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10.2 Temperature and Strain Rate

On the

temperature,

the

forming operations are

basis of working
commonly divided into hot working and
cold working.

Hot working is defined as the plastic
deformation carried out under such
conditions of temperature and strain rate
that recrystallization occurs as the work-
the strain

piece is deformed and

hardening caused by the working
operation is relieved instantaneously,
whereas cold working is the plastic
deformation under such conditions of
that

recrystallization does not take place

temperature and strain rate
during the working operation and the
strain hardening caused by deformation

is not relieved.

Since the effect of the increase in
temperature on the strength and ductility
properties of a material is opposite to
that due to increasing strain rate and
both temperature and strain rate can

vary during the working operations, so

10.2  Temneparypa ©W  CKOpPOCTb
nedopMarum.

B 3aBUCHUMOCTH OT pabouei
TeMIlepaTypbl  omnepanud  (HOpPMOBKHU
OOBIYHO  JIETSATCS HAa TOPSYYI0 U

XOJIOJHYIO0 00paboTKYy.

['opsiuast 0OpaboTka ompeaensercss Kak
IIacTUyecKas nedopmarus,
BBITIOJTHSEMAs. TIPU TaKUX YCIIOBUSAX
TEeMIIepaTyphl U CKOPOCTH AehopMaIlui,
npu

KOTOPBIX IMPpOUCXOJUT

pEKpUCTANIM3AIMS, KOTJla 3aroToBKa
nedopmupyetrcs, U AedOpMalMOHHOE

YOPOYHEHUE,  BBI3BAHHOE  pabouei

omiepariueii, MTHOBEHHO CHHUMAETCH,
TOT/Ia Kak XoJIoJHas o0padoTka — 3TO
macTuyeckas jaedopmars Mpu TaKUX

YCIIOBHUSIX TEMIIEPATYPBl M CKOPOCTH

nedopmaruu, npu KOTOPBIX
peKpHUCTAUIM3ALMST HE MPOUCXOAUT BO
BpeMs

paboueit ornepauuu u

nedopMaloHHOE YIPOUHEHHUE,

BBI3BAHHOE nedopmariuei, HE
CHUMAETCH.
[lockonbKy  BAMSHUE  TIOBBIIICHUSA
TEeMITepaTyphbl Ha CBOMCTBA TPOYHOCTH H
TJTACTUYHOCTH mMaTepuasa
MPOTHUBOIIOIOKHO BITUSTHUIO
YBEIMUYEHHUSI CKOPOCTH nedopMainuu, u

TeMIlepaTypa, U CKOPOCTh JaedopManuu




both parameters are always included in
the definitions of hot or cold working to

consider their joint effects.

From the above definitions, it can be
stated in a simple manner that the plastic
its
hot

deformation of a material above

recrystallization temperature is

working, whereas that below its

recrystallization temperature is cold

working.

The temperature at which a heavily
material
1 his

recrystallization temperature, Tr, which

cold-worked completely

recrystallizes in called its
is roughly estimated from its melting
temperature, Ty, measured in Kelvin
and approximately given by Tr (in K) =

(0.4-0.6) x Ty (in K).

Hence, the higher the melting point of
metal, the higher is the recrystallization
factors

temperature, provided other

affecting Tr remains the same.

MOTYT H3MEHSTHCS BO BpeMs paboumx

omepanuii, 00a TapaMmeTpa Bceraa
BKJTFOYAIOTCS B OMNPEACIICHHUS] TOPSIIETO
COCTOSIHHUS WJIM XOJIOJHAs 00paboTKa,
YTOOBI

3¢ heKThI.

3 IMPUBCACHHLIX BBIIIC OHpCI[GJICHI/IfI

PaCCMOTPETh HUX COBMCCTHBIC

MOXHO 3asiBUTh, 4YTO ILJJACTUYECKas
nedopmalsi Marepuanga BbIIIE  €ro
TEMIIEpaTypPbl peKpHCTaIIA3aUN
ABJISIETCSL TOpsiueid 0OpabOTKOM, Tornma
KaK jJeopmals HUXKE TeMIepaTyphl
PEKPUCTAILTA3ALNHI - XOJIOJTHOU
00pabOTKOM.
Temneparypa, Ipu KOTOPOW CHUIIBHO
X0JI0IHOAE(OPMHUPOBAHHBIN  MaTepHal
IIOJIHOCTBIO pEeKpUcTan3yercs 3a 1
Ha3bIBAETCS €ro TeMIIepaTypou

Tr,

Jac,
PEKPHCTAUTH3AIIHH, KOTOpast
OLICHUBACTCA 110

Tw,

TeMIIEpaType
I1JIABJICHUS U3MEPEHHON B
KenbBunax u MPUOIU3UTEIIBHO
BeIpakeHHoi kak Tr (B K) = (0,4 — 0,6)
x Twm (B K).

CnenoBatebHO, 4yem BBIIIIEC
TeMIeparypa IUJIaBJIICHUS METajlla, TEM
BBIIIIE TEMIIEpATypa PEKPUCTAIIIU3AINH,
IpU  YCJIOBUH, 4YTO Jpyrue (GakTophl,
BIIUSIIOIIINE Tr,

Ha OCTaroTCsa

HCU3MCHHBIMU.




Since lead and tin are low-melting
metals and they recrystallize rapidly at
room temperature after large
deformation, so the room temperature
working of these metals constitutes hot

working.

On the other hand, working of tungsten
(@ high-melting metal) at 1100 °C,
which is in hot-working range for steel,
constitutes cold working, because Tr for

tungsten is above 1100 °C.

Dividing line between the hot and cold
working operations is explained below
and illustrated in Fig. 10.10, which is a
schematic diagram of hardness versus
working temperature showing the effect

of strain rate.

When a material is plastically deformed,
its hardness tends to increase because of
strain hardening, but as the deformation
temperature increases the rate of strain
hardening decreases, and at some

critical temperature, recrystallization

HOCKOHBKy CBHHCI U OJIOBO SBJIAAIOTCA

JICITKOINIaBKMMH  MCTaJllaMHU W OHH

OBICTPO  PEKPUCTALIU3YIOTCS  TIPHU
KOMHATHOU TEeMIepaType nocie
oonpmio  gedopManuM, — MOITOMY
o0paboTka  3THX  METAUIOB  MpHU

KOMHATHOH TeMIiepatype MpeicTaBisieT
co00if ropsiuyto 06paboTKy.

C ngapyroit  cropoHbl, 00paboTka

Bolbpama (TYrOIUIaBKOTO MeTasia)
mpu 1100 °© C, xoTOpBIA HAaXOIUTCS B
JMarna3oHe ropsyeil oOpaboTKu cranu,

MPEACTABIISIET coOoi XOJIOTHYIO

oOpaboTtky, mnoromy uyto Tr [

Bosib(pama Beime 1100 ° C.
PaznenurensHas

JIMHUA MCIKOY

ONepalsIMA TOpAYEH U XOJIOJHOH

00pabOTKM  MOSCHSAETCS  HIKE |

IIPOWJUTIOCTpUpOBaHa Ha pucyHke 10.10,
co0oii

KOTOpPBIU MPEACTaBIAECT

CXEMATUYECKYIO arpaMmmy

3aBUCUMOCTH TBEPJOCTH OT pabouei

TEeMIEPATYpHI, MOKA3bIBAIOIIY IO
BJIUSTHUE CKOPOCTH nedopManuu.
Korna MaTepuall JIACTUYECKU

nedopMupyercs, ero TBEpJOCTh UMEET

TEHACHUMIO K  YBEJIMYEHHUIO U3-3a

nehOopMaITMOHHOTO YIPOYHEHUs, HO C
YBEIIMYCHUEM TeMIepaTypbl

nedhopmarum CKOPOCTH




takes place, which makes the material

softer.

Thus, during plastic deformation of a
material at some critical temperature,
two opposing effects act simultaneously
on the material — a hardening effect
due to plastic deformation and a
softening effect due to recrystallization,
and the former effect decreases, while
the latter effect increases with increase

in temperature.

For a given rate of deformation, there
must be some temperature at which the
rate of hardening is exactly equal to that

of softening.

Deformation of the material above this
temperature is called hot working, while
that below this temperature is called
cold working.

When these two opposing effects just
balance, the material can be plastically
deformed continuously without causing

the deformation load to increase.

nehopMaImOHHOTO yIPOYHEHUS

CHHMKACTCA, 151 IIpu HGKOTOpOﬁ

KPUTHUYECKON TeMIepaType NPOUCXOIUT

peKpUCTAJUIM3alMsL, KOTopas JesaeT
MaTepuai 0osiee MATKUM.
Taxkum o0Opazom, BO BpeMsI

macTu4ecko nedopmanuu matepuala

pu HEKOTOPOM KPUTHYECKON
TEMIIEpAType Ha Marepual
OJTHOBPEMEHHO JNEUCTBYIOT IBa

MPOTHUBOIONOKHBIX 3pdekTa - 3pdext

YIIPOYHCHUA Hn3-3a IUIACTUYECKOMN

nedopmanuu u 3G EKT pazynpoUHeHuUs

U3-32  PEKPUCTAIUIM3AINH,  MPUYEM
nepBeii  3ddexT  ymeHbliaeTcs, a
BTOpOi 3(d(deKxT yBelIuuuBaerca ¢

YBEITMUECHUEM TEMITEPATYPBHI.
Jns nmaHHOM CcKOpocTH jaedopManuu
JOJDKHA OBITH HEKOTOpask TeMIeparypa,
pU KOTOPOW CKOPOCTh YIMPOYHEHUS B
TOYHOCTH paBHa CKOPOCTH
pa3ynpoYHEHHSI.

Jedbopmanmss marepuana BBIIIE 3TOU
TEMIIepaTypbl  Ha3bIBaCTCA  TOpsUCH
00paboTKoH, a nedopManms HUXKE dTOM
TEMIIepaTyphl - XOJIOJHOU 00pabOTKOM.
Korma »TM 1Ba TPOTHBOITOIOMXKHBIX
shdexTa TMPOCTO ypaBHOBEIIMBAIOTCS,
MaTepua

MOXKCET HEIIPCPBIBHO

IUTACTUYECKH  1e(OpPMHUPOBATHCS, HE




the

deformation temperature will have to be

If the strain rate is increased,
increased to such an extent that the

increase in the hardening rate is
balanced by the increase in the softening
rate.

Thus, hot working temperature in case
of rapid rate of working, such as
hammer forging, is higher than that for
slow rate of working like press forging,

as shown Fig. 10.10.

10.2.1 Cold-Work-Anneal Cycle

Crystalline materials in the unstrained
condition consist of equiaxed grains and
exhibit isotropic mechanical properties;
i.e., the same properties are exhibited in

all directions.

When a single-phase structure having
one kind of grains is cold worked, the
randomly oriented equiaxed grains will
be deformed and preferably oriented in
the direction of flow of material and
produce elongated grains that will result

in anisotropic or directional mechanical

BBI3bIBas YBEITMYCHUS
nepOpMaMOHHOM HArPy3KH.
nedopmaryu

Ecmn CKOPOCTb

YBEITUIHBACTCS, TEeMIIepaTypy
nedopmarii Heo0X0IUMO MTOBBICUTH 10
4TOOBI

TaKoM CTCIICHU, YBCIIMYCHUC

CKOPOCTHU YIPOYHEHUS U
pa3ynpoyHeHUs ObLIA PaBHBI.

Takum oOpaszoM, TeMriepatrypa ropsyeit
00pabOTKH B ciiyyae BBICOKON CKOPOCTH
00pabOTKH, TAKON KaK KOBKAa MOJIOTKOM,
BBHIIIIE, YeM TeMIlepaTypa MpU HHU3IKOU
CKOpPOCTH O0pabOTKH, TaKOM KaK KOBKa
IIpeccoM, Kak rmokasano Ha puc. 10.10.
10.2.1 Iuxn xonomHoW 00paOOTKHU-
OT)KHTA
Kpucramnmnueckue MaTepUabl B
Hes1ehOpMUPOBAHHOM

COCTOsAHHNHU

COCTOAT M3 PaBHOOCHBIX 3C€pEH H

obOnaaaroT U30TPOIHBIMU
MEXaHHYSCKUMHU CBOMCTBAMH, T.C. OJHHU

U T€ K€ CBOMCTBA IMPOABJIAIOTCA BO BCCX

HaIpaBJICHUSIX.
Korna onHodazHas CTPYKTYDa,
UMeEIOTIIast OJIUH BU/T 3epeH,

NOJIBEpPraeTcss XOJOIHOM nedopmanuu,
CIIy4anHO OPUEHTUPOBAHHBIE

PaBHOOCHBIE 3epHa OoyayT

neopMUpPOBATHCS U MPEANOYTUTENHHO

OPUCHTHUPOBATHCA B HalrpaBJICHUHA




properties; i.e., properties will vary with

the direction of testing.

At very high amount of cold working,
the grains will be so elongated that the
structure appears fibrous.

Further, cold working produces an
increase in the dislocation density; for
example, a heavily cold-worked metal
1010 of

dislocations per mm?, while in fully

contains  about number

annealed condition it contains about

10%-10° dislocations per mm?,

The duplex structure consisting of a soft
and ductile phase and a hard and brittle
phase behaves in a similar manner on
cold working except that the grains of
hard and brittle phase will tend to break

into fragments.

These fragmented grains will appear as

stringers, which will be preferably

oriented in the direction of flow of

OTOKa Marepuajia U 0Opa3oBBIBATH

YAJIUHCHHBIC 3CPpHA, YTO IIPUBCIACT K

AHU3O0TPOIIHBIM ~ WJIM  HANpPaBJICHHBIM
MEXaHUYECKUM CBOMCTBaM, T.C.
CBOICTBa OoyayT MEHSThCS B
3aBUCUMOCTH oT HaIpaBJICHUs
TECTUPOBAHUSI.

IIpy  O4YeHb  CHUIBHOM  XOJOJHOU

o0paboTke 3epHa OyIayT HACTOJIBKO
VJIMHEHHBIMHU, 4YTO CTPyKTypa Oynaer
Ka3aThCs BOJOKHHUCTOM.

Kpome Toro, xomnomnas o0paboTka
MPUBOJANT K YBEIUYCHHUIO ILIOTHOCTH
JTUACIIOKAIINM,

HallpuMep, B  CHJIBHO

XOJIOAHOAE(OPMHUPOBAHHOM  METallIe
conepxutcs okoo 10 qucnokanmii Ha

2

MM~, a B IOJHOCTBIO OTOXXXCHHOM

COCTOSIHUH - OKOJIO 10%-10°

JTUCITOKAITEH Ha MM?.

JlynnekcHasi CTpyKTypa, COCTOsLIas U3
MATKOM U BA3KoW (ha3pl, a TaKxke
TBEpAOM M Xpynkoil (a3bl, Bener ceds
aHAJIOTUYHBIM 00pa30M MpPU XOJIOAHOMN
00paboTKe, 32 UCKIIIOYEHUEM TOTO, UTO
3epHa TBEPIOM M Xpynkou ¢asbl OyayT
UMETh TEHICHIIMIO K pa3pbiBy Ha
(bparMeHThl.

Otu (dparMeHTHPOBAHHbBIE 3epHA OyayT
UMETb  BUJ

CTPUHIE€POB, KOTOpPHIE

IIPEANOYTUTENBHO OoyayT




material, i.e. in the longitudinal

direction.

The mechanical properties of a duplex
structure will tend to exhibit more
anisotropy than those of a single-phase
structure.

As a result of cold working, the ductility
of a material drops to a very low value,
whereas the hardness, UTS and vyield
strength all increase to a maximum
value, which is practically found to be
about 2.5-3 times the values of those in

the annealed (softest) condition.

The notched-bar Charpy or 1zod impact
toughness rises with cold working up to
a maximum and then gradually falls
(Harris 1983).

If a material is continuously subjected to
excessive cold working, it will break
before it acquires the desired shape and

dimension.

So, to achieve the required shape and
size of the final product without any
crack, cold working operations are

normally interrupted and carried out

OPUEHTHUPOBAHbI B HANPABJICHUU MMOTOKA
Marepuanga, TO €CTb B MPOJ0JILHOM
HaMpaBJICHNUM.

MexaHu4yecKkre CBOMCTBA IYTUIEKCHOU
CTPYKTYpbl OYAYT MPOSBIATH OOJBIIYIO
AHU30TPOIHIO, yem CBOWCTBa
oHO(a3HON CTPYKTYPHI.

B pesynapTaTte xomomHOW 00pabOTKH
IJITACTUYHOCTh MaTepualia MNajgaeT Mo
OYCHb HHU3KOI'0 3HAYCHMS, TOrja Kak
TBEPAOCTb,

npenesn  NpOYHOCTH U

npeacia TCKYUYCCTH  BO3paCTaroT

0

MAaKCHMAJIBHOTO ~ 3HA4YE€HUsA, KOTOPOE
MIPAKTUYECKA B 2,5-3 pa3a MpeBbIILIACT
3HAQYEHUSI B  OTOMOKEHHOM  (camoe
MSTKO€) COCTOSIHHE.

Ynapnas Bsskocte no llapnu wnm
N30my ¢ Hagpe3oM Bo3pacTaeT IIpU

XO0JIOAHOM 00paboTKe 10 MakcUMyma, a

3areM mocreneHHo mnamaer (Harris,
1983).
Ecmn Marepuanl MOCTOSIHHO

MOJIBEPraeTcsa 4Ype3MEPHOU XOJOTHOU

00paboTKe, OH CIOMAaeTcsl, IPEKIE YEM

npuoOpeTeT kemaemyro  GopMmy U
pasmep.

Takum oOpazoM, Uil JTOCTHXKECHUS
TpeOyemoit  ¢opMbl W pasmepa

KOHCYHOTO IIPOOYKTA 0e3 Kakux-1mbo

TPELIMH, ornepanuu XOJIOTHOU




several with
of

recrystallization annealing treatments

repeatedly in steps,

introduction intermittent
applied for several times between steps

of cold working.

This sequence of repeated cold working
and annealing is frequently called the

cold-work-anneal cycle.

The changes in mechanical properties
and microstructure involved in this
cycle are schematically illustrated in
Fig. 10.11 (Smith 1969), in which the
three stages of annealing, viz. recovery,
recrystallization and grain growth, are
shown to occur progressively with

increase of annealing temperature,
assuming specific constant annealing

time at each temperature.

It is to be noted that the driving forces
for both recovery and recrystallization
are the release of stored strain energy,
which  resulted from dislocation
interaction leading to a higher state of
internal stress during the process of cold
work, whereas the driving force for

grain growth is the decrease in surface

00pabOTKM OOBIYHO TMPEPHIBAIOT U

IMpOBOJAT MHOI'OKpPATHO B HCCKOJIBKO

3TallOB C  BBEACHHEM  00pabOTOK
HePUOHMYCCKIM
PEKPUCTAILTH3AINOHHBIM OTKHUTOM,

MPUMEHSEMBIX HECKOJIBKO pa3z MEXIY
ATaraMM X0J0JHOW 00pabOTKH.

Oty MOCJIeI0BATEILHOCTh
MOBTOPSAIOIINXCA XOJOJIHON 00pabOTKU
M OTKUra 4YacTO Ha3bIBAIOT IIMKJIOM
X0JIoHasi 00pabOTKa-OTHKHUT.
M3MmeHeHnss MeXaHWYECKHX CBOMCTB H
MHUKPOCTPYKTYPBI, BOBJICUCHHBIE B 3TOT

CXEMAaTHN4YCCKHU

10.11

LKL,

IPOWJUTIOCTPUPOBAHBl HAa pHC.
(Smith 1969), Ha koTopoM Tpu cTaguu
OTXKUIa, a HMMEHHO, BOCCTAHOBJICHHE,
pEeKpHUCTAJUIM3AIMS U POCT 3€pHa, Kak
MOKa3aHO, MPOUCXOIAT TIOCTENEHHO C
YBEJIMUEHUEM TEMIIepaTyphl OTXKUTra,

Ipeanoaras MMOCTOSIHHOE BpeMmsi
OTKUTa MIPU KAXKIO0M TeMIEpaType.

Cnenyer OTMETUTh, YTO JBUKYIIHUMHU
CUJIaMHM, KAaK BOCCTAaHOBJICHUSA, TaK U
PEKpPUCTAILIN3ALUN SABJISICTCS

BBICBOOOKJIEHUE HAKOIUJICHHOW YHEPruu

nedopmanuu B pe3yJibTare
B3aMOJICHCTBUSI JIIMCIOKAITHM,
NpuBOJsllee K  0oJiee  BBICOKOMY

COCTOSIHUIO BHYTPEHHETO HANpPSHKEHHS B




energy since grain-boundary area per
unit volume decreases with an increase

in grain size.

The

treatment,

recrystallization annealing

also known as process

annealing or process and

recrystallization annealing treatment,
consists in heating a cold-worked

material above its recrystallization
temperature, Tg, holding for proper time
(generally 1 h for 1 in. thickness or
diameter of the work-piece) and then

cooling by any desired rate.

It is important to mention here that a
minimum percentage of prior cold work,
known as the critical amount of cold
work, of the order of around 5-7% for
materials, is

most necessary for

recrystallization to occur on heating.

The purpose of the recrystallization

MpoIlecce XOJOMHOM 00paboTKHU, TOTaa
KaK JBWXKYIIEH CHWJIOM pocCTa 3€pHa
SABJISIETCS YMEHBIIIEHUE MOBEPXHOCTHOM
HHEPTUHU, MOCKOJBbKY IUIOMAAb TPaHUIL
3epeH Ha CIMHUILY o0beMa
YMEHBIIAETCSl C YBEJIMYEHUEM pazMepa
3epHa.

OOpaboTka  PEKPUCTALTU3AMMOHHBIM

OT>KUI'OM, TAaKXKC HN3BCCTHasA KakK

TEXHOJOTMYECKUM OTXKUI 5051

o0paboTka pPEKpUCTAILTA3AIMOHHBIM
OT)KUTOM, 3aKJII0YaeTCsl B HarpeBaHUU
X0JIOAHO1€(POPMUPOBAHHOTO

MaTepuana BBIIIE €ro TeMIEPaTyph
pekpucTainzaiui Tr U BBIJIEPKKE B
TEUCHUE  ONPEICICHHOTO  BpPEMEHU
(oObryHO 1 wac Ha 1 JrOMM TOJIITUHBI

WIKn JuaMCTpa BaFOTOBKI/I), a 3aTcM

OXJIaKJEHHE ¢ JI000M  JKelmaeMou
CKOPOCTBIO.

3nech Ba)KHO OTMETHUTD, 4TOo
MHHHUMAaJIbHBIN MIPOLICHT
MpeABAPUTEITBHON XOJIOHOU
00paboTKH, W3BECTHBIN KaK
KPUTHYECKOE KOJMYECTBO  XOJOJIHOU
oOpaboTku, mopsiaka  5-7% s

OOJIBIIIMHCTBA MaTEPUAIOB, HEOOXOAUM
JUIL TOrO, 4YTOOBI PEKPHCTALIA3AINS
MPOUCXOUIIA TIPY HArPEBeE.

[enwio 00paboTKn C




annealing treatment is to soften the
cold-worked material and restore the
ductility so that the work-piece can be
further cold worked without formation

of any crack.

This heat treatment does not cause any
phase change but is associated with the
microstructural change that involves the
formation of new strain-free randomly
oriented equiaxed grains by replacement
the

preferably oriented elongated grains

of previous  strain-hardened

with a high density of crystal
imperfections produced by prior cold

working operation.

The end result of this treatment is a
restoration of ductile microstructure
with a low dislocation density of the
order of 10%-10° dislocations per mm?,
which is again capable of undergoing

significant cold deformation.

PEKPUCTATUTU3ALIMOHHBIM OT)KUTOM
SABJISCTCS pa3MsiryeHue
X0J10THOAe(hOPMHUPOBAHHOTO

Marepuana u BOCCTaHOBJICHUE
IJIACTUYHOCTH, TaK YTO 3aroTOBKY
MOYKHO [I0JBEPraTh JIENING (211187
XOJIOAHOM  oOpaboTke 0e3  pucka

o0pa30BaHMsI TPEILIMH.

Ota TepMooOpabOoTKa HE BbI3BIBACT
Kakux-Mm0o (ha30BbIX HM3MEHEHUH, HO
CBsI3aHA C N3MEHEHUEM
MUKPOCTPYKTYPBI, KOTOpOE€ BKIIIOYAET
o0pa3oBaHHWE HOBBIX CBOOOJHBIX OT
nedopmarmit CITy4aifiHO
OPUEHTHUPOBAHHBIX PABHOOCHBIX 3€pEH
MyTeM 3aMEHBbl paHee YIPOYHEHHBIX
nedopmanuei, MPEANOYTUTEIILHO

OPUCHTHUPOBAHHLIX YIJIMHCHHBIX 3CPCH

Cc BBICOKOU TUIOTHOCTBEO
KPUCTAILUTUYECKUX nedeKToB,
00pa3oBaHHBIX 3a cYeT
MpeIBapUTEIbHON XOJIOTHOM
00paboTKH.

Koneunbim pe3yJIbTaToM TaKou

00pabOTKH SBISETCS BOCCTAHOBJICHUE

[JIACTUYHON MUKPOCTPYKTYPBI C HU3KOM

TUIOTHOCTBIO JUCIIOKAIUN MOPSIKa 10%—
6 o 2

10° guciokanuii Ha MM, KOTOpasi CHOBA

3HAYUTEIIbHOM

MOXCET IIOABEPraTrbCsia

XOJIOHOM AedOpMaIIHH.




Although  the

intermediate annealing

requirement  for
increases the
cost of cold forming, especially for
reactive materials which need inert
environment or vacuum for annealing,
at the same time suitable adjustment of
the cold-work-anneal cycle can produce
a part with any desired degree of strain
hardening, which cannot be achieved by

hot working operations.

If the finished product is desired to be in
the the

operation

condition, final
be

annealing that will follow the last cold

softened
must recrystallization
working step required to provide the

desired size and shape.

In this case, the aim will be to obtain
fine recrystallized grains in order to
have good toughness; otherwise, the
toughness will decrease if the finished
product is heated to the grain growth

stage.

XoTss TpeboBaHWE MPOMEXYTOYHOTO

OTXKHUra YBCIN4YHUBACT CTOUMOCTD

XOJOAHOM INTAMIOBKH, OCOOCHHO IS
PEaKTUBHBIX

MaTCpUuaIOB, KOTOPBIM

TpeOyeTcs MHEepPTHas cpejia WId BaKyyM

JJIA OTXKUTIQ, B TO KE BpCM:s1
IoAxXoaA1ast PETYIINPOBKA OUKIIAa
XOJIOOHOTO OTXKHUTa IIO3BOJIAACT

NOJIYYUTh JETallb C JIO00H KermaemMou

CTENICHbIO  YIPOYHEHHUS,  KOTOPOTO
HEIb3sd  JIOOMTBhCS  TpU  ropsiuen
o0paboTke.

Ecimm  xemarempbHO, dYTOOBI TOTOBBIM
OpOayKT OBI B Pa3MATYCHHOM
COCTOSIHUH, 3aKJTFOUUTEIIBHOM
onepanuen JIOJDKEH OBITH
MepEeKPUCTALIN3AIMOHHBIN OTXKHT,
KOTOpbIH  OyneTr  clemoBaTh  3a
MOCICIHUM ATaIoM XOJIOHOM
00paboTKH, HEO0OXOIUMBIM TUISt
MOJIyYCHHUST  JKEJaeMbIX pa3Mepa H
(bOpMBL.

B 3TOM ciyJae eb oyner

3aKJIOYaTbCA B IIOJYYCHHUHU  MCIIKHUX

PEKPUCTAUTM30BAHHBIX 3€pPEH, YTOOBI

MOJYYHUTh XOPOILYIO yAApHYIO

BA3KOCTD, B IIPOTHBHOM  CJiy4ac

BA3KOCTBb CcCJIn

yaapHasa CHU3HUTCA,

rOTOBBIM NPOXYKT HArpeTb A0 CTaguu




Therefore, the recrystallized grain size,
dr, obtained by annealing treatment is
very the

mechanical properties of the material.

important in  determining

Further, if the grains after cold working
and annealing are too coarse, the surface
finish of the metal on machining will be
rough and an ‘orange peel’ effect in
which the surface appearance of the part
resembles to that of an orange will be

exhibited after pressing.

The final temperature in the annealing

furnace is an important factor in
industry.

This temperature must be as low as
possible, while

ensuring complete

recrystallization in adequate time.

In industry, the annealing temperature
of the metal is considered as roughly
three fourths of the melting point
measured in Kelvin, for example 450 °C
for aluminium and 800 °C for copper

(Harris 1983).

pocTa 3epHa.

CrnenoBaTenbHoO, pasmep

dr,

MOJIyYEHHBIH TIPU 00pabOTKE OTKUTOM,

PEKPUCTAIIM30BAaHHOTO  3€pHA

OYEHb BaXEH [UJII  ONPEACIICHUS
MEXAHUYECKUX CBOVMCTB MaTepralia.

Kpome Toro, ecmu 3epHa moclie
XOJIOTHOM 00paldOTKU M OTKHUra OymyT
CJIMILIKOM

KpyOHBIMH,  00paboTKa

IIOBCPXHOCTHU METaJllla IIpu

MEXaHUYECKOM 00paboTke Ooyner
HIEpOXOBAaTOM, M TMOCjie 3Toro Oyner
NpOSIBIATECS  A(P(PEKT «anenbCUHOBOU
KOpPKW», TIPH KOTOPOM BHEITHUH BH/I
HOBEPXHOCTHU JeTanu Oyzner
HAIIOMHUHAThH TOBEPXHOCTH arelbCUHA.
Koneunast Temriepatypa B Me4uu OTKHUTa
ABJISETCS  BaXHBIM  (akTOpoM B
MPOMBINIJICHHOCTH.

Orta TeMmriepaTypa JOJDKHA OBITH Kak
MOXHO 0Oojiee HHM3KOM, oOecIeunBas
IpPU 3TOM MOJHYIO PEKPUCTATUIU3ALHUIO
3a aJIeKBaTHOE BpeMSI.

B TpOMBINUIEHHOCTH CYHMTAETCs, YTO
TeMIiepaTypa OT)KWTA MeTasia
COCTaBIISIET TPUMEPHO TPH HYETBEPTHU
TEMIEPaTyphl TUIABJICHUS, W3MEPEHHOU
B KenbBunax, nanpumep 450 ° C nmns

amomuaus 1 800 °© C nna menu (Harris

1983).




It is to be noted that the faster the
nucleation rate and the slower the
growth rate of grains, the finer is the
recrystallized grain size dg, and hence,
the fineness of recrystallized grain size

dr depends on the following factors.

1)

increases, nucleation is favoured and the

Asthe degree of prior deformation

recrystallized grain size dg becomes

finer.

Because increasing degree of prior
deformation will result in an increase in
the number of high stress-or high
energy-points acting as the nucleation
sites, from which greater number of

grains will be recrystallized.

)

above the recrystallization temperature

As the time at any temperature

increases, grain growth is favoured and

dr Increases.

3)

above the recrystallization temperature

As the annealing temperature

increases, grain growth is favoured and

CHCI[YGT OTMCTHUTHb, YTO YCM BbIIIC

CKOpPOCTb  00pa3oBaHUsl  3apojbliia
3epHa M Y€M HUXKE CKOPOCTh €ro pocTa,
TeM MeJbye Oyner pasmep
peKkpucTamiiu3oBaHHoro 3epHa dr, W,
CJIEI0BATEIbHO, TOHKOCTh
PEKPUCTANIU30BAaHHOTO pa3Mepa 3epHa
dr 3aBUCHT OT ClIeyIONINX (HaKTOPOB.

1)

MPEAIIECTBYIOIIECH

I[To mepe TOro, kak CTEIEHb

nedopmaruu
YBEIIMYUBACTCS, 3apOBIIICO0pa30OBaHUE
OJaronpusATCTBYET " pasmep

pEKpUCTANIU30BaHHOrO  3epHa  dRr
CTaHOBUTCS MEJIbYE.
CTENEeHU

[TocKkOJIBKY ~ yBEJIMYECHHUE

MPEIIECTBYIOIIEH nedopmanuu
MIPUBENIET K YBEIUYEHUIO YUCIIA TOYEK C
BBICOKMM HAINPSHKEHUEM WA BBICOKOU
SHEprueH,

NEUCTBYIOIIMX  LIEHTPBI

3apoAbIIIIe00pa30OBaHusl, M3 KOTOPBIX
OylleT PpeKpUCTA/UIM30BaHO OOJbIIee
KOJIMUYECTBO 3€PEH.

(2)

HaxO0XJICHUSI TIPH JIF0OOM TemmeparType,

ITo MCPC YBCIIMYCHUA BPCMCHU

MIPEBBIIIAONIECHT TEMIIEpaTypy

PEKpUCTAIITH3AIINY, poct 3epHa

OJIaronpusITCTBYET U dr yBETUYUBACTCS.

(3) Korma Temmeparypa  OTXHra
BBILIIE TEMIIEpPaTyphl
PEKpHUCTAILIM3AIINH, YBEITMYHBAETCS




dr INcreases.

(4)

the annealing temperature, the finer is

The faster the rate of heating to

the recrystallized grain size dgr because
the shorter time of heating will lead to
the formation of more nuclei and restrict
the growth of grains resulting in a fine-

grained product.

()

finer

The greater the amount and the
the distribution of insoluble
impurities, the finer is the recrystallized
dr

impurities not only act as centres of

grain  size because insoluble
heterogeneous nucleation and increase
the nucleation rate, but also pin the
grain boundaries and act as barriers to

the growth of grains.

(6)

annealing temperature decreases, grain

As the rate of cooling from the

growth is favoured and dg increases.

(7)  The finer the initial grain size of

the the the

recrystallized grain size dg, provided

material, finer is

other factors remain the same because

POCT 3epeH U yBeanunBaeTcs dg.

(4)

TeMIIEPaTypPbl

YeM BbIlIE CKOPOCTH HAarpeBa a0
OTXKHUTa, TEM MEHbIIE
pasMep pPEeKpUCTAJUIM30BAaHHOTO 3€pHa
dr, TIOCKONBKY OOJiee KOPOTKOE BpeMs
HarpeBa TMpUBENET K O0Opa30oBaHUIO

OOJBIIIETO KOJIMYCSCTBA 3apom>nueﬁ 141

OIrpaHUYIUT POCT 3CPCH, YTO IPUBCIACT K

Oy YCHHUTO MEIIKO3EPHHCTOTO
IPOAYKTA.
(5) Yem Oomblie KOIUYECTBO U

MeJlbue pacrpeneneHue
HEPACTBOPUMBIX MPUMECEH, TEM MEJIbue
OyIneTr pasMep pEeKpUCTAIUIM30BAHHOTO
3epHa dr, MOCKOJBKY HEPACTBOPHUMBIEC
MPUMECH HE TOJBKO JICUCTBYIOT Kak
HEHTPBI re€TEPOreHHOr0
3apoABIIIC00Pa30BaHUS U YBEIMYUBAIOT
CKOpPOCTBh  3apOJIbIIe00pa30BaHus, HO
TaK)KE 3aKpEIUIIOT TPAHUIBl 3€PEeH U
JEUCTBYIOT KaK MPETMSITCTBUSI 1JISI pOCTa
3epHa.

(6)

OXJIAXKIEHUA OT TEMIEPATypbl OTXKWTA

IIo MCpE TOro, KakK CKOpPOCTb

YMEHbIIIAeTCH, pocT 3epHa

OJIaronpusITCTBYeT U dr yBETUUUBACTCS.
(7)

3€pHa MaTcpuajia, TCM MCIIBYC 6YI[GT

Yem wmenpue HUCXOIOHBIM pa3Mep

pa3Mep pPEeKpUCTAJUIM30BAHHOTO 3€pHa

dr, mpu ycioBum, 4TO Apyrue (HaKTophI




more grain-boundary areas per unit

volume in an initially fine-grained
material act as centres of heterogeneous
nucleation and increase the nucleation

rate resulting in a fine-grained product.

However, if it is desired to obtain a final
product having strength more than that
in the fully annealed condition, then the
final operation must be a cold working
step following the last recrystallization

annealing treatment.

The degree of cold reduction required to
impart to the work-piece depends on the
extent of the desired strength — the
higher the percentage of cold reduction,
the higher is the strength.

However, the cold-worked material
must be finally subjected to stress relief
annealing or stress-relieving treatment
to remove residual stresses, which may
stress  corrosion

otherwise cause

cracking or produce distortion in the

OCTAarOTCsA HCHU3MCHHBIMH, IIOCKOJIBKY

OoJIbIIIEe KOJIHUYECTBO 3CPHOT'PAaHUYHBIX

oOnacted Ha eOuHUIy oO0bemMa B
W3HAYATEHO MEITKO3EpHHCTOM
Marepuane JIeHCTByeT KaK IICHTpEI

reTepOTreHHOr0 3apOAbIIIe00pa30BaHNUs
151 YBEJINYNBAIOT CKOpOCTh
3apoABIIIcO0pa30BaHUs, YTO TPHUBEICT
K HOJIyYEHHIO MEJIKO3EpHUCTOTO
MPOAYKTAa.

OnHako, ecimy KenaTelabHO TMOJYYUTh
KOHEUYHBIM  TPOJYKT,  0OJIagaromun
0OJBIIEH MPOYHOCTHIO, YEM MPOYHOCTH

B ITOJHOCTBIO OTOXKCHHOM COCTOAHUH,

TOTJa  3aKIIOYUTEIILHOM  olepammen
JIOJDKHa ~ OBITh  CTaiMsl  XOJIOJHOU
00paboTKH ocJie nocieaHen
00paboOTKM  PEKPUCTAILTU3AIIMOHHBIM
OT)KUTOM.

CreneHb  OXJQXKICHHS, 3aBUCUT OT

CTETICHH >KEJIaeMOW TPOYHOCTH - HYeM
BBIIIIE TIPOIICHT OXJIAXKIACHUS, TEM BHIIIIC
IPOYHOCTb.
Opnako  xosoaHOAEhOPMHUPOBAHHBIN
MaTepuai O0JDKEH ObITh OKOHYATEIHHO
MOJABEPTHYT OTKUTY UM 00paboTKe A
CHATHSL ~ OCTAaTOYHBIX  HAIPSKEHUIH,
KOTOpbIE B TMPOTHBHOM CIIy4yae MOTYT

BBI3BATh KOPPO3HOHHOE




cold-worked member.

The stress relief annealing or stress
relieving treatment consists in heating a
its
Tr,

holding long enough to reduce residual

cold-worked  material  below

recrystallization ~ temperature,
stresses by recovery process and then
cooling slowly enough to minimize the

development of new residual stresses.

Since the mechanical properties of the

material are essentially unchanged
during this treatment, a cold-worked
material after stress-relieving treatment
will  maintain  the  strengthening
produced by cold working without the
stresses

harmful effects of residual

present in the as-deformed condition.

The above procedure of recrystallization
annealing followed by final cold
working and subsequent stress relieving

treatment is successfully applied to

pPacCTpECKUBAHUE IO HATIPSDKCHUEM HIIH
BBI3BATh nehopMaIuio B
X0JIOMHOAE(OPMHUPOBAHHOM DJIEMEHTE.
Orxur wim o0paboTka ISl CHATHS
HaIPSHKCHUH 3aKJIIOYAETCS B
HarpeBaHUU
X0JI0THOAC(OPMHPOBAHHOTO
Marepuansa HIKE €ro TeMIepaTyphl
Tr,

PEKpUCTAILIN3ALUN BBIJICPIKKE

JOCTAaTOYHO  O0JII'O0 I  CHHIXXCHHUA

OCTAaTOYHBIX HaHpH)KCHI/Iﬁ 3a CUCT

mpoliecca BOCCTAHOBJICHUS, a 3aTeM
JIOCTAaTOYHO MEJUICHHOM OXJIaXKJICHHH,
4TOOBI

MHWHUMU3UPOBATH Pa3BUTHC

HOBBIX OCTaTOYHBIX HaHpH}I(eHI/Iﬁ .

ITockOMbKYy MEXaHWYECKHE CBOMCTBA

Marepuaia IPAKTUYECKU HE
U3MEHSIOTCS BO BpeMs 3TOi 00paboTKu,
00paboTaHHBIN B XOJIOJJHOM COCTOSIHUH
Martepuai nociie 00paboTKu JJIs CHATHUS
HaIpsHKECHUH Oyner COXpaHsTh
YIPOYHEHUE TIOJYYCHHOE B PE3yJIbTATe
XOJIOAHOM 00paboTku, 0e3 BPEIHOTO
BO3JICMCTBUS OCTATOYHBIX HAIPSIKECHUU,
MPUCYTCTBYIOIIUX B Je(HOPMUPOBAHHOM
COCTOSIHHH.

Brieynomsnyrast npouenypa
PEKPUCTAIUIU3AIMOHHOTO  OTXKHUTA  C
nocyaeAyromed XoJIogHo 00paboTKOM

A1 CHATHUA HaHp}I)KCHI/Iﬁ YCIICHIHO




develop a certain combination of

strength and ductility in the final
product, which might be possible to
achieve if a fully cold-worked material
is partially softened by recrystallization
annealing.
But this latter procedure of cold
working followed by annealing is not
advisable because the recrystallization
process progresses relatively fast and is
quite sensitive to slight temperature
variations in the furnace and thus

difficult to control.

10.2.2 Temperature Limits for Hot
Working

In practice, the equipment used to carry
out the deformation process decides the
strain rate to be imparted to the work-
piece, but for given equipment the strain
fixed, the

temperature be

rates become whereas

deformation can

changed or regulated as per desire.

Since the higher the deformation

IMMPUMCHACTCA 1A JOCTHIKCHUA

OTIPEJICICHHOTO COYETaHUsI MPOYHOCTH
U MUIACTUYHOCTH B KOHEYHOM MPOIYKTE,
Yero MOKHO JIOCTHYb, €CJIH ITOJIHOCTBIO
MOABEPTHYTHIA XOJOJHOU JIedopmariuu

Marcpual HaCTHYHO pasMAT4uThb

PCKPUCTAIIN3AIINOHHBIM OTKHUI'OM.

Ho 3Ta HOCJIETHASA

nporeaypa
XOJIOHOM 00pabOTKH € MOCIEAYIOIUM

OTXKHUI'OM HC PCKOMCHAYCTCA,

MOCKOJIBKY MPOLIECC PEKPUCTAIUIN3aLNN
IPOTEKAaeT OTHOCUTEIBHO OBICTPO U
BECbMa YYBCTBHUTEJNEH K HEOOJbIIUM
KOJICOaHUSIM TEeMIEeparypsl B ME€Yd U,

CJICOOBATCJIBHO, €ro

TPYAHO
KOHTPOJIUPOBATh.

10.2.2 TIlpenensl TeMmeparypsl st

ropsiueit o00paboTKu

Ha MPaKTHKE, 000pyi0BaHUE,

HCIIOJIB3YEMOC JIIA BBIITOJIHCHUA

nporecca jaedopManuu, OmnpeaeseT

CKOPOCTh nedopmanuu, KOTOpas

JOJDKHA OBITH TIEpeIaHa 3aroTOBKE, HO
JUIs TAHHOTO OOOpYAOBaHHS CKOPOCTHU

nedopmarm CTAHOBATCS

(UKCUPOBAHHBIMU, TOrAa KaK

TeMrepatypy  AepopManudd  MOXKHO

HU3MCHATDH 150051 peryjainpoBaTrb 10

KCIIaHHUIO.

ITockonpKy 4YeM BbIllIE TeMIIEparypa




temperature, the lower the flow stress at
a given strain rate and the higher is the
maximum amount of deformation
possible under a given load; therefore, it
Is advantageous to deform the work-
piece at as high a temperature as

possible.

Hence, the upper limit for hot working
should be the solidus temperature of the
work-piece.

Generally, the maximum temperature
for hot working is limited to 50 °C
below the temperature at which either
of the

constituent in the material or excessive

melting lowest  melting
oxidation at the grain boundary takes

place.

Incipient melting of a lower melting
constituent, often present only in minute
amounts, that is segregated at grain
boundaries forms a grain-boundary film

of the lower melting constituent.

When the material 1s stressed or

deformed, only a very small amount of

nedopManui, TeM HIDKE HANpsHKeHHE

TCUCHU L IIpu IIaHHOﬁ CKOpOCTH

nedopmanu u TEM BEIIIIE
MaKCHMaJlbHasi Beau4uHa jaedopmMaliiu,
BO3MOXXHasi TIpU JIAaHHOM Harpyske;
MO3TOMY MPEATIOYTUTETHHO
neopMupoBaTh 3aroTOBKY IpU Kak
MOKHO 00JIee BEICOKOM TeMIeparype.
CrnenoBaTellbHO, BEPXHUM  IPEACIOM
JUIs TOpsiuet 00pabOTKKM JOJKHA OBITh
TEeMITepaTypa COJIUTyca 3arOTOBKH.

Kaxk

IIpaBHIIO, MaKCHUMaJIbHasA

TeMmreparypa sl ropsdeii oOpaboTKu

(¢]

orpanuuuBaerca Ha S0 C Humxe

TEeMIIepaTyphl, pu KOTOPOW

IMpOUCXOJUT 00 IIIABJICHHE CaMOIo

HU3KOIIJIABKOTO KOMIIOHEHTA
Martepuana, 160 ype3MepHOoe
OKHCJICHME Ha  TpaHWIE  3€peH.

HauanpHO€ mnjiaBI€HHME KOMIIOHEHTA C

Oonee HU3KON TeMIlepaTypou

IUTaBJICHUSA, YacTO MPHCYTCTBYIOIIETO
TOJILKO B HE3HAYUTEIIbHBIX
KOJINYECTBAX, KOTOPOE CErperupoBaHO
1o oOpa3zyet

rpaHUllaM  3€pEH,

3€PHOTPAHUYHYIO TUIEHKY KOMIIOHEHTA

c Oosee HHM3KOM  TemIepaTypou
TUTABJICHUS.

Korna MaTepHan HOJIBEpraeTcs
HANpsDKEHUI0 Wik nedopmupyercs,




this film causes the

material to break apart by separation

intergranular

along grain boundaries rather than to

deform and results in a scrapped

product.

Such a condition is called hot shortness
or burning.

Since Drittleness developed by hot
shortness or burning hinders hot-
working operations, the upper limit for
hot working is generally 50 °C below

the melting point.

Sometimes, the upper temperature limit
for hot working is maintained below the
temperature at which the material
undergoes allotropic or other phase
transformation producing allotrope or
phase of higher flow stress than the

parent one.

Since hot working is the deformation

by
recrystallization, the lower temperature

followed instantaneous

limit for hot working of a material is the
lowest temperature at which the rate of

recrystallization is rapid enough to

remove instantly the effects of

TOJIKO OY€Hb HEOOIBIIOE KOJIHMYECTBO
ATOM Me}KBCpeHHOﬁ INICHKHN 3aCTaBJIACT
Marcpual pacnaaaTbCs

3a CUucT

pasaciaCHusd I10 I'paHUIlaM 3CPCH, a HC

nehOpMUPOBATECSA, YTO TIPUBOAMT K
Opaky IpoayKTa.
Taxoe COCTOSIHHE Ha3bIBACTCSI
KPaCHOJIOMKOCTb.

IIOCKOJIBKY XPYHKOCTh, BO3HHUKAIOILIAS

Hn3-3a KOPOTKOI'O 3aMbIKaHU A HnJIn

00KHTa, 3aTPyAHSAET ONEpaIy TOpsTuei
o0pa0OTKH, BEpXHUM mpenen s
ropsiueil 00padoTku 00bsvHO Ha 50 ° C
HUKE TOUKH TJIABJICHHUS.

WNHorga BepXHUU mpefes TemIepaTypbl
JUTSI ropsiuei 00paboTKH
NOJICPKUBACTCS HIKE TEeMIEepaTyphl,
opu KOTOPOW Marepuall MpeTeprieBaeT
aJIIOTPOITHOE

uiu  japyroe (QazoBoe

MpeBpallieHue, MIPUBOISIIEE K
ajuiotTpony win ¢aze ¢ 0ojee BHICOKUM
HaIpsHKECHUEM TEKY4ECTH, qem
UCXOHOE.

[Tockonbky ropsiuas oO6paboTka - 3TO
328  KOTOpOM

nedopmarus, Cleayer

MTHOBEHHAs peKpHUCTaTA3aITHs,
HIDKHUW  TIpefien  TeMIepaTrypbl s
ropsiueit 00pabOTKM MaTepuaia - 3TO
camasi  HHU3Kas

TeMmriepatypa, Mpu

KOTOPOM CKOPOCTh PEKPUCTALIN3ALUN




deformation on structure and properties
of the material.

Since  time iIs  required  for
recrystallization and the effects of
working are instantaneous, so iIn
practice the indication of deformation
remains at the end of hot working
processes unless the processes are slow

enough to permit full recrystallization.

However, the lower temperature limit
for hot working, T, is related to the
recrystallization temperature, Tr, of the
individual material, and neither Tr nor
T_ is a fixed temperature in the sense of
a melting temperature; rather, both of
them depend in the similar manner
mainly on the following variables.

The influence of individual factor on Tg
and T_ has been discussed below,
assuming that other factors do not
change.
(1) The

deformation, the more the stored strain

greater the amount of

energy and the less is the thermal energy

or temperature required to cause

recrystallization, and thus, the more will

be the decrease in Trand T,.

JAOCTATOYHO BBICOKA, YTOOBI MTHOBEHHO
YCTpaHUTh BIUsHUE JedopMaluu Ha
CTPYKTYpPY ¥ CBOMCTBA MaTepuala.

[lockonbKy Uil  pEKpUCTAIUIM3ALNN

TpeOyeTcss  BpeMs, a  3hPeKTh
00pabOTKM MTIHOBEHHBI, Ha MPAKTHKE
NpU3Haku AedopMalud OCTAIOTCS B
KOHIIE TPOIIECCOB Topsiueil 00paboTKH,
€CIi  TOJNIbKO OTH  TPOIECCHl  HE
ABJIAIOTCS  JIOCTATOYHO MEJJICHHBIMH,
9TOOBI obecrneunTh MTOJIHY 1O
PEKPUCTAIUIU3ALIHIO.

OnHako HWKHUHU TPEAes TeMIEPaTypbl
st ropsiuel 00pabdotku, T, cBA3aH C
TEMIEpaTypoll pekpuctamnuzauuu  Tr
OTAEIBHOrO MaTepuana, u Ha Tr, HU T
HE SIBJISIFOTCS (buKCHUpOBaHHOMN
TEeMIIepaTypol IJIaBJIECHUs; CKopee, 00a
OHU OJJUHAKOBO 3aBHCAT B OCHOBHOM OT
CJIEYIOIIUX MTEPEMEHHBIX.

Bnusgnue otnensHoro ¢gakropa Ha Tr u
TL ommcaHsl HWXe, TpeAroiaras, 4To
napyrue GakTopbl He MEHSIOTCS.

Yem OOJIbIIIE

1)

nedopmaium, TeM OOJIbIlIe COXPaHSIETCS

BCJIMYMHA

sHeprusa nedopmanuu, U TEM MEHbIIIE
TEIUIOBAsl JHEPTUsl WIM TeMIIepaTrypa,
HEOOXOAMMBIE ISl PEeKPUCTAIIMN3ALINH,

U, TAKUM 00pa3oM, TeM CHJIbHEE OyneT




the duration at

(2)

temperature of hot working decreases

Increasing

Tr and Ty, because recrystallization is a

timeand temperature-dependent
phenomenon.
However, increasing hot working

temperature by 10 °C is approximately
equivalent to doubling the hot working
duration, and hence, the temperature is a

more important factor than the time.

(3)

i.e. the strain rate, the more is the

The higher the rate of working,

increase in Tg and T.

It is because of the necessity of
by
recrystallization so as to balance the

increasing softening rate

increased rate of strain hardening caused

by rapid rate of working.

(4)

from the temperature of hot working,

The more rapid the cooling rate

the more will be the increase in Tr and
T
When the material is cooled rapidly, less

time is available for recrystallization to

yMmeHblieHue Tr u Ty.

()

MMPOAOJIKUTCIIBHOCTH

YBenuueHue
ropsiaeu
00pabOTKH TpU TEMIIEpaType CHHUKAET
Tr 1 T, TOCKONBKY pPEKpUCTAILIN3AIUS
SIBISICTCS  SIBJICHHEM,

3aBUCAIIIUM OT

BPEMEHU U TEMIIEPATYPHI.

OnHako TOBBIIICHUE  TEMIIEPATYPHI
ropsueid  obpaborkm  Ha 10° C
NpUOIN3UTETHHO HKBUBAJICHTHO
yIIBOCHUIO POIOJDKUTEITLHOCTH

ropsiueid 00pabOTKH, U, CIIEOBATEIBHO,
TeMIepaTrypa SBIsieTcsl 0oJiee Ba)KHBIM
(bakTOpoM, yeM BpeMs.

3)

TO €CTb CKOPOCTh Jedopmaliuu, TeM

Uewm BbIllIe CKOPOCTh 00pabOTKH,

oonpine yBenuuuBaercs Tr u To.

DTO MPOUCXOJUT H3-3a HEOOXOIUMOCTH
YBEJIMUEHUSI CKOPOCTU PazyNpOYHEHUS
32 CHET PEKPUCTALIU3AINKN, YTOOBI

YPaBHOBCCHUTH IMOBBINICHHYIO CKOPOCTbH

nehopMalMOHHOTO yIpOYHEHUS,
BBI3BAHHYIO  BBICOKOM  CKOPOCTBIO
00paboTKH.

(4) Yewm BbIIIE CKOPOCTH OXJIAXKICHUS

OT TeMIlepaTypbl ropsiue oOpabOTKH,
TeM OoJibllie OyneT yBenuueHwe Tr U
TL.

Korma marepuan oxmnaxnaercs ObICTpPO,
TUTST

pPEKpUCTAUIU3AIMA  OCTAETCs




occur, and so it is required to increase

the recrystallization temperature.

()

the material, the higher the ratio of

The finer the initial grain size of

grain-boundary area to volume and the
more is the strain hardening for the

same degree of deformation.

This causes an increase in the stored
strain energy and the decrease in the
thermal energy or temperature required
to cause recrystallization, which results

in the decrease of Tr and T..

(6)

material increases, the energy required

As compositional purity of the

to overcome the rigidity of the distorted
lattice decreases, which causes to
decrease Tr and T.
On the other hand, solid solution
alloying additions always raise Tr and
T., due to increase in the rigidity of the
lattice.

Hot working is generally carried out at
temperatures above 0.6 T, and at strain

rates that vary from 0.5 to 500 s 2.

In hot working, usually large strain of

MEHBIIIE BPEMEHHU U TI03TOMY Tpebdyercs

TIOBBIIIICHHE TEMITEPATYPhI
PEKpUCTAILTH3AIINH.
(5) UYem Mesdbpue HMCXOIHBIH pa3Mep

3epHAa  Marepwuana, TEM BBIIIIE
OTHOIIIEHUE TUIOIIAJAW TPAHUI] 3€pPeH K
o0bemy U TeM OoJbIIIe
nehopMaIMOHHOE YIIPOYHEHHE MPU TOU
e cTeneHu Aehopmaluu.

910 BBI3bIBAET yBEITUYCHUE
HAKOIJICHHOW SHEpruu aepopManuud u
YMEHBIICHUE TEIJIOBOW SHEPIUM WU
TEMIIepaTypbl,  HEOOXOAWMBIC IS
PEKPUCTAIUIA3AIUN, YTO TPUBOIUT K

yMeHblIeHuto Tr u T

(6) TIlo wmepe ToOro, Kak 4YHCTOTa
cocTaBa MaTepHala YBEINYHUBACTCA,
SHEeprusl, HeoOXoaumast VIS

MPEOJIOJICHUS] KECTKOCTU HCKAKEHHOU
pPELIETKH, YMEHBIIIAETCS, YTO BBI3bIBAET
yMeHblieHue Tr u Ty

C 1pyroil CTOpPOHBI, JIETUPYIOIIUE
n00aBKM TBEpPAOrO pacTBOpa Bcerja
nosblmatoT Tr 1 T K3-3a yBeIMYeHUs
YKECTKOCTHU PEIIETKH.

['opsiuyro 06pabOTKy OOBIYHO MPOBOJSAT
npu Ttemmeparypax Bbime 0,6 Ty u
ckopoctu nedopmaruu ot 0,5 go 500 ¢

1

[Ipu ropsiueit  oOpaboTke  neranu




the order of 200-400% is imparted to
the work-piece.
Several steps or passes are mostly used

to carry out hot working operations.

To convert a cast ingot into a wrought
product, commonly the first step is to
employ hot working processes, such as
forging, rolling or extrusion at a
temperature near the upper temperature

limit for hot working.

During the intermediate passes, the

working temperature is gradually
decreased but kept well above the lower

temperature limit for hot working.

This processing at high temperatures is
not only economical due to decrease in
the flow stress but also makes larger
deformation possible, which is desirable

at the initial breakdown of the ingot.

Of course, there will be some grain
growth the
high

subsequent to
recrystallization  at  these
temperatures, which is not desired.

In the last pass, the finishing working

OOBIYHO nepemaaeTes OompImas
nedopmarnus nopszika 200—-400%.
JInst BBINIOJHEHUs OIEpalMi Topsyen
00pabOTKM B OCHOBHOM HCIHOJIB3YIOTCS
HECKOJIbKO ATAroB WK MIPOXOJIOB.

YroObpl MOpeBpaTUTh JUTON CIUTOK B

neopMUpPYEMBIN  MPOAYKT, OOBIYHO
MIEPBHIM I1arom SIBIISICTCS
UCIIONIb30BaHUE TIPOIIECCOB  TOpsUei

O6pa6OTKH, TAKHUX KaK KOBKa, IIPOKAaTKa

WM DKCTPY3Hus, IpU TeMIeEparype,

ONM3KOM K  BEpXHEMY  Mpejerny

TEMIIepaTyphl JJIsl Topsiueil 00pabOTKH.
Bo Bpemsi mpOMEXyTOYHBIX MPOXOA0B
MOCTENIEHHO

pabouasi  Temmeparypa

CHHMKACTCA, HO MNOoAACPIKUBACTCS

3HAYUTENIbHO BBIIIE HUXKHETO TNpeserna
TEeMIIepaTyphl JIsl Topsiueit 00paboTKH.

Takas  oOpaboTka TpU  BBICOKHX
TEeMIepaTypax HE TOJbKO IKOHOMHUYHA,
u3-3a

YMCHBIICHHA HaHpH)KeHHI)'I

TEKY4ECTH, HO TaK¥Ke Jenaet
BO3MOXKHOH Ooubiyto  nedopmariuio,
KOTOpas JKeJaTeaIbHa npu
MEePBOHAYAILHOM Pa3pyIICHUH CIIUTKA.
KoHeuHno, mociie peKkpHuCcTaIM3aluu
NPy  TaKWX BBICOKMX TeMIepaTypax
MPOU30MIET HEKOTOPHIH POCT 3EpeH,
YTO HEXEIATeIIbHO.

Ha MNOCJICAHCM IIPOXOAC KOHCYHAsA




temperature is lowered to the point,

which is usually just above the
minimum hot working temperature so
that during cooling from this finishing
temperature there will be negligible

grain growth.

In the last pass, a large amount of
deformation is imparted to the work-
piece so that a product with
recrystallized fine grain sizes, which is

usually desired, can be achieved.

paboyas Temmeparypa CHIDKAeTCs M0

TOYKH, KOTOpPasid OOBIYHO HEMHOT'O BBIIIIC

MUHHAMAJIbHON ropsiueit pabouei
TeMIrepaTypbl, TaK UYTO BO BpeMms
OXJIAXKJECHUS  OT DTOM  KOHCYHOM
TEMIIEpaTypbl  pOCT 3€peH  Oyxaer
HE3HAYUTEIILHBIM.

B nmocnegHeM nmpoxoie  3aroToBKe
nepeaeTcs OoJipIIas CTENEHb

neopManmm, Tak YTO MOXKET OBITh

MOJIyYeH IPOIYKT C
PEKPUCTATUIN30BaHHBIMU MEJIKUMHA
3epHaMU, KOTOPBIE 0OBIYHO

KCJIaTCIIbHEIL.







