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Annealing Of steel

By the ASM Committee on Annealing of steel

ANNEALING is a generic term denoting a treatment that consists
of beating to and holding at a suitable temperature followed by
cooling at an appropriate rate, primarily for soften ing of metallic
materials, It also in applied to produce desired changes in other
properties or in microstructure steels may be annealed to facilitate
cold working or machining, to improve mechanical or electrical
properties, or to promote dimensional stability, The choice of an
annealing treatment that will provide an adequate combination of
such properties at minimum expense oten involves a comproise,
Terms used to denote spteels are descriptive of the method used,
the equipment used ot the condition of the material after
treatment. Many of these termas are dis cussed in the following
sections or are defined in the glossary of annealing terminology at

the end of this article.

Basic conceptst
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Critical Temperatures. The critical temperatures that must be
conside ered in discussing annealing of steel are those that define
the onset and com pletion of the transformation to or from
austenite. For a given steel, for a given steel, the critical
temperatures depend on whather the steel is being h&or
cooled. Critical temperatures for the start and co I@of the
transformation to austenite during heating are defeted, respect,
[

tively, by Ac, and Ac; for hypoeutectai %&3 and by Ac;and

Ac,, for hyperu tectiod steels, Thes%eratures are higher than

the corresponding critical tef s for the start and comple

tion of the transformatign austen ite during cooling which
are denoted, res%by Ar; and Ar, for hypereutectid steels,
these crifical ratures converge to the equilib rium values

and” Ae.,, as the rates of heating or cooling become

slow. Figure 1 illustrates the positions of the Ae;, Aes
and Ae.n, lines on the equilibrium phase diagram for plain carbon
steels. The presence of other alloying elements will also have

marked effects on thses critical temperatures.
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Table 1 provides critical temperatures for selected steels,
measured at heating and cooling rates of 28 C/h (50 F/h). The
equilibrium critical temperatures generally lie about midway
between those for heating and cooling at equal rates. Because

annealing may involve various ranges of heating and cooli@es

in combination with iso thermal treatments, the less @ferms

A1, Az and A, are used here in discussingghe basiCgencepts.
NO

In practice, specific thermal an almost infi nite variety

Annealing Cycles.

are used to achieve theygva goals of annealing. These cycles
fall into severalwegories that can be classified according
to the teper which the steel is heated and the method of

sed,’The maximum temperature may be below the lower

temperature, A;, (subcritical annealing) above A;
subcritial annealing above A; but below the upper critical
temperature, Az IN hypoeutectiod steels or A., in hypereutectoid

stells (intercritical annealing) or above Az (full annealing).
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Because some austenite is present at temperatures above A;
cooling practice through transformation is a crucial factor in
achieving desired microstructures and properties. Accordingly,
steels heated above A; are subjected either to slow continuous
cooling or to isotheraml treatment at some tempera ture bwl
at wich transformation to the desired microstucture rina
reasonable amount of time. These ps
[

Generalized treatments are illustrated %ﬂcally in Fig. 2.

Under certain conditions, two or@ such cycles may be

combined or used in success? ve the desired results. The

success of any anneali ion depends on proper choice and

control of the th@tle Based on the metallurgical priciples

discussedin t wing sections.

Fig- phase diagram, showl the temperafure range of
I-Mi'.:'..!'o:’:—n-“-g plain carbon :i:ol
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Full anneal with controlled
slow cooling

X
,’J

Intercritical anneal with
isothermal transformatlon

Subcritical
_ anpeal

Tnme B

* Temperature

Heating Bolow A,. s&@ an nealing does not involve

formation of au%ﬂe prior condition of steel is modified by

such therfnal ated processes as recovery, recrys tallization,
%d agglom eration of carbides. The prior history of

the steg@lis, therefore, an important facfor.

In as-rolled or forged hypoeutectiod steels contaning ferrite and

pearlite, subcritical annealing can adjust the hardnesses of both

constituents. But excessively long times at temperature may be
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required for substantial softening. The subcritical treatment is
most effective when applied to hardened or cold worked steels,
which recyatallize readily to form new ferrite grains. The rate of

softening increases rapidly as the annealing temperature has very

little effect on the established mierostruc ture and r%ant

properties. @

A more detailed discussion of the metallu&processes
o
involved in subcritical annealing is provj@ef 2.

Heating Above A;.

Austenite begins to m@en the temperature of the stell

exceeds Al. In @Ctoid steels, the equilibrium structure in

the equilibrium mixture of ferrite and austenite is not achieved
instantaneously Undissolved carbides may persist, especially if

the austenitizing time is short or the temperature is near A;
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causing the austenite to be inhomoge neous. In hypereutectoid
steels, carbide and austenite coexist in the intercritical range
between A, and_A¢n, and the homogeneity of the austenite depends
on time and temperature, The dogree of homogeneity in the
structure at the austenitizing temperature temperature th@ee
of homogeneity in the structure at the austenitizing ure is
an important consideration in the devglopmen annealed
[

structures and properties the more r%heous structures

developed at higher austenitizing t%atures tend to promote

lamellar car bide struct:gfe cooling, whereas lower
e

austenitizing temperatuges intercritical range result in less

homogeneous al@which promotes formation of spheroidal

carbides.®

Docomposition of Austenite
Austenite formed when steel is heated above the A; The rate of
austenite decomposition and the tendency of the carbide structure

to be either lamellar or spheroidal depend largly on the
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temperature of transformation. If the austenite transforms just
below A; it will decompose slowly. The product then may contain
relatively coarse spheroidal carbides or coarse lamellar pearlite,
depending on the composition of the steel and the austenitizing
temperature, this product tends to be very soft. However,w)w
rate of transformation at temperatures just below itates
long holding teimes in iso thermal treatmegts, or véfy-low cooling
rates in continuous colling, if max i %ft;ess Is desired.
Isothermal continuous cooling i %of achiev ing desired
structure and softness |n m amount of time. Somo
times, however, the av U|p ment or the mass of the steel

part being annewmake slow continuous cooling the only

feasible dlter

xrmation temperature decreases, austenite generally

decompGses more rapidly, and the transfor mation product is
harder, more lamellar and less coarse than the product formed just
below Ay, At still lower transformation temperatures. The product

becomes a much harder mixture of ferrite and carbide, and
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carbide, and the time necessary for complete isothermal tr.
Asformation may again increase. Temperature-time plots showing
the progress of austenite transformation under isothermal (IT) or
continuous cooling transformation (CCT) continuous cooling

transformation (CCT) conditions for many stells ha\%en

discussed. These IT or CCT diagrams may,be hel in design or

widely published (Ref 3 and 4) and illustrate the i@s just
‘p¢’

[
annealing treatments for specitic gr s%’ steel, but their

usefulness is limited because mos @hed diagrams represent
transformation from a fully d, relatively homogeneous

condition, which is not ays desirable or obtainable in

annealing. Howcwsformation deagrams (either IT or CCT)

That représen g from a specific austenitzing treatment may

y use of the techniques discussed in Ref 1. Such
offective annealing schedules.

COOIling After Transformation.
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After the austenite has been completely transformaed, little else of
metallurgical consequence can occur during cooling to room
temperature. Extremely slow cooling may cause some
agglomeration of carbides and consequently, some slight further

softening of the steel. But in this regard such slow coolin&fss

effective than high-temperature transformation. T r@ there

iIs no metallurgical reason for slow cooligpg after tsansformation

has been completed, and the steel &»:ooled from te
transformation temperature as ra S feasible in order to
minimize the total time requi % operation.

If transformation by sl nuous cooling has been used, the

temperature at v@nrolled cooling may be stopped depends

on the trans n characteristics of the steel. However, the

m the steel or the need to avoid oxidation are practical
consilderations that may require retarded cooling to be continued

below the temperature at which austenite transformation ceases.




www.jozveha.ir

Effect of Prior Structure

Finer and more evenly distributed the carbides in the prior
structure, the faster the rate at which austenite formed above A;
will approach complete homogeneity. The prior structure,
therefore, can affect the response to annealing. When sphegoidal
carbides are desired in the annealed structure, pr ng at
temperatures just below A; sometimes is ysed to Omerate the

o
proior carbides in order to increase their, the to solution in

the austenite on subsequent heatin %resence of undissolved

carbides or concentration n the austenite promotes
formation of a spheroi than lamellar, structure when the
austenite is trans e reheating to enhance spheroidization is
applicablé hypoeutectoid steels but also is useful for

pereutectoid low-alloysteels.

Austenitizing Time and Dead Soft Steel.
Hypereutectiod steels can be made extremely of time at the

austenitizing temperature, Although the time at the austenitizing
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temperature may have only a small effect on actual hard ness
(such as a change from 241. to 229 HB). Its effect on
machinabitiy or cold formaing properties may be appreciable.

Long-term austenitizing is effective in hypereutectoid steels
because it produces agglomeration of residual carbide%he
austenite. Coarser carbides promote a softer fin @ct. In

lowercarbon steels, carbides are unstable at temperagures abov A,

o
and tend to dissolution may be slow. ¢
Steels that have approximatel @oi

d carbon contents

generally form a lamellar trgn ion product if sustenitized

for very long periods ofdi ong-term holding at a temperature
just above the wﬁture may be as effective in dissolving
carbides ®an ating carbon-concentration gradients as is
ing at a higher temperature.
es for Annealing
The metallurgical principles discussed above have been

incorporated by Payson (Ref 1) into the foilowing seven rules,
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which may be used as guidelines for development of successful
and efficient annealing schedules:

Rule 1: The more homogeneous the structure of the as-
austenitized steel, the more completely lamellar will be the

structure of the annealed steel. &

Conversely, the more heterogeneous the stru,ctﬁ@ue as-

austenitized steel, the more nearly spheroidal will

)
carbide structure. O

Rule 2: The softest condition in t e%n usually developed by

e annealed

austeni-tizing at a temperature n 56 C (100 F) above A;
and transforming at a m re (usually) less than 56 C (100

F) below A, w

Rule 3: Beca ry long times may be required for complete

temperature, where a soft product is formaed and finish the
transformation at a lower temperature, where the time required for

completion of transormatio is short.
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Rule 4. After the steel has been austenitized, cool to the
transformation temperature as rapidly as feasible in order to
minimize the total duration of the annealing operation.

Rule 5: After the steel has been completely transformed, at a
temperature that produces the desired microstructuwnd
hardness, cool to room temperature as rapidly @Ie, to

decrease further the total time of annealings
o

Rule 6: To ensure a minimum of Iamellg@e in the structures
of annealed 0.70 to 0.90% CtOE®S and other low-alloy

medium-carbon steels, prehgit eral ours at a emperature
about 28 C (50 F)belowgh er critical temperature (A,) before

austenitizing am@ming as usual

Rule 7: Po.0 inimum hardness in annealed hypereutectoid
all I&ws, heat at the austenitizing temperature for a long
time (apout 10 to 15 h). then transform as usual.

These rules are applied most effectively when the critical

temperatures and transformation characteristics of the steel have

Table 2 Recommended tempeoratures and cooling cycles for full

Data are for forgings up fo 75 mm (3 in.) in section thickness. Time at temperature usually is o
minimum of 1 h for sections up to 25 mm (1 in.) thick; ' h is added for each additional 25
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been established and when transformation by isothermal treat

ment is feasible.

@&

S

Annoaling Tomperatures %

For many annea@foaﬁons, it is sufficient simply to specity

that the s!e& ed in the furnace from a designated annealing

temperature, Temperatures and associated Brinell

Table 2, and similar data for alloy steels are presented in Table 3.
Heating cycles that employ austenitizing temperatures in the

upper ends of the ranges given in Table 3 should result in pearlitic




www.jozveha.ir

structures. Predominantly spheroidized structures should be

obtained when lower temperatures are used.

3 Heating and cooling cyclo
i’:r" canesiing

Prosess of @ load
e? colled low-cmrbon

furnace

T
Temperature of

p——

Stacked height,
3.66 m (144 in.)

(217 tons)
I
Tempersture

Weight, 197 t ]

-

—

Temperature, °C

L/ ot top coil

}\\

bottom coil

==

40 80 120
Time, h

When an ally steel is a% 0 obtain a specific microstructure,

greater precisioWired in specifying temperatures and

or annealing. Table 4 presents, for a variety of

steels, typical schedules for auch annealing

In isothermal annealing to produce a peralitic structure,

particularly in forgings, an austenitizing temperature as much as




www.jozveha.ir

70 C (125 F) higher than that indicated in Table 4 may be selected
in order to decrease the austenitizing time.

For most steels, as indicated in Table 4, annealing may be
accomplished by heating to the austenitizing temperature and

their either (a) cooling in the furnace at a controlled ratwb)

cooling rapidly to, and holding at, a Iower)te&@re for

isothermal tranaformation. Both procedurgs resul irtually the

same hardness, however, considerably @re IS required for

iIsothermal transformation.

Uniformity of Tempo@
One potential coww to the failure of an annealing operation

Is a lack @f k ge of the temperature distribution withing the

the furnace. Furnaces large enough to anneal 18 t

furnce. The more difficut it is to establish and maintain uniform

temperature conditions throughout the load, and the more difficult
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it is to change the temperature of the steel during either heating or
cooling.

Furnace thermocouples indicate the temperature of the space
above, below or beside the load, but this temperature may differ
by 28 C (50 F) or more from the temperature of the ste%elf
(see Fig. 3), especially when the steel is in a pipe or.b when
bar or strip is packed in dense charge in aauiescﬁnosphere,
when these conditions exist, the dis %r.of temperature
throughout the load during he t@d cooling should be
established by

Placing thermocouple& the bars, forgings or coils,

Regulatio of the uring the annealing operation should be

based o h& eratures indicated by these thermocouples,

whi re in”actual contact with the steel, rather than on the

temperatures indicated by the furnace thermocouples.

Sphoroidizing
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Steels may be spheroidized-that is heated and gooled to produce a
struc ture of globular carbides in a ferritic matrix-by the following
methods:

1- prolonged holding at a temperature just below Ae;.

2- Heating and cooling alternately between temperatures%re

just above Ac, and just below Ar;.

3- Heating to a temperature above Ac;, and th'err%r cooling

very slowly in the furnce or holding at@érature just below

Ar]_

4- Cooling at a suitable rat minimum temperature at

which all carbide is d|& 0 prevent reformation of a carbide

network, and th@nng in accordance with method 1 or 2

above (appli 0 hypereutectoid steel containing a carbide

ayes of spheroidizing provided by these methods depend
somewhat on prior microstructure, being greatest for quenched

structures in which the car bide phase is fine and dispersed. Prior
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cold work also increases the rate of the spheroidizing reaction in a
subcritical spheroidizing treatment.

For full spheroidizing, austenitizing temperatures either slightly
abova the Ac; temperature or about midway between Ac; and Ac;
iIs to be used, good loading characteristics and @te
temperature controls are required for proper result o@/ise, it
IS conceivable that Ac; may not be geached thus that

[

austenitzation may not occr. Bacause ti %emperature affect

austenitization and thereby influe c%wumber of undis-solved

carbides from which nucleatgf alescence of the spheroids

occur, close control of re is necessary, For example, if it

is determined th@ﬂdlztlon of a given steel will require an

ature of 750 C (1358 F) a deviation of 11 C

maximum ductility or (for high-carboon steels) maximum
machinability is portent. Low-carbon steels are seldom

spheroidized for machining, because in the spheroidized condition
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they are excessively soft and gummy, cutting with long, tough
chips, when low carbon steels are spheroidized, it is generally to
permit severe deformation for example when 1020 steel tubing is
being produced by cold drawing in two or three passes, a
spheroidized structure will be obtaind if the material is Med

for 1/2 to 1 at 960 C (1275 F) after each pass. ',%@roduct

will have a hardness of about 163 HB. Tubing inSghis condition

will be able to withstand severe deforr@ﬂrmg subsequent.

Cold forming.

As with many other typ treatment, hardness after

spheroidizing depends& n and alloy con tents. Incresasing

the carbon or alw\t. Or both, results in an increase in the

as-spheradidiz dness. Which generally ranges from 163 to

2 Table 4).

Process Annoaling
As the hardness of steel increases during cold working, ductility

de creases and additional cold reduction becomes so difficult that
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the material must be annealed to restore its ductility such
annealing between processing steps is referred to as in-process or
simply process annealing. It may con sist of any appropriate
treatment. In most instances. However, a subcritical treatment is
adequate and least costly, and the term process annealing mut
further qualification usually refers to an in-procgss ritical
anneal. Refers to an in-process subcritigal ann It is often

[
necessary to specify process an nealin mrts that are cold

formed by stamping, heading or %on. Hot worked high-

carbon and alloy steels als cess annealed to prevent
themfrom cracking and t ften them for shearing, turning

straightening. w

Process a@nneali sually consistes of heating to a temperature

or a an appropriate time and then cooling usually in air,
In most instances, heating to a temperature between 11 and 22 C
(20 and 40 F) below Ac; produces the best combination of

microstructure, hardness and mechanical properties. Temperature
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controls are necessary only to prevent heating the material above
Ae, and thurs defecating the purpose of annealing.

When process annealing is performed merely to soften a material
for such operations as cold sawing and cold shearing,
temperatures well below Ae; normally are used anwse

controls are unnecessary.

In the wire industry, process anneal ing isgised a@'ntermediate
o

treat ment between the drawing of wir o}he slightly larger

than the desired finished size and %/mg of a light reduction

to the finished size. Wire tEu IS known as annealed In

process wire. Process is used also in the production of

wire sufficiently@ﬁevere upsetting, and to permit drawing

the small€r si ow carbon and medium-carbon steel wire that

annealing for a material that. Because of its composition or size
(or both) cannot be drawn to finished size because it either lacks

ductility or does not meet physical requirements. Also, material
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that is cold sheared during processing is process annealed to raise
the ductility of the sheared surface to a level suitable for further
processing.

Examples. A chango to process an nealed material was required,
to over come fabrication problems in two production op@ns
involving in two production operations involving 4@ 1045
steels. Spheroidized 1040 steel was too soft for co earing, and

o

when spheroidized 1045 steel was subse cold headed into

stub shafts, excessive machinin ‘pms were encountered

because of burrs and poor mEE
However, a spheroidi lal may be necessary because of

the sequence orwdf forming operations. Or because of the

mechanical les desired in the en product. Thus. To

s developed in process annealed 1035 steel during

ing for producing large-head provided by spheroidizing

was required. In another operation, involving. 1038 steel.
Spheroidizing was necessary so that the hardness of the end

product was in the specified range of 78 to 88 HRB.
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Annoalod structures for Machining

Different combinations of microstructure and hardness,

considered together, are significant in terms of machingability,

For instance, Fig. 4 shows that a partially spheroidized 51wel

shaft was machined (by turnig) with much less too r and

better surface finish than the same steel inghe an néaled condition
o

with a pearlitic micro structure and a higher Hardness. Based on

many observations, optimum m'cébhctures for machining

steels of vari ous carbon conéfn ually as follows.

Carbon, % & um microetructure
0.06 to 0.20 W d (most economi cal)

0.20 to 0. 30

der 75-mm (3-in.) diam, normalized;
Diam, normalized.
75- mm diam and over,
88 rolled
0.30t0 0.4 Annealed, to produce

Coarse pearlite, minimum ferrite

0.40 to 0.60 coarse lamellar pearlite

To coarse spheroidite

0.60 to 1.00 100% spheroidite, coarse to fine
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The type of machining operation is also a factory. For example,
certain gears were made from 5160 steel tubing by the dual
operation of machining in automatic screw machines and
broaching of cross slots, the screw machinge operations were

esiest with thoroughly spheroidized material, but a wtic

structure was more suitable for broaching. A se 's@idized
structure proved to be satisfactory comprognise. b

Semispheroidized structures can be ach x;f a ustenitizing at
lower tem peratures, and sometlm er cooling rates, than

those used for achleV| arlltlc structures, The

semispheroidized strur& he 5160 steel tubing mentioned

above was obtaweatmg to 790 C (1450 F) and cooling at

25 C/h (50 F 0 C (1200 F). For this steel, austenitizing at a

te @ ure of about 775 C (1425 F) results in more spheroidiza
ess pearlite.

Medium-carbon steels are much more difficult to spheroidize

fully than high-carbon steels such as 1095 and 52100. In the

absence of excess carbides to nucleate and promote the
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spheroidizing reaction, it is more difficult to achieve complete
freedom from pearlite in practical heat treating. Cycles.

At lower carbon levels. Structures consisting of coarse. Blocky
pearlite in a ferrite matrix often are found to be the most
machinable. In some alloy steels, this type of structure c%st.
Be achieved by heating to temperatures well o@cg to
establish a coarse austenite grain size, theg holdin low Ar; to

o
allow coarse, lamellar pearlite to form. |s%tess sometimes is

referred to as cycle annealing or | n%nnealing. For example,

forged 4620 steel gears were E idly in a five-zone furnace

to 980 C (1160 to 118 water — cooled zone and held at

that temperature@’ to 150 min. The resulting structure —

coarse, lamel lite in ferrite matrix — had a hardness of 140

Types of Furnaces
Furnaces for annealing are of two bacic types: batch furnaces and

continuous furnaces. Within either of these two types, furnaces
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can be further clas sified according to configuration, type of fuel
used, method of heat application, and means by which the load is
moved through, or supported in, the furnce.

Other factors that must be considered in furnace selection are
cost, type of annealing cycle, required atmosphere, and sical
nature of parts to be annealed, In many cases. r, the

annealing cycle used is dictated by the available eqtiipment

nt.
o

Betch-type furnaces are necessary for @ ts such as heavy

forgings and often are preferred f @ ots of a given part or

grade of steel and for the @Iex alloy grades requiring

long cycles. Specifi ty @tch furnaces include car-bottomn,

box, bell and Wes. These furnces may be controlled

manuall)ﬁox controlled manually or may be equipped with

med ¢ontrollers that permit automatic operation.
wous furnaces such as roller hearth rotary — hearth and
pusher types are ideal for isothermal annealing of large quanities

of parts of the same grade of steel. These furnaces can be
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designed with various individual zones, allowing the work to be

consecutively

Brought to temperature, held at temperature, and colled at the

desired rate for more detailed discussion of the types of frnacess

available for annealing, see Ref 6.

Tenislier B BR s om-ardi

cnsaoncrocsiisngy Twsmgroorcsfweren Toa
esiloy stoeols (ferssacs coolimg)d

Annealing

Hardness
tem peratuare
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(xmmx),

=
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. 845 -900
.. 845 -900
. 845 -900
. 845 -900
. 815-870
.. 815-8565
. 815-8565
. 790-845

790 -8465
T90-845
T90O0-846

. T790-8456

790 -846
790 -845
TO9O-84565
790 -845

.. T90-845
. 790845
. 790-845

815-870
815-870

. 8156—-870
. 815—-870
. 815-870

815870
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815870
815870
815870
815-870
815-870

. 8156870

815870
815870
T30 -T790

. T30 -790
. T30 —-T790
. 845 —-900
. 845 900

815870
TS9O -845
815870

. 815870
- 815870
- 815870

815870

. 815870

815870

. 815 -870
. 815870
. 815870
. 815—-870
. 790 -845
. T -845

TO9O-845

1550-1650
1550-1650
1550-1650
1550-1650
1500—-1600
1500—-16575
1500—-1675
1450-1550
1450—-1650
1450—-1650
1450—-16550
1450-16650
1450—-1660
1450—-16550
1450—-1650
1450—-15650
1450—-1550
1450-1560
1450—-165650
1500—-1600
1500-1600
1500—-1600
1500—-1600
1500—-1600
1500—-1600
1450-15650
1450—-165850
1500—-1600
1500—-1600
1500—-1600
1500—-1600
1500—-1600
1500 —-1600
1500 -1600
1500—-1600
1350—-14650
1350—-1450
1350—-1450
1550—-1650
1550-1650
1500 —-1600
1450—-16550
1500 —-1600
1500 -1600
1500 —-1600
1500—-1600
1500—-1600
1500 —-1600
1500—-1600
1500—-1600
1500 —-1600
1500 —-1600
1500—-1600
1450—-1550
1450—-156550
1450 -1550

4
179

187
192
187
183
192
201
223
174
192
197
207
212

223
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Furnace Atmospheres

Electric furnaces used with air atom spheres, and gs furnces used
with atmospheres consisting of the products of combustion cannot
be regulated for complete elimination of oxidation of the steel
being treated, Only atom spheres independent of the wre
generally considered satisfactory for clean or bright aling.
Excessive oxidatioin during annealing usuglly is prewented by the
use of controlled at mospheres in conj (%rv.vith a suit able

furnace that is designed to exclude @combustion gases from

the heating chamber. The f d gas mixtures used for

controlled atmospheresyde on the metal being treated. The
treatment tempe@d the surface requirements of the parts
being anfeale need to eliminate decarburization as well as
&ften a significant factore in the selection of

g atmospheres.
The gas most widely used as a protective atmosphere for

annealing is exothermic gas, This gas is inexpensive, the raw
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materials for making it are readily available and the results
obtained with it are generally excellent.

Hydrocarbon gases such as natural gas, propane, butane and cok-
oven gas are commonly burned in an exothermic-gas producer,
creating a self-supporting, heat-producing combustion re%. a
commonly used exothermic gas mixture contains , 10%
CO, 5% CO,, 1% CH, AND 69% N,. This gas is Used for bright

annealing of cold rolled lowcarbon stee \r will decarburize

medium-carbon and high-carbon t%owever because of the

carbon dioxide and water va

Exothermic gas somet efrlgerated to reduce its moisture
content, particul@ographic areas where the temperature of
the watef us colling is high. When decarburization of

ces must be pre vented, water vapor and carbon

exothermic gas, with its carbon dioxide and water vapor re
moved, has many applications in heat treatment of steel without

decarburization.




www.jozveha.ir

Purified rich exothermic gas, formed by partial combustion, is
used for short cycle annealing and process annealing of medium
and high carbon steels of the straight-carbon and alloy types For
long-cycle batch annealing, however, this gas is unsuitable,
because its high carbon monoxide content results in soot %its
on the work and because of the possibility of surfa (@g as a
result of the relatively long time for which the IS in the

[
critical low-temperature range where ¢ r%t)ns can occur. In

short-cycle annealing, these effec sé@mimal and the high-co

gas is then desirable becau igh carbon potential. The
fairly lean purified gashfor by more complete combustion is
used for Iongcy%ﬂng of medium-and high carbon steels of
the straight c nd alloy types, and for batch and continuous

g of Jow-carbon steel strip for tin plating.

atmospheres commonly used in annealing include
endothermicbase, dissociated ammonia, vacuum, and nitrogen —
base atmospheres, which consist of nitrogen plus additions such

as hydrogen, methane, methanol and carbon monoxide. For more
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complete information, see the article on furnace atmospheres in

this volume.

Annealing of sheet and strip

In terms of total tonnage of material processed, annealinMet
and strip during production of steel-mill prod ucts ;@ts the
major use of annealing. Because such annealing is d@ne to prepare

[
the material for futher processing (such %ﬂonal cold rolling

or fabrication into part) and because(b’

The temperatures employed ?Ee below the A, temperature,
critical

the more specific tegns annealing and process

annealing are ap@r although common practice is to use the

term annea& ut qualify cation.
In ling, or sheet and strip, two techniques predominate: the

batch process and the continuous process. In the batch process
(also called box annealin) coils or cut lengths of sheet are placed
on an annealing base and covered with containers that are sealed

to hold the appropriate atmosphere, A furnace is then placed over
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the covered steel. A protective atmosphere is intro duced withing
the inner covers to protect the steel from oxidation, and is
circulated through the coils by use of fans and convecor plates.
Heating is provided by the outer furnace and may be done either
through use of radiant tubes or by direct firing. The CM IS
heated to the required temperature and held for a per time
that will result in the desired properties. The outer furnace is then
removed, and the coils are allowed to cq lm t.he inner covers.

When the temperature has been to the point where

oxidation of the steel will noé 0 inner covers are removed

and the steel is forward&
In thd continuows, steel coils are uncoiled and drawn

through &fur ere they are subjected to the annealing cycle

rther processing.

roteCtive atmosphere, After the sheet or strip has been
d removed from the furnace, further in-line processing
(such as hot dip galvanizing ) may be done, or the steel may be
cut into sheets. In gen eral, however, the steel is recoiled and then

forwarded as in the batch process.
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Carbon, % Optimum microstructure

0.06 to 0.20 As rolled (most economi-
cal)
0.20 to 0.30 Under 75-mm (3-in.)
diam, normalized;
75-mm diam and over,
as rolled
Annealed, to produce

coarse pearlite, mini-
mum ferrite &
Coarse lamellar pearlite @
to coarse spheroidite
100% spheroidite, coarse
to fine
- ¥

o
In addition to the obvious differences j xpment The batch

process and the continuous proces %cons,lderably in several

other ways. Batch anneallng re up to a week because of
the large mass of m mg treated, whereas continuous
annealing is acc@d in about five minutes. Differences are
also evidént i mperatures employed, with the batch process
beirg conducted t lower temperatures. Because in batch

g it is difficult to ensure that the temperature is uniform
thorghot the charge (which may consist of several hundred tons of
steel), the continuous process offers the potential of more uniform

properties. The short annealing times of the continuous process,
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however, frequently result in hardness levels alightly higher than

those of similar material annealed by the batch process.

Cold Rolled plain crbon sheet and strip.

The usual method of manufacturing cold rolled sheet ancw IS
to produce a hot rolled coil, pickle it to remove sc ige) and
coil, pickle it to remove scale (oxide) and col | it to the
desired final gage. Cold rolling may reg cm:hickness of the

hot rolled reduce the thickness of thé @ Rolled matrial in excess

of 90%, which increases the Ea nd strength of the steel but

severely decreases its duCti

cold working iwne, the ductility of the steel must be
restored, w

f any large amount of subsequent

of cold rolled steel normally is designed to
pr a recCrystallized ferrite microstructure from the highly
elongated, stressed grains resulting from cold work. During
heating of the steel, and in the first segment of the holding protion
of the cycle, the first metallurgical process to occur is recouvery.

During this process, internal strains are relieved (although little
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change in the microstructure is evident), ductility is moderately
increased and strength is slightly decreased.

As annealing continues, the process of recrystallinzation occurs,
and newmore equiaxed ferrite grains are formaed from the
elongated grains, During recrystallization, strength d@es

rapidly, with a corresponding increase in ductility, Eur me at

temperature causes some of the newly fogmaed gr to grow at

o
the expense of other grains, this is t %rain growth and

results in modest decreases in and small (but often
signigicant) increases in d %st plain carbon steels are
given an annealing tre at promotes full recrystal lization,
but care must b%avoid excessive grain growth, wich can
lead to sUrfac ts (such as orange peel) in formed parts.

T s&which the metallurgical processes noted above
procee@are functions of both the chemical composition and the
prior history of the stell being annealed, For example, small

amounts of elements such as aluminum, titanium, niobium,

vanadium and molybdenum can decrease the rate at which the
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steel wil Irecrystallize, making the an nealing response sluggish
and there fore necessitating either higher temperatures or longer
annealing times to produce the same properties, Although the
presence of these alloying elements is generally the result of
deliberate additions intended to modify the properties of t@et
(as in the case of aluminum, titanium, niobium a ium),
some elements (molybdenum, for example) in tities great
[

enough to modify the response to ann n%onversely, larger

amounts of cold work (greater col %lons)will accelerate the

annealing response, Therefor t cycle that will produce a
Qperties

particular set of mechaufic in all steels; the chemical

composition an%ﬂnt of cold work also must be taken into
account. ®

ain carbon steels are produced to a number of

, quality descriptions. Commercial quality (CQ) steel is

the most widely produced and is suitable for moderate forming.

Drawing quality (DQ) steel is produced to tighter mechanical —

property restrictions for use in more severely formed parts.
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Drawing quality special killed (DQSK) steel is produced to be
suitable for the most severs forming applications. Typical
properties of these grades may be found on page 156 in volume 1
of this Handbook. Structural quality (SQ) stell is produced to

specified mechanical properties other than those for th%ve

three grades. @
Typical annealing cycles for all posgible &nions of

o
composition, cold reduction and gradg/can be listed here,

However, typical batch annealing e%ures range from 620 to

960 C (1150 to 1270 F) for éEe point in the charge. Cycle

times vary with the gr& wed and the size of the charge, buut

total times (fron@hning of heating to removal of the steel

from the?u& be as long as one week.
C us-annealing cycles are of shorter duration and are

conducted at higher temperatures than batch annealing cycles. In
some applications, the annealing temperature may exceed A,
Typical cycles are 40 s at 700 C (1290 F) for cold rolled

commercial quality sheet and 60 s at 800 C (1470 F) for drawing
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quality special killed shee. Most continuous annealing of cold
rolled shett includes an overaging treatment designed to
precipitate carbon and nitrogen from solution in the ferrite and to
reduce the likelihood of strain aging. Overaging for 3 to 5 min at
300 to 450 C (570 to 860 F) accomplishes the @ed

precipitation of car bon and nitrogen.

Batch annealing and continuous an nealipg diff&tly in the
o

properties they produce. Typical aver e}perties of batch-

annealed and continuous anneald %rcial quality plain car

bon steel are as follows:

Annealing @strength Elonga —

Process I tion, %

Batch ..... { 30.4 43.0
o

Continuou\(. .. 33.0 41.7

High —Strength cold rolled sheet and steip

Are growing in importance due to their high load-bearing capaci-
ties. Stength of sheet and strip can be increased through

modifications of chemical composition and/or selection of
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different annealing cycles, but these methods result in decreased
ductility. Plain carbon steels, produced by conventional
techniques, may be batch annealed or continuous annealed under
conditions that result only in recovery or partial recrystallization.
Typical batch annealing cycles of this type emleak
temperatures of 425 to 480 C (800 to 900 F) and. vai soak
times. High-strength low-alloy (HSLA) stgels contaiping alloying

o
elements such as niobium, vanadium %ﬂum also may be

produced as cold rolled grades. T %onal alloying produces

a stronger hot rolled steel, whielr’ 4§  strengthened even more by

cold rolling Cold rollet& teels may be recovery annealed to

produce highers thYgrades or recrystallization annealed to
produce 4ow gth grades. Successful production of cold

Steel requires selecton ot the appropriate

of cold reduction and type of annealing cycle. Table 5 presents

typical properties after recovery or recrystallization annealing, as




www.jozveha.ir

appropriate, for a family of cold rolled sheet products employing

titanium as the principal strengthening element.

Hot did galvanized products
Are produced on lines that process either preannealec@ch
annealed) or full hard coils. Lines for processing ful coils

incorporate an in-line annealing capability so that%annealing and

hot dip galvanizing can be accomplish Ngle pass through

the line. This in-line anneallng, ntlnuous annealing of
uncoated steel, generally ightly higher strength and
slightly lower ducUh[& atch annealing. Maximum strip
temperatures are wthe A; temperature for commercial quality
steel bthe es in excess of 845 C (1550 F) are required
des Galvanizing of preannealed steel results in
propert¥€s similar to those of ungalvanied material.
The atmosphere in a continuous galvanizing line, in addition to

protecting the sheet from oxidation, must remove any oxides
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present on the strip to promote metallurgical bonding between the

steel and the zinc.

Tin mill products

Are disitinguished form their cold rolled sheet mill cour@rts

0.38 mm, or 0.005 to 0.15 in.) and by 0.38 mm, o 05 in.) and

chiefly by the fact that they are produced in lighter :a@.l:% to

o
by the fact that some of them are coated tm(or chromium and

chromium oxide for corrosion res's% he sequence used for

processing single reduced tig ducts is similar to that for

cold rolled sheet-that im

ed coils. Double reduced products are

ng, cold reducting, annealing and

annealing currently are more prevalent in tin mille than in sheet

mills)
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Because tin mill products tradition ally have been produced at
facilites separte from sheet mills and because applications for
these products are different from those for cold rolled sheet, tin
mill products have been assigned separte designation for
indicating the mechanical properties developed during an&ing.

A list or fhese temper designations is givan in Tabl

O
Open-coil annealing O

Which is done in batch furnaces, i@s loose rewinding of a

cold reduced coil provide ope between successive laps.
This allows the contrgll tmosphere gasses to be drawn

between the Iap@ﬁg faster and more uniform heating and

cooling than form heating and cooling than are obtained

conditions can be established. The carbon content of the steel can
thereby be reduced to low levels for such materials as enameling

steel and electrical steel. Loose rewinding of coils for open-coil
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annealing is doen on a turntable having a vertical mandrel. As the
coil is wound, a twisted wire spacer is in serted between the laps.
This spacer remains in the coil during annealing and is removed

after the coil has been removed from the furnace. The coil is then

tightly rewound and is read for temper rolling. &

Annealing of forgings is most often performed to fac some
subsequent operation-usually machining or cold ¥ermaing. The
type of annealing required is determain .%ly’pe of annealing
required is determined by the kin %ount of machining or
cold frmaing to be done as we type of material involved.
For some processes ifgis ntial that the microstructure be

spheroidal, whi%v‘ners spheroidal structures ma not be

necessary or sirable.

Annealng of forgings for Machinability.
In many cases, a struc ture suitable for machining can
bedeveloped in low-carbon steel forgings by transferring the

forgings directly from the forging operation to a furnace heated to
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a proper transformation temperature, holding them at this
tempertature for a time sufficiently long to permit all the austenite
to transform, then cooling in air. In this process, the effective
austenitizing emperature is the finishing temperature of forging,
not the initial forging temperature. This process is ca%of
producing reasonably uniform structures in forgi iform
sections. Howver, in forgings shaped such,that so ortions are
[

cooler than others, this difference in fj smtemperature will

cause the structures to be dissimila@ process generally will

not produce a sphe roidal éfr xcept in high alloy steels

containing lage amou&
lamellar structur@ole for subsequent operations, however,

this process inimize energy usage and lower costs by

re &sing and handling time.

carbide-forming elements. If a

In many instances where the product or subsequent process
requires a more consistent hardness, forgings can be subcritical
annealed by heating to temperature between 11 and 22 C (20 and

40 F) below Ae, holding sufficiently long (determined by degree
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of softening required) and then cooling in air (or equivalent). Care
should be tak en to maintain the temperature below Ae; to prevent
formation of austenite, which would require a much lower cooling
rate.

In forgings produced from highercarbon steels with or wut

gsignificant amounts of alloying elements, a spf&cture

generally is preferable for high-speed gpachini pera tions.
o
Direct transfer of high-carbon steel f in}to a furnace for

transfor mation sometimes can be uébf he preliminary step of

an annealing cycle and as a me reventing the possibility of
&

cracking in deep-hard | parts, but seldom will produce
sat isfactory pro@tﬁn. Most annealingof high —carbon steel
forgings %w\er In a batch furnace or in continuous tray
p @ rnces 52100 steel in a batch furnaceare as follows.

Austentize by holding at least 2 hat 790 C (1450 F), furnace cool

at 17 C/h (30 F/h) fo 595 C (1100 F) then air cool.
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Austenitize by holding at least 2 h at 790 C (1450 F), cool as
rapidly as practical to 750 C (1380 F) cool at 6 C/h (10 F/h) to
675 ¢ 91250 f). Then air cool

Austenitize by holding at least 2 h at 790 C (1450 F). cool as

rapidly as practical to 690 C (1275 F), trans form isotherrwby

holding at this temperature for 16 h, then air cool. @

In all instances, the load should be distribyted to pregmote uniform

o
heating and cooling. Use of circulati 35 in the furnace

chamber will greatly aid in producj r@oduct that is uniform in
both hardness and microstructu pical continuous furnce for
annealing steel forgm consist of five or six zones. An

example of specifig, s r0|d|ze annealing treatment in such a

furnace |9Me next section.
BRI 2 B

Annealed (peariitic) micostruocrure (s
ness: 241 HB), and surface finish of faonge
after machining of eight pieces

Partialty sphercidize
ness: 180 HB), andnnﬁn.ﬁnhh.fm
after machining of 123 pleces
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Steel
condition
Proec lorn mantly

Annealing of Forgings for cold formain gnd R&lin.

o
If a steel forging or blank requires furth C%Orming, it may be

necessary to soften it in orer %amce its plastic-flow

characteristics. In general, this annealing is done only to
the extent that the for ration requires that is, to satisfy

dimensional, m w’and toollify dimensional, mechan ical

and toolﬂ& ements as well as to prevent cracking and
spl

Much Sintermediate annealing is done successfully, but cold
forming processes are best performed on parts with totally
spheroidized mirostructues — especially for parts made of carbon

steels.
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In one plant, both 5160 and 52100 ized with a common cycle in a
six-zone tray pusher furnce. In this cycle, the temperatures in the
six zones are 750, 750, 705, 695, and 680 C (1380, 1380, 1300,
1280 and 1260 F).

Time in each zone is 150 min. This process yelds 51wel

forgings with hardnesses of 170 at 190 HB and 52 @ parts

with hardnesses of 175 to 195 HB, both syjtable f Id or warm

[
restrike operations. O
A

Table 3 T | properties of titanium-strengthened
cold '1»mn.Qf1:::::|

Minimum
yield strength . Yield strength Tensile strength ti
_ o
MPa ksi MPa ksi MPa ksi %m

275 47 415 60 30
345 55 490 71 26
415 66 545 79 23
485 76 605 88 ) 19
550 89 670 97 17
690 : 108 800 116 12
825 128 905 131 10
965 151 1050 152 5

bon steels generally can be cold formed successfully after

near A, and then being cooled through 675 C (1250 F) at a
controlled rate. In one plant, 5120 steel annealed 1 to 2 h at 745 C

(1375 F) and slow cooled has been cold formed successfully.
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Large quantiies of 1008, 1513, 1524, 8620 and 8720 steels are
being cold formed after annealings are being cold formed after
annealing cycles consisting of 1 to 6 h at 720 C (1325 F) followed
by slow coling. The severity of the forming operation, as well as
the grade of steel and history of the part, determines the e%od

naces and continuous belt furnaces are being use cessfully to

annealing required, Betch furnces, continuous &r fur

perform these types of annealing operati %OW carbon steels.

Any part that contains significa t%es resulting from cold

forming or restrike operation E reviewed for some type of

stress-reief process St ving usually is done by eans of

time-temperature that result in alight reductions in

hardness"@ s often consist of 1 h at 425 to 675 C (800

Annealing Yield strength Elonga-
MPa ksi tion, %

210 30.4 43.0
228 33.0 41.7
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Annoaling to obtain pearlitic microstructures.

Forgings — espe cially plain and alloy high- sometimes are
isothermally annealed to produce a pearlitc microstructure that is
preferred for a subse quent process. In steels that are to be
induction hardened. For example, the carbide distributiw a
fine pearlitic structure offers in selective har e@while
producing a reasonably machinable corg structiwg: Isothermal

o
annealing to obtain fine pearlite can per ed in batch or

continuous fur naces, howver tem e‘@' control and uniformity

are more critical than |n | slow cooling cycles, be
cause a particular mi re and particular hardness level
usually are desiw@ plant, a continuous belt type furnace |
sued for #oth nnealing of 1070 steel forgings. The forgings
ar rmaly heated for 30 min at 845 C (1550 F). cooled to 675
C (1250 F) and held for 20 mom. Then rap idly cooled. The
microstructure produced is essentially fine lamellar pearl-ite with
hardness of 219 to 228 HB. The hardness and the structure can be

modified by adjusting the transformation temperature.
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Hardness After Annealing.
Figures 5 and 6 present data on distribution of hardness after
annealing. These data are based on production annealing of

forgings. Bars, tubes and rings made of 1045, 4140, 4340 8640H

and 52100 steels. The details of each annealing &

Hardness —
aim,
Desmgnawon HR30T »

Batch (box) annealed products v

. 50 to 56
54 to 60
58 to 64
. 62 to 68
.67 to 73

vide open spaces between successive
laps. This allows the controlled atmo-
sphere gases to be drawn between th_e

Y

ar, Rod can wire

treat ments that decrease hardness and prepare the material for
subsequent cold working and/or machining. For lowcarbon steels

(up to 0.20% C). short time subcritical annealing often is
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sufficient for preparing the material for further cold working.
Steels with higher carbon and alloy contents require
spheroidizing, to impart maximum ductiliy.

Most carbon and alloy steel coiled products can be successfully
spheroidized in accordance with rules 2 and 3 (see Guide&jor
Annealing), In batch annealing, it is helpful to us -than-
normal temperatures (such as 650, or 4200 Qng initial
heating for purging, because the hi eﬁﬂt?al temperature

promotes a lower temperature r In the charge during

subseguent heating into the t range between A; and A;

Use of a higher purge& ure also promotes agglomeration

nof the carbides@ﬁel, withc makes them more resistant to

solution n_t enite when the chrge temperature is finally

transformation is com plete.
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Fig. 8 Yerietion in Brineil hardaess of ennexiod plaia carben
and low-alioy steels

) -
i .

Parts

1045, forginéls

\
4140, tube '
and bar '

4140, forgings

4340, forgings
S4B, %
52100, tube

Hardness, HB: 100 150 200 250 300

1045 steel forgings were heated at 790 °C (1450 °F) in a batch-type muffle fumace,
furmnace cooled at 11 °C/h (20 °F/h) to 650 °C (1200 °F), then air cooled. Specified max-
imum hardness was 207 HB. Hardness was measured on polished flash line; data cover
a four-year period.

4140 seamless tubes and bars were annealed In a continvous car-bottom furmace to
produce a predominantly lamellar structure. Bar diameter ranged from 47.6 to 203 mm
(1.875 to 8.000 in.); tube wall thickness ranged from 16.0 to 35.0 mm (0.629 to 1.379
in.). The steel was austenitized at 885 °C (1625 °F), furmace cooled to 760 °C (1400 °F),
fumace cooled at 11 °C/h (20 °F/h) to 635 °C (1175 °F), and air cooled.

4140 steel forgings for automotive transmissions were annealed in a batch fvmc«. Forg-
ings were held 5 h at 675 °C (1250 °F). Hardness was measured on polished flash line.
Specified hardness range was 170 to 241 HB.

4340 steel forgings for aircraft piston engines were annealed in a batch fumace. Forgings
were held 8 h at 650 °C (1200 °F). Hardness was measured on polished flash line.
Specified hardness range was 170 to 241 HB.

8640H hot rolled steel bars, 17.5 mm (11/16 in.) in diemeter, cold heading quality, in
coils, were spheroidize annealed to produce minimum hardness. Data represent as-
received material.

52100 steel seamless tubes were austenitized at 790 °C (1450 °F), rapidly fumace coolad
to 750 °C (1380 °F), cooled at 6 °C/h (10 °F/h) to 695 °C (1280 °F), and air cooled.

Yy

f the temperature dis tribution in the furnce and in

i

consistent response to spheroidi zation.
Temperature distribution and control are much more critical in
batch and vacuum furnaces, which may handle losds of up to 27 t

(30 tons), than in continuous furnaces, in which loads of only 900
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to 1800 kg (2000 to 4000 Ib) may be transferred fro zone to zone.
Test thermocouples should be placed strategicall y at the top,
middle and bottom (inside and outside) of the charge during
development of cycles. In spheroidizing, to minimize formation
of pearlite on cooling, it is important to ensure that no pa@he
charge be allowed to approach As;, conversely, i t@atures
only slightly above A, temperature, Will not ttained and

[
That no austenitzation will occure %. gives typical

mechanical properties that can be ot% In hypoeutectioid plain

carbon steels by spheroidizi ordance with rules 2 and

times for lamellar an& idize annealing of hypoeuectiod

alloy steels are presente@in Table 4.

Fig. 8 Voriation (o Brinefli boardness of axnexied plain coarben
and low-alioy steels .

—
7/////////A

200 250 300

1045 steel forgings were heated ot 790 °C (1450 °F) in a batch-type muffle fumace,
furnace cooled at 11 CIh(ZO'F/h)tobSO'C(I?OO’F) thonul eool.d Specified max-
imum hardness was 207 HB. was don p hed flash line; data cover
a four-year period.

4140 ucmlm iubot aod hon were

dina L to

Bar di d from 47.6 to 203 mm
(l 875008000ln) mbowll'lﬂ kness ranged from 16.0 to 35.0 mm (0.629 to 1.379
in.). The steel was austenitized at 885 °C (1625 °F), furnace cooled to 760 °C (1400 °F),
fumace cooled at 11 °C/h (20 °F/h) to 635 “C (1175 °F), ond air cooled.

4140 steel forgings for were ] lnobc'chfurno« Forg-
ings were held 5 h at 675 C(I250'F) d was d on polished flash line.
Specified hardness range wes 170 to 241 HB.

4340 steel forgings for were led in a batch fumace. Forgings
w-nh.ld.hmé”'c(lm'ﬂ“*‘ was d on polished flash line.
Specified hardness range was 170 to 241 HB.

8640H hot mll.d fool bars, 17.5 mm (1 |I|6 in.) in di , cold headi quality, in
coils, were sph led to p hard Data rep: as-
moiv.d material.

52100 steel seamless tubes were austenitized at 790 °C (1450 °F), rapidly furmace coolad
to 750 °C (1380 °F), cooled at 6 °C/h (10 °F/h) to 695 'C (1280 °F), and air cooled.
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Table 7 Typical mechanical
propeorties of spheroidized
plain carbon steels

Tensile strength
" Hot rolled Spheroidized
MPa ksi MPa ksi

53 295 43
65 365 53
68 385 56
85 415 60
87 485 70

98 515 75
125 550 80 &
132 600 87

74 450 65
103 540 78

Prior cold working increases the degree of sphef@idization and
o

provides even greater ductility. For exa %37 steel in the as

— rolled condition normally can %eroidized to a tensile
strength of about 515 MPa (75kSi. If, however, the material is
drawn 20% and the% dized (refered to as spheridize
annealed in — proeess),yresulting tensile strength will be around
470 MPa%(68 Rsi)"

prior cold work can enhance response to annealing,

ust be observed in spheroidizing cold worked plain
carbon steels with 0.20% C or less, Unless a reduction of at least

20% is applied, severe grain coarsening may be observed after

spheroidizing.
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Such grain coarsening is the result of a critical combination of
strain and annealing combination of strain and anneaing
temperature peculiar to the steel and may severely impair
subsequent performance.

In the wire industry, a wide variety of in-process ar@ng

operations have been evolved for rendering grain

coarsening is the result of a crtical combinati&train and
annealing temperature peculiar to the@hd may severely

impair subsequent performance.

In the wire industry, a w?e [ of in-process annealing

operations have beerm
suitable for quessing that may require formability,

Inability or a combination of these

for rendering coiled material

S. One large wire mill reports current use of 42

represent compromisea between praoperties, For example, an
nealing temperatures below those those that might yield optimum

softness some.
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Times must used in order to preclude scaling of wire. Coils,
which often can occur even in controlled-atmosphere furnaces.
Even slight scaling maycause the coil wraps to stick together,
wich can impede coil payoff in subsequent operations.

Some of the terms used to describe various in-process ar@ng
treatments are in common usage through out the wirégadustry,
whereas others have been developed within sﬁplants or
mills. No attempt will be made here to I&Xﬂne all the names

that refer to specific treatments.

Patenting is a special form of a that is peculiar to the rod
e

and wire industy. In

medium-and hlgwn grades of steel, rod or wire products

are uncofled, e strands are delivered to an austenitizing

ss, which usually is applied to

@ he strands are then cooled rapidly from above A; in a
edium-usually lead at about 540 C (1000 F)- for a period

of time sufiicient to allow complete transformation to fine
pearlitic struure. Both salt baths and fluidized beds have also been

used for this purpose. This treatment increases substantially the
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amount of subsequent wiredrawing reduction that the product can
withstand and permits production of high-strength wire
successive drawing and patenting steps may be employed. If
necessary, in order to obtain the desired size and strength level.

Austenitizing for patenting can be accomplished in oil,&or
electric fur, naces; in high-temperature lead or salt b or by
induction or direct resistance heating.As an “alternative to

[
qguenching in molten lead, continuo mooling often in

employed. Such air patenting is Iess%lve than lead patenting

but results in coarser pearlite a more proeutectiod ferrite,

a microsotructure that @deswable from the standpoint of

dreawing high SM

Plate pyoducts are occasionally annealed to facilitate froming or

machining operations. Annealing of plate usually is done at

subcritical temperatures, and long annealing times generally are
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avoided. Maintaining adequate flatness can be a significant

problem in annealing of large plates.

Annealing of tubular products

Tubular products known as mechanical tubing are us% a
variety of applications that can involve ma chini ming.
Form various grades of steel, annealing ig a com treat ment.

[
In most annealing cycles, sub critica e%(atures and short

anneal ing times are usd to reduc %SS to the desired level.

High-carbon grades, such 00 for bearings, generally
are spheroidized to machmlng Tubular products
manufactured iwls are rarely annealed. These products
normally®are the as-rolled, the normalized or the quenched

ondition.
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Annealing Terminology

Box annealing:

Annealing of a metal or alloy in a sealed container under
conditions that minimize oxidation. In box annealing of ferrous
alloys th charge is heatd slowly to temperature usually the
transformation range but sometimes within or abgve§itgand is

then cooled slowly. This process some gimes is“geferred to as

°
close anneal ing or pot annealing. O

Bright annealing:

Annealing in protectiv%@ to prevent surface discoloration.

Finish afnea

treatment, lowers residual stresses, thereby minimizing the risk of
distortion in machining while retaining most of the benefits to

machinability contributed by cold working.
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Flame annealing:

Heating to and holding at a temperature above the upper critical
temperature to obtain full austenitization, followed by either slow
cooling or isothermal transformation below the lower critical
temperature, specific structures and properties obtained %nd

on the composites obtained de pend on the coq jon and

starting structure of the steel and on, the pagticular time-

temperature cycle employed. O

Intercritical annealing:

Any annealing treatmem olves heating to, and holding at a
temperature betvapper and lower critical temperatures to
obtain partia eratures to obtain partial austenitization,
fo «@ by ejther slow cooling or holding at a temperature below

critical temperature.
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Intermediate annealing:
Annealing of wrought metals or alloys at one or more stages

during manufacture and before final treatment.

Isotheramal annealing: &

Complete or partial austenitizatio of a ferrous allo r@ed by

cooling to and hoding at a temperatuyse at leh austenite

o
transformas to a relatively soft ferrite — @fmgregate.

Process (or in-process) ann '
Any annealing opera éied for the purpoe of restoring

ductility for futwbsequent cold wor. When used without

further (ﬂj& , the term usually refers to a subcritical

tr t.

Recovery annealing:
A subcritical annealing operation that provides relief of resideual

stresses and some softening or recovery of ductility in cold
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worked steel. Temperatures employed are below those that would
promote formation of new grain, through recystallization, and the
degree of softening that occurs is less than that obtained by

recrystallization annealing.

Recrystallization annealing: ; @
O

An nealing of a cold worked metal or alloy t uce a new

grain struc ture without a phase change. O

Spheroidize annealing (o |zmg)

Any annealing treat & igned specifically to produce a

spheroidal or glwﬂ of carbide in the steel.

Any anmealing treatment will tend to reduce resid ual stresses, but
only those treat ments applied specifically for the prurpose of
reducing stresss in heat treated or cold worked steels are termed

stress relieving the temperatures employed in most stress relief
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treatments are below those necessary for complete

recrystallization.

Subcritcal annealing:

Annealing at temperature below the the lower wal
temperature. Subcritical annealing often is us @estore
ductility between cold formaing or drawigg operatigns, in which
case it often is refereed to as process an $.

‘D'
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