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A process in which metal is heated, kept for specific time and cooled under tight controls to

improve its properties (mechanical, chemical and physical), performance and durability.

Heat treating can soften metal, to improve formability. It can make parts harder, to improve strength. It can
put a hard surface on relatively soft components, to increase abrasion resistance. It can create a corrosion-

resistant skin, to protect parts that would otherwise corrode. And, it can toughen brittle products.



Heat Treating or heat treatment

Heat treated parts are essential to the operation of automobiles, aircraft, spacecraft, computers

and heavy equipment of every kind. Saws, axes, cutting tools, bearings, gears, axles, fasteners,

camshafts and crankshafts all depend on heat treating.




Heat Treating

Although 1iron and steel account for the vast majority of heat treated materials, alloys of

aluminum, copper, magnesium, nickel and titanium may also be heat treated.




@\:.a
ASM 3, Llsl S goin —Y

sols 5 v p—:g-" oSl cuﬁj\ﬁ lles 095> -Y



/ASM Handbook

Volume 4
Heat Treating

Prepared under the direction of the
ASM International Handbook Committee



d e
- /li)
L;;Ln.‘i‘ol):’)lé .
1
; e
.)SUA--,L-.-,
” )
-

.ne LO
2 ) .
w9
- e |>w
U.A.-A-AJ lb) .
.tlo-chs PRy
_L.ﬁ—t) ‘5 .
¢ <, u“. .
5555 ‘;)b-; ) ,w” :
e ;":
5 .
S - o
L,-"J')-;)Iu:u
oz

-
i)l
/ J

B85l < Oldes
= -

13 s [hs-’ >

/ [

>3/

a)l._h.?).S




Jg Juad
Sosh sl lhalu gl jlé

o8 - Rl dalad gl Ela



(Cast-iron) (> 9 (Steel) 5Y 45 (Iron) J’J a5

e [ron: less than 0.008 wt % C in a—ferrite at room T

» Steels: 0.008 - 2.14 wt % C (usually < 1 wt %)

e Castiron: 2.14 - 6.7 wt % (usually < 4.5 wt %)
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Phases in Fe-Fe,C Phase Diagram

» a-ferrite - solid solution of C in BCC Fe
« Stable form of iron at room temperature.
* The maximum solubility of C is 0.022 wt%
* Transforms to FCC y-austenite at 912 °C

» vy-austenite - solid solution of C in FCC Fe
» The maximum solubility of C is 2.14 wt %.
* Transforms to BCC §-ferrite at 1395 °C the maximum stability is at 1493

* Is not stable below the eutectic temperature
(727 © C) unless cooled rapidly (Chapter 10)

» O-ferrite solid solution of C in BCC Fe
« The same structure as o-ferrite
 Stable only at high T, above 1394 °C
* Melts at 1538 °C

» Fe,C (iron carbide or cementite
v . ' _ Tm=1227°C
* This intermetallic compound 1s metastable, it
remains as a compound indefinitely at room T, but
decomposes (very slowly, within several years)

into a-Fe and C (graphite) at 650 - 700 °C
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Eutectic and eutectoid reactions in Fe-Fe,C

Eutectic: 4.30 wt% C, 1147 °C

L <> 'Y + Fe3C
Peritectic 1600 A

L+ ey

1400

Temperature (*C)

600

Cementite (FesC) . —

i | | | J

| J
1] 1 2 3 4 5 6 6
(Fe) \ Composition (wi% C)
Eutectoid: 0.76 wt%C, 727 °C
¥(0.76 wt% C) < a (0.022 wt% C) + Fe;C

Eutectic and eutectoid reactions are very important in
heat treatment of steels
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Microstructure of eutectoid steel (I)
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hypoeutectoid (/ess than eutectoid -Greek) alloys.
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Microstructure of hypoeutectoid steel (II)

Hypoeutectoid alloys contain proeutectoid ferrite (formed
above the eutectoid temperature) plus the eutectoid perlite
that contain eutectoid ferrite and cementite.

Pearlite

N

Proeutectoid

Fe3C

Eutectoid




%y or P=25%






Microstructure of hypereutectoid steel (I)

Compositions to the right of eutectoid (0.76 - 2.14 wt % C)
hypereutectoid (more than eutectoid -Greek) alloys.
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Microstructure of hypereutectoid steel (II)

Hypereutectoid alloys contain proeutectoid cementite
(formed above the eutectoid temperature) plus perlite that
contain eutectoid ferrite and cementite.

Pearlite

Proeutectoid
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";‘N In the micrograph, the dark areas are

Fe,C layers, the light phase i1s a-

.* ferrite

Austenite grain
boundary
[

,6.‘.
Vi
A

Wy
0‘ .t'-\

a Ny
d

3
Ferrite (a) ‘3
Austenite

..‘,.

\}i\\.\\\“

X )
Austenite | Ferrite (a)

(y) ¥
Y 4 ) :D
e Ferrite (a) /' ~.

N > A
N Cementite - T
= 1
Femite (a)/ . of pearlite

l -

.

%
\

Lz
°
AL
..
/
3
=
/

a 4 _
Carbon diffusion







Introduction

[ered]

¥(0.76 W%C) == a(0.022 W% C) + FesC (670 Wt% C)

» Diffusion-dependent = Eutectoid
mixture = 0.76%C @ 727°C on very slow
cooling

* Very fine platelike or lamellar mixture of
ferrite and cementite.

« White ferritic background /matrix
contains thin plates of cementite (dark).

* Properties:
* Tensile strength = 120,000 psi
= Elonpation = 20% in 2 in

* Hardness = Rockwell C 20, Rockwell B 95-
100, or BHN 250-300
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Nucleation and Growth of Pearlite
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Pearlite

* Thickness ration of ferrite and
cetnentite is 8:1, depends on
temperature.

« At high T, thick layers of ferrite
and Fe;C = Coarse Pearlite.

* B/c diffusion rate are very high
<> Catoms can diffuse relatively
lonp distances < thick lamellae

« At low T, thin layers of ferrite
and Fe,C = Fine Pearlite.
* B/c Cdiffusion rate dec
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MARTENSITIC TRANSFORMATIONS

* Martensitic transformations are (usually)
first order, diffusionless, shear
(displacive) solid state structural changes.

* The atoms move in an organized manner
relative to their neighbours and therefore
they are known as a military
transformations in contrast to diffusional
civilian transformations.




*  Why study martensitic transformations?!

*  They occur in many different metal, ceramic & polymer systems, and are
generally important to understand.

*  Steels represent the classical example (and a rate case of a mechanically
hard martensite). Also, there are remarkable devices that exploit the shape
memory effect (a consequence of martensitic transformation) such as stents
that open up once at body temperature. The martensites in this case are
generally soft, mechanically speaking.

Medical Stents
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Qutline of block of austenite which
has transformed to martensite

Slip direction
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Morphology and crystallography of @
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Strength

Possible Transformations in Steel

Austenite
/ | 1\
%
A1
\i
Slow Moderate Rapid
cooling cooling quench
vl | \
Pearlite o
+ & prosutectoid phase Bainite Martensite

Martensite
T Martensite
bainite
fine pearlite
coarse pearlite
spheroidite

General Trends

Ductility

Reheat

Tempered martensite
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T (Pearlite)

Upper Bainite

Lower Bainite

Ms




Dgdae dboml Cud o JSi5 (led ) sales y
Cann| Catitan T = St 3 po 93 Casiilows D13 5 o0 0 Olomio Jolds

Fig. 33 Schematic of mechanism in the formation of upper bainite. Source: Ref 11
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Upper and Lower Bainite

10 Micrometer
Length,

0.2 Micrometer
Thickness™ |

Lower halnite
{low temperature)

250-400°C

Upper bainite
{high temperalura}

400-550°C



Upper Bainite

* Tiny platelets of carbides oriented with ferrite needles




Lower Bainite

* Ferrite needles become (a) Lower bainite in 0.69wt % C low alloy steel, (b) possible growth

thinner - carbide FIEIIEIEI.'S mechanism, aly interface advonces as carbides precipitates at
become smaller, oriented at interface thereby removing the excess in front of a

an angle of about 60°

Ferrite




 Named after E. C. Bain

* Ferrite («) + Cementite (Fe,C) = * Atupper T -> resembles pearlite =
diffusional transformation Upper or feathery bainite
» Needles or plates = depends on T  Atlow T = black needle like structure
) resembling martensite = lower or
* Microstructure = very fine = e’ acicular bainite

microscopy
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TTT Diagram

TTT diagram is a more
practical diagram.

It shows what structures can be expected
after various rates of cooling.

It graphically describes the cooling rate
required for the transformation of austenite to
pearlite, bainite or martensite.

TTT diagram also gives the temperature at
which such transformations take place.



Temperature

Transformation

Time
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Y- Isothermal Transformation - Continnous Transformation

¥~ Continuous Cooling Transformation Diagmms

1. Time-temperature transformation (TTT) diagrams

2. Continuous cooling transformation (CCT) diagrams
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Above Nose,
transformation is
diffusion based

Critical cooling

Nose of TTT diagram

Below Nose,
diffusion less
transformation

point g
Start of transformation
/
e = = =
..... T L e
- | ixa Pearlite
"I P, Fine pearlite
"*6_;; 'l\ T\ 30% very fine Narlite + 50% upper bainite
Fo'l}
%ﬁ %,
!% =y Upper bainite
% s /7 6’%-

End of transformation
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TTT Diagrams for Eutectoid Steel

We can plot the time for start and completion of transformation

of

austenite to pearlite at different temperatures or for any other amount of

transforn = Is

1 min 1h 1 day

[ |
Eulectold ==
Rursdeniie {stabil / Pr——

1400

a Fomiie Coran ot |1

1200

o c
z S :
§ 0 A FaylC i ]
i ]
| S —{ 1000
EOD Austenide - o
cd o Iraed o ml::;: i Denotos that a transfonmation
IS Gocurrmg —1
l | l I 1 /00
1 10 11 10* 10 10°

Time i)



Complete TTT (isothermal transformation) diagram for
eutectoid steel.

S00

7004
600

500 4 I .
A - Anstente

P - Pearlite
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M = Martensite
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Transformations of austenite to Pearlite

Transformations of austenite :
¥ =» o + Fey,C
1) At slightly lower T below 727 °C : AT <<
+ Coarse pearlite
: nucleation rate is very low.
: diffusion rate is very high.
2) As the T (trans. temp.) decreases to
500 °C
+ Fine pearlite
: nucleation rate increases.
: diffusion rate decreases.
Strength : ¢ (MPa) = 139 + 46.4 S
S :inter-lamellar spacing




Critical Cooling Rate and Hardness of
Different Micro-Structures

1700
1600
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Isothermal transformation of eutectoid steel
below Eutectoid Temperature

* Determine the amount of pearlite formed after holding at
7050 C for different times

|
I o
E 05% 1— -
wix e L
o]
58 192 220 242 6.7 0% S0%

Time, min
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Fig. 11.8. TTT diagrams for (a) eutecoid, |b) hypoeutectoid and (€] hypereutectoid steels. (b) and (¢) show
|dashed lines) the C-curves for the formation of primary o and Fe,C respectively. Note that, as the carben
content increases, both My and M; decrease.
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Difference In pearlitic structure due to annealing and normalizing
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Table 4.7.1  The variation in the properties of the annealed and normalized components [7]

Annealed

Normalised

e Less hardness, tensile strength and
toughness.
e Pearlite is coarse and usually gets

resolved by the optical microscope.

e [Internal stresses are least.

Slightly more hardness, tensile strength and
toughness.
Pearlite is fine and usually appears unresolved

with optical microscope.

Internal stresses are slightly more.
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Recovery

ating

relieves internal strain energy

Some of the mechanisms of dislocation annihilation:

lip plane
Edge dislocation

Interral
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{Grains Recover ! lization "
Sightly From (e Grain
Cold-Werking) Farm)

{Larger Grains Grow
at the Expense af the
Smaller Grains)



342a yeld
el S Ll bl S sl g o Laails IS i 3 yle 5 e S 3 alas )
sy ob do ek sdme 0l gl Slles o

L U ST

sowl il )l Ollas wabdl suome 5 ol wT il o

sy e gbjl Olles 3 fols e 8 a5l e 2355 (gl Ll ekl
Wlkas il (S 45 oee (S345 4500 g by 9 S5uh g hals sdmme o3 aiuhi Ll ]



s a heat treatment designed to eliminate the effects of cold working.
The properties of a metal may revert back to the precold-worked states by

through recovery, recrystallization and grain growth.

Recovery: the relief of some of the internal strain energy of a previously cold-worked material,
Recryslallization: the farmation of a new set of strain-free grains within a previously cold-worked

material.

Grain Growth: the increase in average grain size of a polyerystalline material. An elevated
tern perature heat treatment (annealing) is needed for these 3-processes,

(a) ib)

€l

id)

The effect of annealing temperature on the microstructure of cold-
worked metals: (a) cold worked, (b) after recovery, (c) after recrystallization, and (d)

after grain growth.
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Figure 4.7.4 A typical heat treatment cycle to produce spheroidised structure [7].
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Irreversible Temper Embrittlement

Tempering at temperatures around promotes the segregation of impurity elements such as
phosphorous to the prior austenite grain boundaries, leading to intergranular failure along these
boundaries. The irreversibility arises because the impurity atmospheres at the grain boundaries
can be evaporated by increasing the tempering temperature. Quenching from the higher
temperature avoids the re-segregation of impurities during cooling, thus eliminating

embrittlement.



T2RNBE

Occurs after tempering between 260 to 370°C(500-700°F) and is also referred toas
350°C embrittlement or 500°F embrittlement.

[ Also called as ‘irreversible embrittlement’ and ‘one-step embrittlement’ because it
does not occur again on tempering in this region.
O There are two important structural features in TME.

o
o
[ P weakens the adhesion at the austenite grain boundaries.

O The subsequent formation of cementite at the original austenite grain boundaries,

may increase the segregation of impurity atoms as they are rejected from the growing
cementite particles.

[ Thus, cracking of cementite initiates inter-granular fracture.
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Termper Ermbrittlernemnt

0Occurs when alloy steels are temped in the range of 450°C to 600°C

JAlso called reversible embrittlement, as de-embrittlement may occur on
heating to about 575°C after holding only a few minutes in atmosphere.

(It decreases toughness and increases ductile brittle transition
temperature.

dSmall amounts(~100ppm or less) of Pb, P, Sn and As have been shown to
cause TE.

[Plain carbon steels are not considered to be susceptible to TE, provided
the Mn content is below 0.5%.

(Mo in 0.5% or in less added to steel to minimize TE.



Both of the impurity-controlled embrittlement phenomena can be minimised by adding
about 0.5 wt% molybdenum to the steel. The Mo associates with phosphorus atoms in
the lattice thereby reducing mobility and hence the extent to which they segregate to
boundaries. Larger concentrations of molybdenum are not useful because precipitation

OCcurs.
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Fe-0.98C-1.46Si-1.89Mn-0.26Mo0-1.26Cr-0.09V wt% tempered
at 7300C for 21 days (photograph courtesy of Carlos Garcia
Mateo). The optical micrograph shows some very large
spherodised cementite particles. The ferrite has completely
recrystallised into equiaxed grains.






Tempered Martensite

» Martensite = very hard + brittle + internal stresses = cannot be used in
most prliﬁatiﬂnﬂ mariensite | BCT, single phase) == tempened manensite (o + Fed” phases)

* Ductility + toughness + stress relieving = Tempering
» Temp between 250°C and 450°C = Tempered Martensite

« Microstructure = extremely fine-grained, well dispersed cementite grains in
ferrite matrix
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MARTEMPERING & AUSTEMPERING

» These processes have been developed to avoid residual stresses generated during quenching.

= In both these processes Austenized steel is quenched above M; (say to a temperature T,) for
homogenization of temperature across the sample.

= In Martempering the steel is then quenched and the entire sample transforms simultaneously
to martensite. This is followed by tempering.

= In Austempering instead of quenching the sample, it is held at T, for it to transform to
bainite.

A ustenite [

Pearlite

0L + FE'_.'C :
Pearhlite + Bainite

Bainite

Martempering, Yo
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Figure 4.7.8 Heat treatment cycle for austempering [4].



Martempering is also known as stepped quenching or interrupted quenching

MARTEMPERING

S
'l'empc.'n.'dl if Desired
Tempered
Martensite

TEMPERATURE

urfac
Center
,/ 'y
Transformation \ ’

TIME

Figure 4.7.7 Heat treatment cycle for martempering [4]



Modified Martempering
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Tempered
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TEMPERATURE




Tempered to Desired
Hardness
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TEMPERATURE

1 *_-_47 Transformatio
e ]

TIME

Figure 4.7.6 Heat treatment cycle for conventional hardening process [4].
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Borizing is a thermal chemical surface treatment for ferrous metals

resulting in a very hard and wear-resistant iron boride surface.

Characteristics of the borizing treatment:
Diffusion thickness: 10-300 um

*Applicable up to temperature of 500°C
*Surface hardness: 1600-2000 Micro Vickers



Boriding

Boronizing, also known as boriding, is a case hardening diffusion process where
boron atoms are diffused into the surface of a metal component. This forms hard,
metal-boride compound layers under the surface of a component. Boronized

parts have two-five-times longer wear life compared to other heat treatments,

such as hardening, carburizing, nitriding, nitrocarburizing or induction hardening.
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Figure 1 — Dorided Al steels 3028 at 12231 % during 6 hours



Comparison of Surface Hardness
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Temperature (°C)
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1. WHITE CAST IRON
APPLICATION:

It can be used as liners of cement mixers, ball
mills, drawing dies and extrusion nozzles.

I \
— T R
- L. . L

NOZZLE

BALL MILLS CEMENT MIXERS



Material

Brinell Hardness

Mumber - HB
Lead 5.0
Pure Aluminium 15
Copper 35
Soft brass 60
Hardened Aluminium 75
Mild steel 130
Annealed chissel steel 235
White cast iron 415
Nitrided surface 750
Glass 1550
Rhenium diboride 4600
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Microstructures of Cast Iron

Gray iron
o Fe and

graphite flakes

low melting
point, castable,

cheap; however,

can be brittle.
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Hypoeutectic Alloys Desulfurized Hypoeutectic Alloys

2.50t04.00% C 2.50t04.00% C
I
| I ] [ ]
FastCool Moderate Cool SlowCool Moderate Cool Slow Cool

v v v

= B " ¢
Pearlitic Ferritic Pearlitic Ferritic
GrayC.|. Gray C. 1. DuctileC.l. DuctileC. .

v
ReheatandHold
for 30+ Hours

T

FastCool SlowCool

Pearlitic Fermitic
Malleable Malleable

Summary of Cast Iron Microstructure






Classification of cast iron
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(A)

/

White cast iron

o I N
White Black Chilled
malleable malleable castiron
castiron  castiron (GJH)
(GIMW)  (GJMB)

(B)

Castiron

™

Grey cast iron
# I ~
Lamellar  Vermicular Spheroidal
graphite castiron  graphite
(GJL} (GJV) (GJS)




