing Graphite plate

|4

Time for
Graphitization
in Stage |

Spacing between Cementite and Graphite
£ spacing = ¢ time (obtained by faster cooling of liquid)

S

Addition of Alloying elements

— which increase the nucleation rate of Graphite temper nodules

SiT=td
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Malleable Cast Iron

* (720-730)C (Below eutectoid temperature)

Stage i « After complete graphitization in Stage-! Further Graphitization

1 Slow cool to the lower temperature such thaloes not form Cementite

 C diffuses throughy to Graphite temper nodules
(called Ferritizing Anneal)

 Full Anneal in Ferrite + Graphite two phase region

- Partial Anneal(Insufficient time in Stage || Graphitization)
vy — Ferrite is partial and the remainigpdgransforms to Pearlite
= v — Pearlite + Ferrite + Graphite

o If quench after Staged> y — Martensiteg(+ Retained Austenite(RA))
(Graphite temper nodules are present in a matrix of Martensite and RA)

Fe,C (WCI) -9 > Graphite Temper Nodules (Mallde Iron)

2 stage heat treatment” /
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Malleable Cast Iron

Pearlitic Matrix Ferrite(White)

Graphite(black)

Pearlite(grey)

| . s Ferrltchatrlx |
Part|aIIy Malleabilized Iron - ol
— Incomplete Ferritizing Anneal '

Ferrite(White)

Graphite(black)

10pm um

Fully Malleablllzed lron
—Complete Ferritizing Anneal



Compacted graphite Cast Iron

O Arelatively recent addition to the family of cast ironsc@mpacted graphite (CGl).

O Micro structurally, the graphite in CGI alloys has a worm-like (or vexmar) shape; a
typical CGI microstructure. In a sense, this microstructure is mmégliate between that of
gray iron and ductile iron and, in fact, some of the graphite (less than 20%) mag|be

nodules.

O The chemistries of CGls are more comp 't - L i
than for the other cast iron types; composm( @ \
of Mg, Ce and other additives must by 3 oY .,

< i T &
controllec SC as to product a mlgrostructur VermICUIaI‘ sha e /f S
that consists of the worm-like graphif -

particles, while at the same time limiting tl

, ) r “\\ J dFerrltlc Matrix
degree of graphite nodularity, and preventji . \ Bl 9
A h\ t.

the formation of graphite flakes. Furthermof
depending on heat treatment, the matrix phe
will be pearlite and/or ferrite.

JGraphlte Nodu

O CGI are now being used in a number
important applications — these include: dief
engine blocks, exhaust manifolds, gearb
housings, brake discs for high speed trains
flywheels.




Alloy Cast Iron

d Cr, Mn, Si, Ni, Al
O T the range of microstructures

 Beneficial effect on many properties
> T high temperature oxidation resistance
> T corrosion resistance in acidic environments
> T wear/abaration resistance

Graphite freg

Alloy Cast Irons

Graphite bearing
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Chromium addition (12-35 wt %)

= Excellent resistance to oxidation at high tempeestu
= High Cr Cast Irons are of 3 types:
 12-28 % Cr» matrix of Martensite + dispersed carbide

d 2934 % Cr» matrix of Ferrite + dispersion of alloy Tarhides
[(Cr; Fe)Z?,CBT (Cf.,Ee}C_?,l e

I\

d 15-30 % Cr + 10-15 % N#¥ sfépley+ carbides [(Cr,Fg)C, (Cr,Fe)Cj]
Ni stabilizes Austenite structure °
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Nickel Hard Cast Iron

] Stabilizes Austenitic structure

Q T Graphitization(suppresses the formation of carbides)
 (Cr counteracts this tendency of Ni for graphitiza}
3 | Carbon content in Eutectic

(J Moves nose of TTT diagram to higher timeseasy formation of Martensite

- —-——
e -
_ -
~~

- -
- -
-~ - -

Good abrasion resistance

Needles of Martensite

Transformation sequence

» Crystallization of primary

» Eutectic liquid— v + alloy carbide
» ¥ — Martensite
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Nickel Resist Cast Iron

Graphite plates g,

Dendrites ofy
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Silicon (Silal) Cast Iron

-
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Some other types of Cast Irons

Chilled Cast Iron

 Chilled —iron castings are made by casting the molten metal against a metal
chiller, resulting in a surface of white cast iron. This hard, abrasion-resistant
white iron surface or case is backed up by a softer gray iron core.

O This case-core structure is obtained by careful control of the overall alloy
composition and adjustment of the cooling rate.

Mottled Cast Iron

O Solidifying at a rate with extremes between those for chilled and gray irons, thus
exhibiting micro structural and metallurgical characteristics of both

High-Alloy Graphitic Irons

 Produced with microstructures consisting of both flake and nodule structures.

Mainly utilized for applications requiring a combination of high strength and
corrosion resistance.
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a
5
m
L=
=2 b
=
- - it ’
Commercial cast iron range —-| -— Feql G
¥ Mg/Ce §
¢ N, i )
Fast cool Modearate Slkow cool Moderate Stow cool
P+ FesC PGy e+ Oy P+ Gy,

4

White ‘\ Paarlitic gray Ferritic. gray Paarlitic Farntic
cast jron cast ron caskiron ductile ductile
cast imon cast iron

Faheat: hold at
= TOEC for30 + h

.

Fast conl Slowr cool
P+G, i+ Gy

~

Graphite flake - G
Graphite nodules - G
Graphite rosettes -rG)

FPoarlitic Ferritic
matleabla malleable 308
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Stainless Steels

 Stainless Steels are a large group of special alloys developed pyimarivithstand
corrosion. These steels contain chromium in excess of 12% by weight which imparts

“stainless” characteristics to iron alloys.
O Classification :

Stainless Steels
Martensitic SS Duplex SS

Ferritic SS Austenitic SS Precipitation Hardened S$

[ AISI Grade of stainles steel:

Series Designation Groups

2XX Chromium-Nickel-Manganese; Nonhardenable,
Austenitic, Nonmagnetic

3XX Chromium-Nickel; Nonhardenable, Austenitic,
Nonmagnetic

AXX Chromium; Hardenable, Martensitic, Magnetic

AXX Chromium; Nonhardenable, Ferritic, Magnetic

5XX Chromium; Low chromium; Heat-Resisting
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Martensitic Stainless Steels

and 1%S.i.

O Heat Treatment

resistance and strength

O These are primarily straight chromium steels with 11.5 to 18% Cr, 0.15%25%d Mn,

0 Common examples are 403, 410, 416, 420, 440A, 501 & 502 (AISI grades).
 Used for turbine blades and corrosion resistant applications

v" Process Annealing> 650 - 760C, 1 ductility and machinability
v Austenitizing— 925 -1063C followed by oil quenching or air cooling}, corrosion

‘-.rl

. Suﬁﬁde parflcles A7
i ‘.1.';‘,:_‘ (tmproves‘rhae_hmabmty)r

Microstructure of annealed 416 stamless steel

etched with Vilella's reagant

Mlcrostructure of hardened type 403 stalnless
steel etched with 4% picral-HCI| 311




Austenitic Stainless Steels

U0 O0Oo0o0D0

These are chrome-nickel (3xx type) or chrome -nickel- manganese(2xx type) alloys.
Total content of Niand Cr is at least 23%.
Difficult to machine but can be improved by addition of selenium of sulfur.
Best high temperature strength and scaling resistance. Hence showsdoestion
resistance
Used in chemical industry and for household and sanitary fittings.
Heat Treatment
v Cold working causes work hardening but hot working can easily be done.
v Annealing at high temperatures Recrystallization and carbide solution
v" Solutior treatmer — Dissolutior of chromiun carbide

Equiaxed grains

it

Annealing twins

Microstructure of annealed type 316L austenitilm$gtas
steel etched in 20% HCI, 2% NH4FHF, 0.8% PMP 312




Ferritic Stainless Steels

a

cCo0 O

These are primarily straight chromium steels with 14 to 27% Cr. Carbastacted both to
maintain high toughness and ductility and to prevent austenite formation (As carbon
expands the gamma loop)
These steels can be cold formed easily and hence are used for deep drssvsuphras
vessels for food and chemical industries and for architectural and automative tr

Heat Treatment

Can be cold or hot worked.

Annealing —» 760 - 966C, Recrystallization of cold-worked structures achieves
maximum softness, ductility and corrosion resistance.

A4

Single-phase microstructure of an
annealed ferritic stainless steel

Microstructure of annealed ferritic stainless stewitaining
26% Cr and 1% Mo, etched electrolytically in 60% GINH,O 313



Precipitation Hardened Stainless Steels

O Contains Mo, Nb, Ti or Al in addition to basic composition. Ni content is gengialis to
reduce the stability of austenite.

0 Common Grades are: 630/17-4 PH (17% Cr, 4%), 631/17-7 PH,15-5 PH etc.

[ Provides high strength and toughness while maintaining the corrosion resisteastamlafss

aerospace industry.
O Strengthening is accomplished by the precipitation of intermetallic compouwntds &s

NiAl in austenitic or ductile low-carbon martensitic matrices.
0 Heat Treatment

transformatio of austenit to martensit. After forming agein¢ (48C-62C° C) is carriec
out to cause precipitation effect.

v" More is the ageing temperature, better is the ductility, toughness andanesisto
Stress COITOSION. papase. sy - o -

“sl Fine, disc-shapec
® 7' precipitates

Microstructure of 17-4PH alloy solution Microstructure of an aged austenitic
treated at1038C and aged at 495C precipitation-hardening stainless steel

steels. Also shows excellent elevated-temperature performance enddely used in the

v" These steels are usually solution — annealed followed by air cooling étheisultant

|14




Duplex Stainless Steels

O Duplex stainless steels by design have nearly balanced amounts of ferriteshelitz.

O Compositions of duplex stainless steels range from 17 to 30% Cr and 3 to 13
Molybdenum, a ferrite stabilizer, is also typically present.

[ Shows higher strength and better resistance to stress corrosion. Danrdasglity at low
temperature is compensated by increased rates of strain hardening diraineinduceg
transformation of austenite to martensite

d Used in petrochemical industry (for handling wet an dry.,C&bur gas and oil products
heat exchanges (welded tubing), chemical, industries etc.

0 Heat Treatment

v" Thermomechanical processing is accomplished in the two-phase ferritaitaifitdds.

v" Amounts of ferrite anc austenit formec durin¢ hot working or annealin: are a functior
of temperature. Higher temperatures produce larger amounts of ferrite. ,Hewig
working temperatures must be kept between 1000 - 4200

Ferrite

Austenite

N *-1.5-

¢ ~ “1"'?*)#/’/ t"-‘?l"}L P._};..:nj.r 7

Microstructure of duplex stainless Microstructure of cold worked and
steel 7Mo-Plus annealed duplex stainless steel Al 2205315

0 Ni.




Tool Steels

O Tool steel refers to a variety of carbon and alloy steels that arecpkatly well-suited to be
made into tools.

O Characteristics include high hardness, resistance to abrasion (exaedar), an ability tc

hold a cutting edge, resistance to deformation at elevated temperaradsafidness).
 Tool steel are generally used in a heat-treated state.

AISI-SAE tool steel grades

A\l 4

Defining property AISI-SAE grade Significant charagcs
Water-hardening wW
@) Oil-hardening
Cold-working A Air-hardening; medium alloy
D High carbon; high chromium
Shock resisting S
T Tungsten base
High speed
gnsp M Molybdenum base

H1-H19: chromium base
Hot-working H H20-H39: tungsten base
H40-H59: molybdenum base

Plastic mold P

L Low alloy

Special purpose
P PP F Carbon tungsten 316




Tool Steels and their uses

L Shock resisting tool steets Intended for applications requiring toughness and resistance to
shock-loading such as hammers, chisels, punches, driver bits and others.

O Water hardening tool steels Shallow hardened and relatively low resistance to softening.
They are suitable for woodworking tools, hand-metal cutting tools such as tapsaamdrse
and cutlery.

Steels for Room Temperature Use (Classified according to their quenchatigime

O Water hardened grades (W Plain carbon steels with 0.6-1.0 %C. These have a|low
hardenability, ie., martensite only to a depth of 0.5 in. V can be added gfM@8;)to
improve the hardness and wear resistance of these steels.

O Shocl resistar grade (S) — Contair smal amount of Cr or Mo anc are quenche in oil.
They have lower C contents (0.5%) to improve impact strength.

O Oil hardened grades (G» Small percentages of Cr and W with 0.9 %C. The have medium
hardness and are used to short run cold forming dies.

O Air hardening grades (A)» Greater amounts of Cr and Mo and 1 %C. Used |for
complicated shapes and thread rolling. Mo and W are relatively expensihegare only
added in small amounts to give much improved hardenability.

O High carbon, high Cr grades (D grade} 12 %Cr and 1.5-2.25 %C are extremely wear
resistant and used for long run dies and for gauges. Chromium is a relativelgd
addition for increasing hardenability with the excess Cr,,,Cy is also formed, whic

Improves wear resistance. 317




Tool Steels and their uses

O Chromium hot working steels (H grades)5-7 % Cr, 0.4-1.0% V, 1.5-7.0% W, 1.5% M
0.35% C. Medium hot working for Mg and Al extrusion die-casting dies.

O Tungsten hot working steels (H-» 9.5-12 % W, 3.5-12.0 % Cr, 0.35 % C. Hot workin
extrusion and forging dies for brass, nickel and steel.

O Tungsten high speed steel (5 12-18 % W, 4.0 % Cr, 1-5% V, 0.7-1.5 % C. Original hi
speed (HS) cutting steel with excellent HT wear resistance.

0 Molybdenum HS steel (M} 3.5-8.0 % Mo, 1.5-6.0 % W, 4.0% Cr, 1-5% V, 5 % Co, 0,

D,
g,
gh

8-

1.5 % C. Used for 85% of US cutting steels before the advent of ceramic cutting tools

Heat Treatment Processes L TOOL STEEL PROCESSING

FORGING/ROLLING
r’

ANNEALING

SLOW COOLING {~0°C/n}

______ - e st oren

Schematic diagram of tool
steel processing up to the
final hardening heat
treatment

STRESS RELIEF

TEMPERATURE

MACHINING HARDENING
#

TIME 318



Spring Steels

[ Steels possessing high elastic limit, toughness and fatigue strength aablesuibr
manufacturing springs.

L Depending on the service conditions, a number of steels can be used for making springs.

L These desirable properties of spring can be achieved firstly by a higher cashtantor
with suitable alloying elements, and secondly by heat treatmentl §idags are used in
hard, high strength condition. To attain these properties springs are hardenethpackt:

O High carbon steels are the cheapest among all the grades of spring stesks sideds are
used in either hardened and tempered condition or in patented and cold-drawnocendit

Heat Treatment Processes Soeking Time

(1 mch /br). 870°C

o/ | Coiling in Air
—| ,u"ll
:% i / S
oL
E: g Tie (1 br~3hr)
Bt g| /Tenperature (408°C~ 550°C)
T =
I & Tenpering
Hardenit Air Cooling
I||Ilgl.llIIIIIIIIIIIIIIIIIIIIIIIH-\-\-IH-""I"—
Tine (nummite)

Heat Treatment Cycle for Spring Steel Treatment



Bearing Steels

O The Oxford English Dictionary defines a bearing "as a part of a machinelloavs one
part to rotate or move in contact with another part with as little frictispassible".

O Additional functions include the transmission of loads and enabling the accacattoin of
components. A bearing may have to sustain severe static as well as ©adis While
serving reliably in difficult environments.

] Steels are well-suited in this context, and in their many formgresent the material of
choice in the manufacture of bearings.

T Ability to manufacture: ; - 9
rallliiznggﬁllacl machining, forming D;'.ar:;{;.l!;g b
; ; forging. grinding P _/ I [ - — L
:ri;?klg?ﬁx:'?ta heat-treatments i ™, [
dimensianal control N axial s |
tolerance to variations direction . —
"éﬁt“'d”;f [ Toughress J | | R
reng (. o P et
. ( Hardenability ) ‘\\ / circumferential S —/]
Hydrogen ][ Duetility = s section ;
resislanse | e
Cmr;tnsiun (Thrr_:-ugh lif: cost )
NeGIEEancs — . ays . . 0 o 0 0
Reliability Definitions of directions. The over-rolling direction igat
in which the contact point between the ball and raceway

_ _ _ _ moves, relative to the inner ring. Notice that the
Metallurgical and engineering requirement: circumferential section is normal to the circumferential

which are necessary features of bearing ste direction. The axial and radial sections would similarly be
on planes which are normal to the respective axial and

radial directions. The contact angle IS imzportant in
bearing design. 320



Bearing Steels : Heat Treatment

O EFFECT OF RETAINED AUSTENITE A quenched high-carbon chromium bearing steel
contains retained austenite in a range of several % to 15%, though this perceanaggy
depending on the heating temperature before quenching. Because retained ausjenite |
essentially a soft, unstable structure, it has been believed that tdo r@iained austenite in
a bearing steel material will cause the material to be less hatdrre wear-prone as well
as lead to greater deformation from aging (in other words, poorer dimensiaigitg).
Therefore, people believed that a lower retained austenite content is favorable

 CARBONITRIDING PROCESS In carbonitriding process, propane or butane is fired to
generate reformed carburizing gas into which 5- 15% of ammonia gas is addebytivere
the sc formec atmospher C anc N are allowec to simultaneousl ente anc get diffusec in
a bearing steel material

O Nitrogen diffused in the surface layer stabilizes retained austeflitmisequently, the
amount of retained austenite is greater after quenching, and, at the isaméhe solution
of nitrogen helps enhance resistance to temper softening, thereby thg amhtact fatigue
life of bearing steel is extended.

0 CRYSTAL GRAIN REFINEMENT PROCESS As described above, the technologies [for
longer bearing life so far attempted use effects of either retainecratestor nitrogent
derived enhanced resistance to temper softening. In addition to these lorgegdde-
endowing material factors, a new technology has been developed since the year 2000
wherein the new technology features adoption of a novel longer bearing life-amglpwi
factor that is based on crystal grain refining technique. 31
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Bearing Steels : Heat treatment

Heat treatment cycles for selected bearing steels

Warm oil
guenching Cryogenic Tempering
Alloy Treatment Pre-heat/time Austenitization (0L0)) gquench step. (T.5.) #of T.5
52100 1 1550 °F (843 *C)yf30 min  120-130 °F =120 °F 325 °F (163 °C¥2 HR 2
_ 519-55 “C) (=49 °C)y1 HR
52100 2 1550 °F (843 *C)30 min 0. 325 °F (163 °C¥2 HR 2
52100 3 1650 °F (899 °C)y30 min  O.Q. 125 °F (163 °CWV2 HR 2
52100 4 1650 °F (899 *C)30 min  O.Q. 275 °F (135 °C¥2 HR 2
4400 1 1550 °F (843 °C)y/30 min 1950 °F (1065 °CY15 min  120-130 °F =120 °F 150 °F (177 °C¥2 HR 2
_ _ 519-55 %C) (=49 °Cy1 HR
4400 2 1550 °F (843 °C)y30 min 1950 °F {1065 °CY15 min  O.Q. 150 °F (177 °C¥2 HR 2
4400 3 1550 °F (843 °C)30 min 2050 °F {1121 *C)15 min Q.. 350 °F (177 *C¥2 HR 2
4400 4 1550 °F (843 °C)y30 min 2050 °F {1121 *Cy¥15 min  O.0Q. 275 °F (135 °C)2 HR 2
REX20 1 1550 °F (843 °Cy30 min 2175 °F (1190 *C)Y15 min  120-130 °F =120 °F 1000 °F (537 °C)y2 HR 3
_ _ 519-55 %) (=49 °Cy1 HR
REX20 2 1550 °F (843 °C)30 min 2175 °F (1190 *C)15 min  O.Q. 1000 °F (537 °C)y2 HR 3
REX20 3 1550 °F (843 °C)y30 min 2220 °F {1215 °Cy15 min  O.Q. 1000 °F (537 °Cy2 HR 3
REX20 4 1550 °F (843 °C)y30 min 2220 °F {1215 *C)y15 min Q.. 800 °F (427 °C¥2 HR 3
CRUSOD 1 1550 °F (843 °C)y/30 min 2100 °F (1149 °CY/15 min  120-130 °F =120 °F 975 °F (524 °C)2 HR 3
. . 519-55 %C) (=49 °C)y1 HR
CRUSO 2 1550 °F (843 °C)y30 min 2100 °F (1149 °Cy15 min  O.0Q). 975 °F (524 °C)2 HR 3
CRUS0D 3 1550 °F (343 °C)y/30 min 2175 °F (1190 *Cy15 min  O.0Q. 975 °F (524 °C)2 HR 3
CRUEO 4 1550 °F (843 °C)f30 min 2175 °F (1190 *C)15 min  O.Q. 500 °F (260 *CW2 HR 3
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Maraging Steels

O Maraging Steels are ultrahigh strength steels based on Fe-Ni system.

O They derive their excellent properties due to combination of two solid statéoea:
MAR + AGEING

= Meaning, Martensitic transformation in Fe-Ni system and its subsequeinigage

L Fe-Ni martensite serves as an excellent host for a number of alloying rtemadich
strengthen the steel on subsequent ageing.

Excellent M echanical
Properties

Good Processing and
Fabrication Characteristics

Simple Heat Treatment

1. High strength and
high strength-to-
weight ratio.

2. High plane strain
fracture toughness.

3. High notch
toughness

4. Maintains high
strength up to at least
350°C.

1. Very good Hot and cold

formability.

2. Work-hardening rates are
low.

3. Excellent weldability,

either in the annealed or| 3

aged condition.
4. Good machinability.

No quenching required. Softeneg
and solution treated by air cooling
from 820-900°C.

Hardened and strengthened by
ageing at 450-500°C.
No decarburization effects

Dimensional changes during age
hardening are very small — possilje
to finish machine before hardeninp.

Can be surface hardened by
nitriding.

323




Maraging Steels : Martensitic Transformation

Austenite §) < Martensite ¢) transformation in Fe-Ni systems depend on Ni content
Fe-Ni transformation diagram developed by John & Pumphrey

Gilbert & Owen established that at least 18% Ni was essential to favaurtensitic
transformation in Fe-Ni system

O At lower concentration of Ni, because of higher temperature, thermodynamditmns do
not favour diffusion less transformation aod ferrite is formed

U OO

O The nature of transformation, nevertheless, alsgz-
depends on other alloying elements and interstitialg. =X -

O Blocky type of martensit has beer founc to occui ::32 \\\
over a wide range of Nickel (10-25%). | \\ =

O In Maraging Steels, on solution treatment, thgooor \\ T“““%"‘mtg“%‘*"
austenite transforms to blocky martensite having bg¢. [ \\\ ' AN
crystal structure irrespective of cooling rate. % 700 N7

O Microstructure produced by annealing 1 hr at| ..l i N |
800°C; 100% bcc phase (Figure a) | D

O Microstructure produced by Annealing 1 hr at | sl "00“"“\ |
1240°C; 100% bcc phase. (Figure b) il ~—~—%i(f

=100
0

5 e} 15 20 25 30 35
NICKEL, %

: : 324
Fe-Ni transformation Diagram



Maraging Steels : Martensitic Transformation

Microstructure produced by annealing Microstructure produced by Annealing
1 hr at 800°C; 100% bcc phase 1 hr at 1240°C; 100% bcc phase.
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Maraging Steels : Precipitation Reaction

Presence of large hysteresis gap betweer y transformation on cooling and heating I
made it possible to reheat transformed to a sufficiently higher temperature for aging

On aging rapid increase in hardness and other mechanical properties takes place

The optimum temperature and time to get best combination of stre
toughness in 18 Ni-Co-Mo type Maraging steels have been found to
48C°C in 3-4 hrs
Fe-Ni Martensite serves as an excellent host for a number of alloying etenwehich on
ageing results in precipitation of Intermetallics as second phase pariclthe softo
matrix.

700\
MARAGING
TEMPERATURE
600
" x—jg.<
[4)) . 1
£ 500 * - . A
g \
400~
3005V o3 0 ) 100 1000
TIME, HOURS

Effect of maraging steel on hardness of 18% Ni steel. Initzadhealed at 81%*°

as



Maraging Steels : Precipitation Reaction

L These fine particles act as obstacles to dislocation movement and spenséle for
increase in strength.

O Itis generally agreed that precipitation stages involved in these typeeab$ stiee;

a. Uniformly precipitated Mo-rich zones in under aged condition
(<450°C and smaller duration)

b. Metastable NiMo as primary precipitate at temperature as one
(>450C°C for shorter period)

c.Ni;Ti/ o- Fe Ti as Secondary precipit

d. Ni;Ti and stable E#Mo on longer aging at 48Q

e. Stable FsMo coarse precipitate and reversed austenite in over aged condition.

327



Maraging Steels : Heat Treatment

One of the major attractive feature of maraging steels is their simpletfezdment. The

alloys are normally solution treated at 820

Solution annealing at 820 is sufficient to give complete recrystallisation of hot work

structures and ensures fully austenitic phase from which martensite céorrbed on
cooling.

Soaking for 1 hr. for every 25mm thick section is employed. Air-cooling fromgalution
annealing temperature is adequate to transform austenite to fully mactestsucture
throughout the cross-section.

The above also implies that there is no hardenability band in this type ofsalldhe high
strengtl propertie are develope in relatively shor time on agein¢ al 48(°C, the standar

ageing time being 3-4 hrs.

The over ageing tendency at this temperature is very slow even after 100 hrs.rngf.agei

Since the steel contains very low carbon there is no decarburisation in tieete \shile
heat treating.

Maraging steels components can be finish machined in soft annealed condiib
subsequently age-hardened.

Mechanism of maraging steel is such that minimum dimensional changes are ensuredl.

Absence of retained austenite further ensures that there is no dimensional rhaeagece.
During maraging treatment, a very small uniform contraction occurs.

|4
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High Strength Low Alloy (HSLA) steels

A general description of HSLA steel is as that containing:
1. low carbon (0.03-0.25%) content to obtain good toughness, formability,
weldability,
2. one or more of the strong carbide-forming microalloying elements (MAES), (¥,
Nb, or Ti),
3. agroup of solid solution strengthening elements (e.g., Mn up to 2.0% and Si), an(
4. one or more of the additional MAEs (e.g., Ca, Zr) and the rare earth elen
particularly Ce and La, for sulfide inclusion shape control and increasing toughne
In many other HSLA steels, small amounts of Ni, Cr, Cu, and partigulsib are alsg
present, which increase atmospheric corrosion resistance and hardenability
A very fine ferrite grair structure in the final produc produce: by a combinatiol of
controlled rolling and controlled cooling with an optimum utilization of midlogng

additions, in HSLA steels, is an important factor in simultaneouslyeiasing strength and

toughness and decreasing the ductile—brittle transition temperature (to as {@@C).
Carbides (NbC, VC, TiC), nitrides (TiN, NbN, AIN), and carbo-nitridesg(e V(C,N),
Nb(C,N), (Nb,V) CN, (Nb,Ti) CN) are the dispersed second-phase pegtibat act as grai
size refiners or dispersive strengthening phases in HSLA steels.

HSL A steels are successfully used as ship, plate , bar, strucectbiss, and forged bar

products, and find applications in several diverse fields such as oil and gasespan the
automotive, agricultural, and pressure vessel industries, in offshoréusgs@nd platform
and in the constructions of crane, bridges , buildings, ship buildings, railaak cars, an(
power transmission an d TV towers. 329
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Classification of HSLA steels

Weathering steels

O Steels containing ~0.1% C, 0.2-0.5%Cu, 0.5-1.0%Mn, 0.05-0.15%P, 0.15-0.90%#§i, and
sometimes containing Cr and Ni, exhibiting superior atmospheric corrosiornarmses
Typical applications include railroad cars, bridges , and unpainted buildings.

Control-rolled steels

[ Steels designated to develop a highly deformed austenite structure by g (aticording
to a predetermined rolling schedule) that will transform to a very fine egdiderrite
structure on cooling .

Pearlite-reduced stee!

~

[ Steels strengthened by very fine-grained ferrite and precipitdtéodening but with low
carbon content , and therefore exhibiting little or no pearlite in the micrdsireic

Dual-Phase steels

 Steel comprising essentially fine dispersion of hard strong martensitsomgtimes also
retained austenite or even bainite in a soft and fine-grained femé&ix. The volume
function of martensite is about 20-30%. Steels are characterized by continuddiagyje
(i.e., no yield point elongation), low yield stress (the YS/UTS ratiomgeround 0.50), high
UTS, superior formability, and rapid initial work-hardening rate. Additibpdahey possess
greater resistance to onset of necking (i.e., plastic instabilityhenuniaxial sheet materlal
forming process to provide large uniform strain.




Micro alloyed steels

0 Conventional HSLA steels containing V, Ti, or Nb, as defined above. They exhibit

discontinuous yielding behavior.

Acicular Ferrite steels

O Very low -carbon (typically 0.03-0.06% ) steels with enough hardenabilitMbyMo , Nb
, and B additions) to transform on cooling to a very fine, high-strength aidelrite

structure rather than the usual polygonal ferrite structure. In addididngh strength and

good toughness , these steels have continuous yielding behavior.

Low carbon bainite steels

L Steel: are strengthene by bainite with very fine grains anc precipitation. They contair

0.02-0 .2% C, 0.6-1. 6% M n, 0.3-0. 6% Mo, and MAEs (such as V, Nb, Ti, and B), usually

containing 0.4-0.7% Cr. The yield strength of these steels is higher than 498, Mith
good toughness.

Low carbon martensite steels

[ Steels are strengthened by martensite with high hardenability (byi@ddf Mo, Mn , Cr,

Nb, and B) and fine grains (by Nb addition ). These steels contain 0.05-0.25%C,Q2&—2

Mn , 0.20-0.50 Mo, and MAEs (such as Nb, Ti, V, and B). Some steels containini
amounts of Ni, Cr, and Cu, after rolling or forging, and directly quenching and tentp
attain a low -carbon martensite structure with high yield strength (78IB-MPa ), high
toughness (CVN 50-130J), and superior fatigue strength.
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Dual Phase Steels

O Dual — Phase (DP) steels were developed in the mid-seventies in ordetidfy she

O Three basic approaches exist for the commercial production of dual phase steels

increasing needs of automotive industry for new high strength steels, whichim®
significant weight reduction improved crash performance, while keeping #mifacturing
costs at affordable levels.

Duel-phase steels are characterized by a microstructure consistendired dispersion o

hard martensite particles in a continuous, soft, ductile ferrite mafhe term ‘dual-phase

refers to the presence of essentially two phases, ferrite and maateémshe microstructure
although small amount of bainite, pearlite and retained austenite may alsedampr
Irrespective of the chemical composition of the alloy, the simplest waghbtain a dua
phase ferritic-martensitic steel is intercritical annealing o¢mitic-pearlitic microstructurg
in the a+y two phas: field. Followec by a sufficiently rapic coolinc to enablt the austenit
to martensite transformation.

a) The as-hot-rolled, where the dual phase microstructure is developed durir
conventional hot-rolling cycle by careful control of chemistry and proces
conditions.

b) The continuous annealing approach, where hot-or cold rolled steel strip idathaoid
annealed intercritically to produce the desired microstructure.

c) The batch- annealing, where hot or cold-rolled material is annealedeincaiied

i

—
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condition.
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Dual Phase Steels

Cc o o 0O O

O

O

Box or batch annealing was mainly considered for economical and practisah®hy stee
makers where continuous facilities were not available.

Dual-phase steels could be obtained by means of batch annealing in thetinénegion
for approximately 3h to ensure homogeneity, followed by very slow cooling.

Due to extremely low cooling rates, much higher alloying contents wecessary tq
achieve the desired hardenability (i.e., 2.5%Mn, 1.5%Si, 1.0% Cr).

On the other hand, dual-phase steel production in the hot strip mill demarasepcentrol

of they — a transformation, because the transformation starts from single phase austenit

The determination of an accurate CCT diagram via dilatometry, wherentheemces of
alloying elements, heat treatment conditions and desired propertiesegeated, is of great
importanc: for the succes of proces.

The critical point is the “correction” of the CCT diagram to include the preseaaf strain in
austenite (to simulate real process conditions.

The use of continuous annealing lines (CAL) offers the advantages of high productiqr
better uniformity of the steel properties and, furthermore, the posgilmfitusing lower
alloyed steels (having lean chemistry).

In continuous annealing lines three types of cooling are utilized, (a) waterrched, (b)
ges-jet cooling and (c) air cooling. The use of CAL equipped with water quenchailgies
makes possible an easy and economical production of dual phase high strength steel
The basic heat cycle involves intercritical annealing and subsequent wadechyng to
form the ferritic — martensitic microstructure. If necessary (agditgy to application), &
tempering stage follows 333
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Dual Phase Steels
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Introduction

d

d

U

(R W N

Metallic materials, when considered in abroad sense, may be divitietivo large groups
ferrous and non ferrous.

The ferrous materials are iron-based, and the non ferrous materials havelsomeat other

than iron as the principle constituent .

The bulk of the nonferrous materials is made up of the alloys of copper, alum
magnesium, nickel, tin, lead, titanium and zinc.

Other nonferrous metals and alloys that are used to a lesser extemianchdmium
molybdenum, cobalt, zirconium, beryllium, tantalum, and the precious mgtdds silver
and the platinum group.

— This chapter will be concerned with the more important nonferrous metals and alloys
These are as follows.

Copper and copper alloyBronze and Brass)
Aluminum and aluminum alloys

Titanium and Titanium alloys

Superalloys (Mainly Ni-base )

336
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Classification

Copper and Copper Alloys

!

A 4

\4

Pure Cu Cu- alloys
Brasses Cupronickel Brasses

Deformable alloys Cast alloys
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The properties of copper that are most important are high electrical ananhah
conductivity, good corrosion resistance, machinability, strength, and easyaftatn.

Most of the copper that is used for electrical conductors contains over 99.hpeogmer,
and is identified as electrolytic tough-pitch copper (ETP) or oxygen-frgk-bonductivity
copper (OFHCQC).

ETP copper contains from 0.02 to 0.05 percent oxygen, which is combined with cap
the compound cuprous oxide (). As cast, copper oxide and copper form an ir
dendritic mixture. After working and annealing, the inter dendritic networklastroyed
and the strength is improved.

Oxygen-free copper is used in electronic tubes or similar applicationsibedtmakes i
perfect seal to glass.

Arsenical copper : 0.3 % arsenic has improved resistance to special corrosive conditions.
Free cutting copper : 0.6 % tellurium excellent machining properties.

Slver — bearing copper : 7 to 30 oz/ton. Slver raises the Recrystallization temperature of
copper, thus preventing softening during soldering of commutators.

Heat treatment processes which are relevant to copper and copper allclysie
homogenizing, annealing and stress relieving.

er

per a
\ter
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Heat Treatment of Copper

a
a

a

O U

In the case of pure copper, the heat treatment processes which is adopted imgnneal

The purpose of annealing is to achieve the original ductility and softnessldaworked
copper.

Pure copper is annealed at about 600°C. After holding at this temperature fertsoe;
copper is quenched in cold water.

Annealing temperature of copper is higher than its recrystallization tetyer(270°C).
Water quenching removes scale formation and gives clean surface of copper.

Annealin¢ above 60C°C doe: nol have any significan effeci on coppe excep that grair
coarsening occurs.

Grain coarsening is undesirable since it reduces ductility.
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Introduction

d

Brasses are essentialdioys of copper zinc. Some of these alloys have small amounts$ of
other elements such as lead, tin, or aluminum.

The portion of the binary copper zinc pha
diagram which is applicable to commerc
alloys is shown in Fig.

The solubility of zinc in the alphaoj solid
solution increases from 32.5 % at 910 °C
abou 39 % ai 45E °C.

Since copper is F.C.C , the solid solution is
F.C.C the betaff) phase is B.C.C electro
compound and undergoes ordering, indice
by a dot-dash line, in the region of 455 to 4
°C.

On cooling in this temperature range the B.C.

B phase, with copper and zinc atoms randol
dispersed at lattice points, chang
continuously to the ordered structyie which
is still B.C.C.
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Alpha Brasses

L But with the copper atoms at the corners and zinc atoms at the centers of thelhast The
ordering reaction is so rapid that it cannot be retarded or prevented by gngn€he bes
combination of strength and ductility is obtained in 70Cu-30Zn brass.

O The commercial brasses may be divided into two groups, brasses for cokihgvolo
brassepand brasses for hot working plusf3 brassep

™t

Alpha Brasses
(upto 36% Zi)

Yellow Brasses /

Red Brasses

)n

a)

»

ASS

inc.
are

1. These contain 20-36 % Zn

2. It is common practice to stress relief anneal
these brasses after severe cold working
prevent season cracking.

3. Seaso cracking or stres corrosior cracking
is due to the high residual stresses left in the
brass as a result of cold working.

4. Dezincification and Plug-type dezincificatic

5. Most widely used yellowo brasses ars
cartridge brass (70Cu-30Zn) and yellow brz:
(65Cu-35Zn)

1. These contain between 5 and 20 percent z

2. The most common low zinc brasses

gliding metal (95Cu-5Zn), commercial
commercial bronze (90Cu-10Zn), red bra

ASS

(85Cu-15Zn) and low brass (80Cu-20Zn)




Alpha plus Beta Brasses

[ These contain from 54 to 62 % copper. And this alloy consist of two phasasip’. The
B’ phase is harder and more brittle at room temperature thdaherefore, these alloys a
more difficult to cold work than the brasses.

may be heated into the single phdiseegion, they have excellent hot-working properties.

excellent hot-working properties.

O Muntz metal is used in condenser heads, perforated metal and architeaitkal w

O The most widely used+p’ brass ismuntz metal (60Cu-40Zn), which has high strength and

€

O At elevated temperatures tifiegphase becomes very plastic, and since most of these alloys
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Alpha plus Beta Brasses

O Free-cutting bras1.5Cu-35.5Zn-3Pb) has the best machinability of any brass compined
with good mechanical and corrosion resistant properties.

O Forging brasg60Cu-38Zn-2Pb) has the best hot working properties of any brass and is used
for hot forgings, hardware and plumbing parts.

U

Architectural bronz€57Cu-40Zn-3Pb) has excellent forging and free matching properties.

U

Naval brasq{60Cu-39.25Zn-0.75Sn), also known @bin bronze, has increased resistance
to salt water corrosion and is used for condenser plates, welding rod, pragbedfés, piston
rods, and valve systems.

L Manganese bronz¢é8.5Cu-39Zn-1.4Fe-1Sn-0.1Mn), really a high-zinc brass, has |high
strength combined with excellent wear resistance and is used for digkhl, extruded
shapes, forgings, pump rods, shafting rod, valve stems, and welding rod.

 Cast brasse§he previous discussion was concerned primarily with wrought brasses, which
are mainly binary alloys of copper and zinc. The cast brasses are rsimifeame to the
wrought brasses but usually contain appreciable amounts of other alloyingrdtentin
may be present from 1 to 6 percent and lead from 1 to 10 percent; soms ailbyycontair]
iron, manganese, nickel and aluminium.
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Heat Treatment of Brasses

d

d

Like pure copper, brasses are also subjected to recrystallization sxgnaahtment afte
cold working.

By annealing above recrystallization temperature, the original degree dilitluand
toughness can be restored in the cold-worked brass.

Annealing may be carried out by heating the cold-worked brass at a temjgebatiwveer
650°C and 700°C, followed by cooling at any suitable rate.

Controlled atmosphere is often used while annealing to avoid excessive ioricatd
discoloration of the surface of the brass.

A low temperatur (30C°C) annealin hea treatmer may be giver to bras: articles for abou
one hour to remove internal stresses.

Such treatment reduces the tendency for season cracking. By low teampesanealing
tensile strength is maintained within acceptable limits.

r
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Introduction

O The term bronze was originally applied to the copper-tin alloys; howevergetine is now
used for any copper alloy, with the exception of copper-zinc alloys, thatams up tg
approximately 12% of the principle alloying element.

 Bronze, as a name, conveys the idea of a higher-class alloy than brass, resdhbeer
incorrectly applied to some alloys that are really special brasses

O Commercial bronzes are primarily alloys of copper and tin, aluminumspsi or beryllium.

In addition, they may contain phosphorus, lead, zinc or nickel.

Tin Bronzes

L These are generally referred to@®sphor bronzes since phosphorous is always presen
a deoxidizer in casting.

O The usual range of phosphorus content is between 0.01 and 0.5%, and of tin betwee
11 percent.

O The copper- rich portion of the copper-tin alloy system is shown in next pagef phase
forms as the result of a peritectic reaction at 798 °C.

O At 586 °C, thef phase undergoes a eutectoid reaction to form the eutectoid mixttye
At 520°C, gammay) also undergoes a eutectoid transformatiorutedy.

[ as

n 1 and

()
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Tin Bronzes

 The diagram also indicates the decomposijionnm 2000

of the § phase. This takes place by a eutectoid v\ |
reaction at 350 °C forming afe). This| "I N sy 800

reaction is so sluggish that in commercial _ \
alloys, the epsilong) phase is nonexistent. N

1600

O The slope of the solvus line below 520 PC,*° ) -
shows a considerable decrease in [thé, ' 8
solubility of tin in thea phase. =

8
F

Temperature, *

+ BN

Tempera

1200

WDW

O The precipitatior of the 6 anc € phast due to
this change in solubility is slow that, for | | :
practical purposes, the solvus line is indicated :
by the vertical dotted line below 520 °C. 400 VAR =

Z

O For this reason, slow cooled cast tin bronges, 1 a+e 600
containing below 7% tin generally show orjly & * ~%°, B © 5 %
a single phase, thesolid solution.

Copper-rich portion of the copper tin phase diagram

O There is some of thé phase in most castings containing over 7 percentTine. phosphor
bronzes are characterized by high strength, toughness, high corrosion resistance and
freedom for season cracking .
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Silicon Bronzes

a

a

The copper-rich portion of the copper-silicon alloy system is shown in Fg.sblubility of
silicon in thea phase is 5.3% at 850°C and decreases with temperature.

The eutectoid reaction at 555°C is very sluggish, so that commerciarstimnzes, which
generally contain less than 5% Si, are single phase alloys.

Silicon bronzes are the strongest of the work-hardenable copper alloys. Rédnes

mechanical properties comparable to those of mild steel and corrosiontanesis
comparable to that of copper.

They are used for tanks, pressure vessels, marine construction, and hydrasic@imes.
Moo, 2000
“'%-.._______- i
- \hth"“--\\ 3 Fo-
900 N::“\\\\J
b 1600 %
< 7= B
B 800 ]
,E d moog
700
=1 1200
600 . .
Copper-rich portion of the
e copper Silicon phase diagram
50%" 1 2 3 4

Weight percent silicon 350



Aluminium Bronzes

1100 2000

a

The maximum solubility of aluminum i o :
the o solid solution is approximately 9.5% _ “&Tﬂ?—s
at 565°C to form theof+y,) mixture. O e

Most commercial aluminum bronzes \ o
contain 4 and 11 percent aluminum. Thgse | \ \ /
alloys containing up to 7.5% Al arne sl

generally single-phase alloys, while thgse \ \ 8 /—wﬂﬂ
containing between 7.5 and 11% aluminum \ \ /+'
are two phase alloys. Other elements spgh,,

as iron, nickel. manganes anc silicon are : \ ; \ /7
frequently added to aluminum bronzes d o
The single-phase aluminum bronzes showug \ \ /
good cold working properties with goaqd \ B+,
corrosion resistance to atmospheric and 1200
water attack. \

Temperature, °F

T&rnpemﬁe.

60 -
The o+ aluminum bronzes are interesting v
because they can be heat treated to ohtain avy, 00

structures similar to those in steel. 500" - : - o s .

Weight percent olumunum

Copper-rich portion of the copper aluminum phaegdim




Cupronickels

O These are copper-nickel alloys that contain up to 30% nickel. The copper-ricialy
phase diagram shows complete solubility, so that all cupronickels are singleglogse

L They are not susceptible to heat treatment and may have their propertiesianly by
cold working.

1500 ——T— T T T T 1
<5 1400 |— Liquid
O —
T m
= - 2
= Liquidus line 2400 ©
21300 5 5
= 2
— (1]
m | -
o 2
1 2200
ml?ﬂﬂ E
b =
1100 b 2000

a0 50 80 100
Composition (wt% Ni) (Ni)

0
(Cu)
 The cupronickel alloys have high resistance to corrosion fatigue andhiglsoesistance tp
the corrosive and erosive action of rapidly moving sea water.

[ They are widely used for condenser, distiller, evaporator and heat exchangsrfoube
naval vessels and coastal power plants.

w
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Heat Treatment of Bronzes

O As in the case of aluminium alloys, beryllium bronzes (Cu-Be alloyspard to
precipitation heat treatment. Other types of bronzes are not given anydeatént except
annealing at about 500°C.

O Beryllium bronzes contain 1.5-2.25 % beryllium. The solid solubility of byl in
copper increases with temperature from less than 1% at room temperatunestéhan 2%
at 815 °C.

 Due to decrease in solid solubility with decrease in temperature, abuplth the
possibility of quenching super saturated solid solution and formation of pratapiivith
coherency, these alloys are amenable to precipitation heat treatmeah \gheatly
improve: mechanice propertie suct as strengtl anc hardnes.

L Copper beryllium alloys are solutionized at 800°C for about half an hour, fotloe
guenching in water. They are aged at a temperature between 300-320°C fardaqietid
hours.

O Aging temperature precipitates second phase partigighdse) uniformly in the matrix.
With this process, the hardness of the order of 200-400 BHN can be attained, depamding
aging time.

|-

O Tensile strength and yield strength also increase. By suitable hestimient and col
working, tensile strength as high as 1400 Mpa can be attained.
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“ Where ever weight isthe enemy
Where ever appear ance matters

Where ever durability isrequired”

Theanswer iIsAluminum & itsalloys
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Introduction

a

Aluminum and its alloys possess many attractive characteristiisdimg light weight, high
thermal and electrical conductivities, a nonmagnetic nature, high reflgctihigh
resistance to corrosion, reasonably high strength with good ductility and &asgation.

Nevertheless, probably the most important characteristic of aluminum iewtslensity,
which is about one-third that of steels and copper alloys. Because of énigircaluminum
alloys have a better strength-to-weight ratio than high-strength steels.

Among the many alloying elements added to aluminum, the most widely used arer,q
silicon, magnesium, zinc, and manganese.

Thescare usecin various combinations anc in many case they are usectogethe with othel
additions to produce classes of age hardening, casting, and work hardening alloys.

Most casting alloys contain silicon, which improves the fluidity and mdlov§ capacity of
aluminum alloys and reduces their susceptibility to hot cracking and the fiomaf
shrinkage cavities during solidification.

Work hardening alloys frequently contain Mn and Mg, which form a fine disparsf inter
metallic phases and/or impart solid-solution strengthening.

Basically Al alloys are two typeg/rought alloys (Heat treatable and Non heat treatzdniel)
Cast alloys

356
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Principle groups of aluminium alloys

Al-Cu
Zn Al-Cu-Mg
: Age-Hardening
Mg A-Mg-Si B alloys
Al-Zn-Mg
° @ Al-Zn-Mg-Cu
— | Casting alloys
° Al-Si-Cu
Al-M h
J __| Work Hardening
Al-Mn alloys
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Aluminium alloy designation system

ALLOY MAJORALLOYING EXAMPLE
GROUP ELEMENTS
AA 1XXX Min. 90% pure Al. AA 1050
AA 2XXX Copper AA 2014, AA2024
AA XXX Manganese AA 3003
AA 4 XXX Silicon AA 403C
AA 5XXX Magnesium AA 5083
AA 6XXX Magnesium+Silicon AA 6061
AA 7TXXX Zinc AA 7075, AA 7175
AA 8XXX Others AA 8020

WROUGHT ALLOYS
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Temper designation system

F — As fabricated
O — Annealed

H — Strain hardened
H1 — Strain hardened only : H2 — Strain hardened and thergfigr@innealed : H3 — Strain hardened and stabilize

O U

O

T — Thermally treated with or with out supplementary strain hardening.

T1 - Cooled from elevated temperature shaping process and naturally aged
T2 - Cooled from hot working temperature + cold work + natural aging

T3 - Solutior hea treate(+ watel quenche +cold workec + natura aginc

T4 — Solution heat treated + water quenched + natural aging

T5 — Cooled from elevated temperature shaping process and artificiatly age
T6 - Solution heat treated + water quenched + artificial aging

T7 - Solution heat treated + water quenched + stabilized

T8 - Solution heat treated + water quenched + cold worked + artificialld age

T9 - Solution heat treated + water quenched + artificially aged + cold wdorke

I Iy Iy N Iy Iy Uy I Oy

T10 - Cooled from elevated temperature shaping process + artificially-agehil worked
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Heat Treatment

a

a

C 000 O

O

The most important heat treating process for non ferrous alloyageshardening, or
precipitation hardening.

In order to apply this heat treatment, the equilibrium diagram must shovealpadiid
solubility, and the slope of the solvus line must be such that there is greater plabd
higher temperature than at a lower temperature.

The purpose of precipitation hardening treatment is to improve strength of theatsatkr
can explained by with respect to dislocations.

The presence of dislocation weakens the crystaasy plastic deformation
Puttinc hindranci to dislocatior motior increase the strengtl of the crysta
Fine precipitates dispersed in the matrix provide such an impediment.

For example: Strength of Ab 100 MPa
Strength of Duralumin (Al + 4% Cu + other alloying elemenrts)00 Mpa

Two stages are generally required in heat treatment to produce age hardening:
v Solution treatment
v' Aging
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Precipitation Hardening

—

.| | Sloping Solvus lin
| = high T— high solubility
low T — low solubility
of Cu in Al

Al 15 30 45 60
% Cu —

Al rich end of the Al-Cu phase diagre
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Precipitation Hardening

On Equilibrium cooling

"o —o+0
=Slow equilibrium cooling gives rise to
coarse) precipitates which is not good
in impeding dislocation motioh.

slow cool

AN
/7

\

(o (FCC))

0.5% Cu
RT

J

(@ CUAl,(Tetragonal ) )
52%Cu
\ RT )
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Precipitation Hardening

To obtain a fine distribution of precipitates the
cycleA —- B — Cis used m
A
B
Solution treating at high temperature, then /»/
guenchingsecond phase is in solid solution) {A\
—Cycle Aand B / C
)
. . I o+0
A | | Heat (to 550C) — solid solutiono I
vl
4 % Cu

- supersaturated solution

B | | Quench (to RT)»
I Increased vacancy concentratjon

Ageing at room temperature or slightly higher temperatiecipitation of second phase,
giving strengthening effect)>Cycle C

C| | Age(reheat to 200C) — fine precipitates 163

Note: Treatments A, B, C are for the same composition




Precipitation Hardening

Hardness—

7

Dispersion of
fine precipitates
(closely spaced)

Hardness—

180°C Peak-aged

RN

Coarsening

of precipitates
with increased
interparticle spacing

<_ _Overaged

Region of solid solution
strengthening
(no precipitation hardening)

Log(t) —

y

Region of precipitation
hardeningbut little/some
solid solution
strengthening)

U Higher temperature = less time of aging to obtain peak hardness

U Lower temperature = increased peak hardness
— optimization between time and hardness required
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Precipitation Hardening

CRSS Increase~

180°C

Hardness—

Ve
Section of GP zone paralléel to (200)

Peak;aged

ane

Particle
sheari

N~

o< I

Particlg

<

1

r

Y-pas

V)

Particle radius (r)—
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Precipitation Hardening

are happening
parallely/sequentially
during the aging proce
— These are shown
schematically in the
figure =

A complex set of event

n

SS

Hardness—

180°C

Log(t) —

Increasing size of precipitates with increasing interpartiokeidprecipitate) s{@

Interface goes from coherent to semi-coherent to in@t

Precipitate goes from GP zone6” — 0’ —>>
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Precipitation Hardening

Q
Q
Q
Q
Q
Q
Q
Q

Cu rich zones fully coherent with the matrix low interfacial energy
(Equilibrium6 phase has a complex tetragonal crystal structure which has incol
interfaces)
Zones minimize their strain energy by choosing disc-shiapzthe elastically soft <100:
directions in the FCC matrix
The driving force AG, — AG,) is less but the barrier to nucleation is much |&85Y)
2 atomic layers thick, 10nm in diamete with a spacin¢of ~10nm
The zones seem to be homogenously nucleated (excess vacancies seem to
important role in their nucleation)
Due to large surface to volume ratio the fine precipitates have a tendemmatsen—
small precipitates dissolve and large precipitates grow
Coarsening

= | in number of precipitate

= 1 In interparticle (inter-precipitate) spacing

— reduced hindrance to dislocation motiap.( = Gb/L)

nerent

V

play an
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Precipitation Hardening

10nmthick,10mdiameter| |gp7) .|(001)
9 a

?
Distorted FCC T |

“‘T
Unitcell composition 4=
Al;Cu, = Al,Cu t -

9"

e 100, 100,
ST T/ 9

(100)
All sides coherent

Become incoherent as ppt. grows

, i 007 .[(00
il (100) (010) [1Oqg'H[10qa
(001) Coherent or

semicoherent Unitcell composition

a

Body Centered .
Tetragonal

! 2
G Unitcell composition

Incoherent AI8Cu4 A|2Cu
368
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Precipitation Hardening

Schematic diagram showing the lowering of the Gilobs energy of the system on sequential transftoms
GP zones-» 06" —- 0 — 0
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Precipitation Hardening

Atom % Cu—
R S 2
000 "o+ Liquid
500+ —— 0 ni
,f"féi LA <. Grd
,.r’/,f""‘ - \\\
1 e -
400 s -
i e o /u\\
uy
— [ : B
200 nucleation on
9 / dislocations T
et / BTN eu
—— { a
=00 —7” o - ,"kg‘;@p
A GPzones
100-F - ix” " GHzones will dissolve if heated.,
F into this zone = reversion ~--""~<

O In this diagram additionally information has
been superposed onto the phase diag(amch
strictly do not belong there- hence this diagram
should be interpreted with care)

dThe diagram shows that on aging at various
temperatures in thex + 6 region of the phas
diagram various precipitates are obtained first

17

cleation on
111 Boundearies

~-., " At higher temperatures the stal® phase is
produced directly

-, = At slightly lower temperature® is produced
first

EFORC S olvus

- = At even lower temperaturé® is produced
first

- = The normal artificial aging is usually done in

~

~

| 2 3 4
Wt.% Cu —

5

“* this temperature range to give rise to GP

zones first
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Precipitation Hardening

Temperature ——»

A

Phase pmg ram

—

TTT Dingmm

A

Metastable solvus lines

Agind sequence: 8- 6\ 6

GP zone

Aging sequence: GR- 68”"- 6'- 6

__________________________________________________ )

log (time)

A J
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Precipitation Hardening

a

In previous slide, we show the Al-rich portion of the Al-Cu phase diagram (scheatig}.
From the phase diagram, it is clear that the Al with a few percent copper isctoim high

temperature leads to the formation of a microstructure in whicld thiease precipitates out

of the supersaturatedmatrix.
However, if an alloy of composition Al - 4 wt. %Cu is solutionised at say, 54@fitl the
resultant phase is rapidly quenched to room temperature, the solid solutiangedy
retained; if this alloy is kept at room temperature (or at any temperdiaiow 180°C), 4
metastable phase known as Guinier-Preston zones (GP zones) is formed.

Similarly, the aginc treatmer at othel temperature car product othei precipitate sucl as
0”and 0’

The solvus for these metastable phases in shown in Fig. Further, we also bka(
corresponding time-temperature-transformation curves for these metaskese as well g
the stable phase.

we already discussed the crystallography and interface structaktbbse phases as well

as the reasons for their formation.

-4

DW
S

373



Precipitation Hardening

Precipitation Sequence in some precipitation hardening systems

Base Metal Alloy Precipitation Sequence
Aluminium Al-Ag GPZ (spheres)y> v (plates)— y (Ag,Al)
Al-Cu GPZ (discs)— 0 (discs)— 0 (plates)— 6 (CuAl,)
Al-Cu-Mg | GPZ (rods)— S’ (laths)— S (CuMgAl,) (laths)
Al-Zn-Mg | GPZ (spheresy»> " (plates)— n (MgZn,) (plates or rods)
Al-Mg-Si | GPZ (rods)— B (rods)— B (Mg, Si) (plates)
Copper Cu-Be GPZ (discsy y — v (CuBe)
Cu-Co GPZ (spheres) 3 (Co) (plates)
Iron Fe-C g-carbide (discs)» Fe,C
Fe-N o (discs)— Fe N
Nickel Ni-Cr-Ti-Al |y (cubes or spheres)
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Precipitation Hardening

Details in ‘practical’ aging curves

i . Ageing time,days
140k Aged 130 C . 120 GP

. —GP ; = o

6 g e 4°8% Cu 2 ~--g e Aged 190 °C

= 120F  wem a x-{-‘ﬂ,-‘ %, 3 100k =8 5 ; .._,‘.__:}

= i A E I -7 AR S,

£ 100} P T S 80k o < P

;E_h 59, i ", 6:0%Cu & BO_"'F;{“’@ o et g e Rt LG

[} SD-C:_'J " = n 60" "{-"0"3___# . et Yo, .,-_.'_:..‘&'DDID

i “ 3:0% Cu 5 E'Dulll.r’"!. o "'-.,__ a3 :.iu

5 B0} 4:0%Cu et < L ki 3

_Li.r " 3-0%Cu / e => i ! Sl | i

> swop 77 _20%Cu . - 00T oA G 10 100

01 ] 10 100 Ageing time,days
Ageing time days

O In low T aging (130C)—The aging curves have more detail than the single peak as
discussed schematically before.

O Inlow T aging (130C)— the full sequence of precipitation is observed (GBE'— 0").

O At high T aging (1906C)— 0" directly forms (i.e. the full precipitation sequence is pot
observed).

(d Peak hardness increases with increasing Cu%.

O For the same Cu%, the peak hardness is lower for theCL80ing treatment as compared| to
the 130C aging treatment.

O Peak hardness is achieved when the microstructure consist8' of @ombination of §' +
0"). 375




Coherent Lattice Theory

a

The strengthening of a heat-treatable alloy by aging is not due merghetpresence of
precipitate. It is due to both the uniform distribution of a finely dispersed stitascopic
precipitate and the distortion of the lattice.

There are several theories of precipitation hardening, to explain in whateng@recipitate

particles harden the matrix or solvent lattice, the most useful theoopherent lattice
theory.

After solution treatment and quenching, the alloy is in a supersaturated oonadiith the
solute atoms distributed at random in the lattice strudigA).

During ar incubatior period the exces solute atom: tenc to migrate to certair
crystallographic planes, forming clusters or embryos of the precipitate.

During aging, these clusters form an intermediate crystal strucbuteansitional lattice,
maintaining registry (coherency) with the lattice structure of the matri

The excess phase will have different lattice parameters from those of trengchnd as i
result of the atom matching (coherency), there will be considerably disoofi the matrix

(Fig B).
The distortion of the matrix extends over a larger volume than would be the cése
excess phase were a discrete particle. Eventually the equilibriunsextase is forme

A

d

with its own lattice structuré€-ig C).
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Coherent Lattice Theory

L This causes a loss of coherency with the matrix and less distortion hardmsérangth
will decrease, and the alloy is ‘over-aged’. There will now be a boundanydsst the

excess phase and the matrix so that the precipitated particle willidigle under the
microscope.

Solute Solvent Transition Equilibrium
atoms lattice pruipltatt

]

&l
S,
b4
&
5
)
@
&
L
@
2

&8
&4
34
t‘l
&
b3
53
o
<

e
-I.I
I.I
08!
o0
5 33
3 1]
2

L]
L

LE-LIFF-ET L
XXX ) ..... .::2"'!:::: etw.##tt.##aut
R EIBSOEER EER LRV ELET. .........."'...

(a) {b] (¢)

Stages in the formation of an equilibrium precipitate

L =1 ]
20
s0

377



Solid-Solid Interfaces

S

Consider an interface between two solid phasesnd®, arising wherd nucleates and grow
in o . The interface can be of various types.
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fCoherent, with strain. It is likely that a

_ _ coherent interface will have some elast|c
Coherent. There is perfect alignment of strain. The strain energy increases with

the lattices. the size of the growing particle and the
will be a transition to a semi coherent

\ / \interface.
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Solid-Solid Interfaces
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Semi-coherent. The introduction of
dislocations (defects in the way th
crystal is organized) reduces the overall
elastic strain, although they themselves
contribute to the energy of the system.
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Corrosion Resistance of Al and Al-alloys

a

a

The high corrosion resistance of aluminum is due to the self-protecting, thin,klevesxide film
that forms immediately on exposing surfaces to the atmosphere.

This film protects the metal from further corrosion. If the oxide film is rentgva many
environments, a new film will form immediately and the metal remains foitytected.

In certain strongly acid or alkaline solutions, or in contact with moist coreomaterials tha
prevent access of oxygen to the aluminum surface, the protective film does not fadity.r
Therefore, the aluminum should be adequately protected or not used at all.

A relatively thick oxide coating on aluminum and aluminum alloys may be produceddayngl
the metal into an aqueous solution containing 15 to 25% sulfuric acid. This process, ks
anodizing, produce a clear transparer coatin¢ containin¢ submicroscopi pore: that are usually
sealed before use to prevent absorption and staining. Sealing may be ackhethplssuitable
heating in hot water.

The corrosion resistance of Al-Cu alloys and Al-Zn alloys is satisfgdmrmost applications by
is generally lower than that of the other aluminum alloys. Under certairosioe conditions
they are subject to intergranular corrosion.

Therefore, these alloys in the form of sheet are usually clad with a highyplidy such ag
commercial aluminum or a magnesiume-silicon alloy.

The coating slabs are mechanically attached to the alloy core ingot, antotieing is
accomplished by hot rolling. The nominal cladding thickness per side is usually 1% peiZent
of thickness of the base material.

o o

ca

DWN
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Objective

A - -
N~ Material Requirements
B B B B AV .4
Oxidation & Corrosion Resistance Elevated Temperature Strength Micro structural Stability
> Should resist corrosive action | components experience > Should et the
of Na, K, V, Pb & S which make microstructure when exposed
way from air and fuel > Impingement of high pressure gases to working temperature: i.e.
associated with High temp: High free of TCP phases .j,6, Laves
> Should posses Oxidation temperature Tensile test.
resistance
> Long exposures at working

temperatures under high stresses:
Stress rupture strength

383




Superalloys

IS encountered and where surface stability
super alloys as follows.

O A SUPERALLOY is an alloy developed entury as a material for elevated temperal
service, usually based on group VIII elements where relatively severbaniegal stressing

Iron Base
Cobalt Base
Nickel Base and Nickel-lron base

frequently is required. Thsifadation of

Ments e i Demerlts

Temperature Limitations of Super aIons

Poor Oxidation resistance

Iron Base

Cobalt Base Poor Ductility

In equi-axed condition

N|Ck9| Base appllcatlons are limited 85C

Nlckel — Iron Base > Loses strength beyond 650

384
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Strengthening Mechanisms

Gamma Prime Strengtheni

d Gamma Prime is an ordered inter-metallic compound having the chemicalfoiNi; (Al,
Ti). It has the following characteristics:

O It has FCC crystal structure and exhibits long range order, up to its meding It is
coherent with the nickel matrix.

O It gets precipitated uniformly through out the matrix by a two step heat teg#tm

O It contributes to about 55 - 65% volume in Ni-base cast alloys. It is a ductilegphad
imparts very good transverse ductility before fracture in directionallylg@d condition

Carbide Strengthening

O Three types of Carbides are possible. They are MC type form during solidsincEtt: TiC,
HfC, TaC, NbC (Form on Inter and Transgranular sitesjCM:. M,.Cq from the Carbor
available due to the dissociation of MC Carbides on heat treatment E;C Mg, ,C, (Form
on grain boundaries in discontinuous form)

Solid Solution Strengthening

O Alloying elements viz: Co, Al, Mo, W, Fe, Cr, Ti etc; form solid solotis in Ni-matrix. The

potentiality of these elements in ordeAl> W>Mo>Cr>Fe>Ti>Co .




Heat Treatment

attain maximum strength

to form M,C, M,,C, at lower temperatures.
O Solutioning Treatment:
» Step |: 1230 £ 8C for %2 hour (Homogenizing treatment)

O Subjected to solution treatment and two stage Ageing treatment under Vacutimta(

J Objective : To take cast (y/ y' eutectic + coarsey) in the cast structure intpsolution and
to precipitate as finey' uniformly through out they matrix upon ageing at lowe
temperatures. Apart from this MC carbides go into the solution and become@edor ‘C’

» Steyll: 1254+ 5° C for 3 hours
> Takes Cast' and M\C M,C; into solution. % Solution Heat Treatment
O Ageing Treatment g \/Agmg Treastormuént
> Step I: 1080 + 2C for 4hrs / AC a
v" Some amount of' precipitate out (Secondam) Time

v" Mg C type carbide form along grain boundaries
> Stepll: 870+ 2C for20 hrs/AC
v Secondary' grows into cuboidal shape

v" Further precipitation of fine takeg place (Tertiary')
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Heat Treatment

around Grain Boundary.

O This bimodaly' (Secondary & Tertiary) uniformly distributes through out the matrix and|this
increases the yield strength of the alloy up to ®@vhich is uncommon with any other
alloy system

d Formation of MC, carbides in discontinuous form along grain boundaries HfC dissocjated
and becomes a source for Carbon. The liberated Hf partiticend forms an envelo

Limitations

O Incipient melting constituents limits solutionisir
temperature.

O Full solutionizing of cast' is not possible. Only 889
v' goes into solution.

O Incipient melting is Localized melting of low meltin
constituents viz.y/ y' eutectic.

L On cooling solidifies and exhibits cast structure and bezm
weak point.

L Step | solution treatment diffuses these constituents toes
extent

L Elements such as Ta, Hf, Ti increasgssolvus and decrease

incipient melting point. Cobalt increases incipient nrejtiand

decreaseg' solvus temperature.

Primaryy'

Secondary’

Tertiaryy'

hads s bt

.‘-’ Gedte
L !.'. (s . v
‘? o ‘t* .



Microstructural characteristics
Micro structural Study of Directionally Solidified Ni-based Super Alloy CM247LC
vah SRR B Pl
vy taa SRERC W Sl ¥

As cast N
eutectic_

AS cast

As cast optical microstructures Ascast SEM structure showing
showing 15% eutectic in average. Non uniform precipitation of vy'.

- s
v A o5 o '4‘-‘

VY |

eutectl Cubicaly

. Precipitates
enarl

core ,

SDA : B e T o ,:' T I 4 . {

I'ut.o-nized tical micrograph FuIy heat treated SEM structure s
Showing 9% eutectic in aver age. showing 60% cubical Y” precipitate.
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Titanium alloys

a
a

a

O

Titanium is named after titans of Greek mythology

It has low density ,high strength, good oxidation and corrosion resistance thus verjogc
industrial applications

It undergoes an allotropic transformation at 882

Exhibits a wide variety of microstructures depending upon the alloy chemigtgressing
and heat treatment.

Exhibits a broad range of phase transformations.
» Transformations related to the [3 allotropic
» Transformation due to precipitation reactions

Precipitation reaction occurs due to formation of metastable transphases and/q
equilibrium that occur during the decomposition of the metastalaef} phase.

The phase transformations and resultant microstructures in alloysd b@seordered
intermetallics TAl (a,), Ti,AINb (‘®’) and TiAl (), are similar to conventional titaniut
alloys in many aspects.

Morphological changes due to recrystallization, spheroidisation can leadrt® types of
microstructures

The central point in the evolution of microstructure is thep transformation temperatur

hod

N

referred aP-transus temp. Specific temp. is a function of the alloy chemistry. 390




Titanium alloys

O Ti-alloys heated abovB-transus are in single phafeon cooling througtp-transus3 can
transform to various equilibrium or non equilibrium phases depending on the rate afgpoli
and alloying content.

O Fast cooling (OQ/WQ)B phase can transform martensitically w (HCP) or o”
(orthorhombic). On slower coolingd can transform by nucleation and growth |to
Widmanstattemx phase (secondary)

O The morphology of Widmanstattemphase changes from a colony of similarly aligned laths
to a basket weave arrangement with the increase in cooling rate or alloyirentont

w “ B transus

»

Temperature —p»

Temperature

f stabilisers ————m

J 1 Martensite

Time »

Pseudo binary schematic phase
diagram of a + b titanium alloys.

TTT curve of a typicatx + [ titanium all&ys



Titanium alloys

Q

Q

(R

Lamellar structure becomes finer as cooling rate increases. on stm@éng o phase is
also present at the prifrgrain boundaries

In addition toa, o', o’ , the microstructure may retain small amountf3gfhase depending

on the alloying content. the amount increases with the increase in solute content.

The o or o’ martensite decomposes upon aging to precipitate finevhich leads tc
increase in strength.

Precipitation of a(Ti,Al) in a-phase occurs on prolonged thermal exposures in some al

Additional intermetallic phases like silicides may form upon aging nmsite in some
alloys.

2 -
A ZE VS N e 100 Hm

Optical micrograph of Ti-6Al-4V, B ht.-tr. at
1020°C/20min./FC  showing Widmanstatten a
structure with a phase present on prifr Q’;\in
boundaries.

Optical micrograph of Ti-6Al-4V, B ht.tr at
1020°C/20min./WQ showing martenstic structure
with prior B boundaries.

oys.



Titanium alloys

O In B stabilized alloys, th@ phase may be retained completely as a metastable phase ¢

cooling. However phase can precipitate out at the grain boundaries and within the ¢
on slow cooling. The amount is a function of cooling rate #nrdtabilizer content.

Athermal ® may form, in some compositions, in thg phase as fine precipitate
Undesirable phase as it causes severe embrittlement.

Microstructures resulting from S.T. abofieohase are generally referred as transforifhed
B heat-treated structure

Thermo-mechanical processing at temperatures in two ph#éSaegion has an importar
effect ona -phase morphology

Hot working belowf -transus i.e in thex+3 phase field results in recrystallization aof
phase and an equiaxed morphology(primayy

DN fast
jrains

S.

The aspect ratio of primary is determined by temp., strain rate and extent of hot working

in the two phase region
The relative vol. fraction of primaryx and transformed@ can be controlled by solutio

treatment temperature in the two phase field and cooling rate from thé@olreatment

temperature.
The effect of cooling rate on the microstructure from a given S.T temperatsteown in

n

next page.
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Titanium alloy

A
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960°C/1h/WQ 960°C/1h/AC 960°C/1h/FC
Ti-6Al-4V, a + b hea treate( showin¢ a anc transforme b microstructur. The volume

fraction of a increases with decrease in cooling rate and also traredlobnibbecomes

coarser.

Characteristics of Ti alloys

l | | ]
Ti 834 242 8 Ti-7
§-2--5
Betacez

1M1 685

TASE
== Beta transus -
Z -~ Higher Density =3
= Flow Stress

Weldability Heat Treatment Capacity

_High Temperature Strength. Room Temperature sx:_i_e_ng_ﬂ.>
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