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Dynamic Recrystallization Behavior of GCrlSSiMn
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Abstract: The hot defo rmat ion beh avior of GCr1 5Si M n stee l was s tudied through high tem perat ur e com pression test s

on t he G lee ble- 1500 th ermal-mechani cal s im ulator. The init iation and evolut ion of dynamic recr ys tall ization ( DR X )

were inves tiga ted with m icro st ru ctu ral ana lysi s and then the proces s variables were der ived from flow cur ves. In the

pr esent deformat ion conditions , the curves of s t ra in hard ening exponent (11) an d the t rue s tra in ( 0) a t the deform a

tion temp era ture of 11)23 K and s train rates of O. 1 , 1 and 10 S - I exhibit s ing le peak and si ngle valley. Acco rding to

Zener- H ollomon and Ludwik equa tion, th e experime ntal da ta have been regressed by using linear method . An ex

pr ession of Z pa ram eter and hot deformation equa tio n of t he tested st eel we re established. Moreover, the Q value s of

GC r15S iM n and GC r1 5 st eels we re compar ed . In order to determine th e rec rysta llizat ion fr action under differ en t con

ditions , the vo lume fract ion of DRX as a fun ction of process variables, s uch as s t rain ra te (e ), tempera ture (T ),

an d s train ( 0 ), was es ta blishe d. It was found that th e calculated resu lt s ag reed with the m icros t ru cture of th e s tee l at

any deformation conditi on s.
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During hot rolling process, dynamic recrystall i

zat ion (DRX) beh avi or is in fl uenced by cumulat ive

deformation, deformation te m perat u re and strain

ra te. Furthermore , the occurrence of DRX brings about

deformation resi stance r educti on[l- 1], grain refine

m en t and m ech anical properti es inc re ase[5- 7] . Espe

cially , tou gh ness and fa tigue lif e a re aff ected by aus

te n ite grain size[8J. So it is of grea t sign ifica nce to in

ve stigate the DRX beh av ior and aus ten ite mi cro

st ru ct ural ev olut ion of bearing steel during ho t de

fo rma tion.

In recent yea rs, so m e research es on the DRX

beh avi or of GCrl5 s teel hav e been carri ed out[6,9- lIJ.

Co nsti t u ti ve m od eling for flow behav ior of GCrl 5

s teel has been built by Yin et a l[loJ . Yue et a l. [IIJ

have buil t a m athemat ical model fo r p redi cting the

aus tenite g rain size in ho t working of GCrl 5 s teel.

However, few investigators hav e focu sed on the

DRX behavior and mi crostructural evolut ion of

GCrl 5Si M n steel, which is a kind of high carbon

ch ro mi u m bearing s teel with hi gh con t en t of Si and

Mn, In the pres en t pap er, Ludwik equa t ion and Ze

ner- Hollomon formul a will be used to ana lyse the

va r iat ion of st rain hardening expo ne n t in different

def ormation s ta ges of GCrl 5SiMn steel. Further

m ore , a constitutive m od el for flow beh avi or of Z

pa ra m eter of GCrl5 Si M n s teel is esta blishe d. The

rel a tionships be tween process va riables (stress,

strain rat e and te m perat u re) and DRX vol ume fr ac

tio n a re coup led by the modified A vra m i type equa

tion including cr iti ca l strain (c o) and strain for m ax

imum so ften ing (c ' ) as a funct ion of the tempera

ture compen sation s t rai n rat e fact or during hot de

fo rmation (Z).

1 Experimental Procedure

In the presen t st udy , an electros lag smelt ing

GCrl 5SiMn s teel p rovid ed in the fo rm of ba r wit h

the diameter of 150 mm is em ploye d. The ch emical

co m posi ti on is C 1. 02 %, Si 0. 55 %, Mn 1. 07 %, p
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0.006 %, SO. 00 1 %, Cr 1. 49 %, Cu 0.02 % and F e

the bal ance. Before the expe r imen t , the cy lindrical

speci m ens wi t h the dia m eter of 8 mm and the length

of 20 mm were machined from the hot ro lled ba r. T o

study the st rai n hardening behavior and DRX behav

ior of GCr 15S iMn, the single ho t compression tests

w ere perform ed on a co mp ut er-controll ed , servo-hy

draulic G leeble-1500 t hermo-m ec ha nical si m ula tor.

A ll specimens were hea ted to 1 423 K to obtain the

same initial austenite grain size. Then , they were cooled

down to deformation temperatures of 1 123, 1173,

1 223 , 1 323 and 1423 K, and deformed a t s train

rates of 0. 1 , 1 and 10 S - I . The speci m ens were

qu enc hed in wat er after tests im m edia tely. T he

s tress-s train curves under different deformation co n

di tions w ere m easured d ur ing deformation.

2 Results and Discussion

2. 1 True stress-true strain curves and microstructure
T he true stress-true strain curves for the steel

t es ted in differen t deformat ion co nditions are depic

ted in Fig. 1. It ca n be fo und that the effe cts of the

deformation temperature and strain rate on the fl ow

stress a re significant in a ll the tested cond itions.

Both flow stress and pe ak strain increase wit h de 

creasing deformation temperature and in cr eas ing

s train rate.

Fig. 2 shows a sc hematic diagram of stress-strain

(a) 200 (b) 1 123 K
150 1 123K

1 12:3 K 1173 1173150
oj 100 1173 1 223 1 22:3

Il.. 1 223 100 1 323
~

1 323

50 1 323 1 423 1 42:3
1 423 50

0 0.4 0.8 1.2 0 0.4 0.8 1.2 0 0.4 0.8 1.2
E

(a ) 0. 1 , - 1; ( b ) 1 , - 1; (0) 10 , - 1.

Fig. 1 True stress-true stra in curves of GCr lSSiMn steel at different deformation temp eratures and strain ra tes
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Fig. 2 Schematic diagram of the true stress-true

strain curve for DRX

curve w hen the DR X occurs[12]. It is obvious that the

flow s tress obtai ned from experimen ts consists of

fo ur differen t s tages [13] , i. e. , S tage I (work hard

en in g s tage) , Stage II ( stab le s tage) , S tage III (sof

ten in g stage) and Stage IV ( steady stage).

When the st ra in rat e is 0. 1 S -I and deformat ion

temperature is from 1123 to 1 423 K , the fl ow stress

increases rapid ly with increasing true strain. As the

crit ical strain e , is smaller than 10 " which te rms as

the necessary strain to fini sh DRX , the DRX is in a

stab le deformation (Fig. 2 ). H ow ever , with co nt in 

uous deformation, s train of new DRX grains reaches

e , again , the DR X wi ll occur for the second ro und.

A lso , DRX wi ll occur r epeat edly in a usteni te g ra ins

during deform at ion , an d each grain m ay be in differ 

ent stages of DRX. F in ally, it wi ll get to the stable

deformation stage of DR X w hen the work ha rdeni ng

co rresponds to the dynamic softening .

T he true stress-true strai n curves of the steel

im m ediately arrived a t st eady s ta te region w hen de

for m ed a t 1 S - I and 11 23-1423 K. A t 10 S - I , pea k

s tress do es not arrive a t steady s tate region but s ti ll

in the de creasing stage although the true stress

reached 1. O. It demonst ra tes that the effe ct of dy

namic softening is st ronger than that of work har d

ening , and it is in par tly DRX stage when th e tru e

str ain is 1. o.
Fig. 3 shows the cen tra l mi cros tructures of

speci m ens deformed at 1 S - I and var ious tem pera

tures ( 1 123, 1 173, 1223 and 1 423 K ) . The co m 

pa r ison displays that partly DRX oc curred when de

fo rm ed at 1123 and 1173 K. While deformed tem

pera t ure is grea ter than 1 223 K , the occurrenc e of

the com plete DRX in the specimens ca n be cert ified.

The process of DRX will be accelerated wit h increasing

deforma tion temperatur e and decr easin g s t rai n ra t e.
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( a) 1,- 1, 1123 K ; ( b) 1,- 1,1173 K ; (0) 1 , - 1,1223 K ; (d) 1 , - 1.1 423 K.

Fig. 3 Optica l microstructure after hot deformation

Fig.5 Curves of C-J ( Crussard-J aoul) analysis at

deformation temperature of 1 423 K

in n -E curves are O. 30 , O. 25 an d O. 26 respectively ,

corresponding to the true strains of O. 0488, O. 0732
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2. 2 Work hardening characteristic in hot deformation
In the hot compression process of tested steel,

w ork hardenin g beh av ior occurs accompanied w ith

dynamic so fte ni ng beh av ior s uc h as dynamic reco v

ery and dynamic recr ystall izat ion. True s tress- t r ue

strain curves are ab le to show overall trend of st ress

changes b ut lim ited to re flect the def ormation m ech

anis m se nsitively . Therefo re, the cha nge ru le of strain

hardening exponent in differen t stages is analysed by

Ludwik equation'{' :' and Cr ussard-Jao ul ana lysisI '".

The L ud wik re lat ion is ex pressed as:

a = a o+KEn ( 1)

where, a o is yeild s t re ngt h ; K is m at erial cons tants

and n is s t ra in hardenin g exponen t . The s train hard

eni ng rat e 0 , which is obtai ne d fro m the diff erentia l

fo rm of Eq, (1 ) with res pect to E, is expressed as:

8 = de / de = K nEn
-

1 ( 2 )

T he loga r ithmic form of Eq, (2) IS:

In (da / de ) = InK + Inn +Cn - 1) InE ( 3 )

According to the Hollomon equation and Eq. ( 3),

curves of nrs: ( Fig. 4 ) and Cr ussard-Jao ul analysis

( F ig. 5) are plo tted w ith deformat ion temperature of

1 423 K and strain rates of 0. 1 , 1 , and 10 S - I based

on the ex perimental da ta .

At the begi nning of deformation, n va lue in

creases w it h in creas in g true s t rain. When deformed

at strain rates of 10 , 1 and O. 1 S - l , t he peak val ues
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2.3 Constitutive equation of flow stress for GCrlS
SiMn steel

It is k nown that the softe ning m ech anism is

controlle d b y the thermally act ivated stored energy

developed during deformat ion, w hic h induces differ

ent DRX softening and work- hardening. The act iva

t ion ene rgy of DRX det ermines t he cri tical condi 

tions for DR X in itiation. To fur the r inves ti ga te the

hot defo r mation behaviors of GCrl5SiMn steel, it is

necessa ry to study the consti tu tive characteristics.

T he Arrhenius equa t ion is wi dely used to descr ibe

the re la tionship between the strain ra te, flow stress

and t emperature , es pe ciall y a t high tem perat ure. It
can a lso be form ul a ted b y Zener- H oll om on parame

ter Z in an expone n t- t ype equa t ion as shown in fo l
lowing equation[17.18] :

and o. 08 3 O. H ow ever , the peak va lue corres po nds

to less st rain and the va lu e is larger when st ra in ra te

is lOs- I . T he peak va lues at strain rates of o. 1 and

1 S- I are close. It is a tt ri bu ted to t he fo r mation of

h igh density dis location networks and dislocat ion

walls, w hic h a re ca us ed by st rong dislocation multi

pli cation and delivery at high strain rate. In add i

t ion, dis location m ovements a re res trained by lattice

defec t s , and it wi ll becom e st ronge r and stronger

wi t h increasing t r ue strain[16] , cons equently, 11 value

wi ll becom e la rger and la rger.

Moreover, it wi ll take less t ime to expe r ience

the same deformation in h ig h strain rate condit ion

t ha n in low strain rate condit ion . So, the dynamic

soft ening behavior s uc h as the co m bina tio n and rear

rangement of dislocat ions and the dynamic recovery,

prog resses insufficiently, which m akes a h igher 11

value. When the t rue st rain gets to the cr itica l strain

of DRX of each curve (Fig. 5), the DRX wi ll occur

and the 11 va lues begin to descend. As the true

s trains increase to O. 39 , O. 45 and o. 56 a t s train

rates of o. 1, 1 and 10 S- I res pectively, the effect of

s train har denin g and dynamic soft ening is equivale n t

and the 11 values equal to zero. W it h increasing the

t r ue st ra ins , the 11 va lues corres po nding to the va l

ley strains are - 0.22, - 0.20 and - O. 15 r es pec

tively. A fter that, 11 values increase for the second

time. T his is a tt rib u ted to the increase of new dis lo

cations generated in the DRX gra ins w ith the in

crease of true strains.

(7)

sides of Eq. (7)

Z =e exp[ Q /(RT) ]

I t can also be expressed as:

{
A O" ;o 0"13 / 11 0< 0. 8Z -
Bexp(f3O" p) 0"13 /11 0> 1. 2

(4)

( 5)

w here, Z is t he temperature co mpensa tion s train

rat e factor durin g hot deformation ; A, B , 13 and 110

a re m at er ial co nstants; e is strain ra te , S- I; Q the

act ivat ion energy of ho t deformation, k] • mol- I ; R

is the un iversal gas constant , 8.31 4 J • mol- I . K - I

and T is the absolute tem perat ure , K . If there is no

peak stress ( O" p) ' O" p is re placed by 0" , .
Sellars and T egart[19] confirm tha t the functio n

a mong stable flow s tress, s train ra te, and tem pera

t ure can be expre sse d m ore suitably by the Arrhe

n ius rela tionship modified by hyperb olic sine function :

Z = e exp[ Q / (RT) ] = C [ sin h (aa p)]'" (6)

where, C, a and 11 ' are co nstants. The relationship

among a , 13 and 110 is a=f3/ 11 o. From Eqs. (4 ) and ( 5),

Eq. (7) can be obtained ,

e exp[ Q/ (RT) ] = B ex p( f3O" p)

Taking the loga r ithm of both

gives

O" p= lne /f3+Q /(f3RT) - lnB /f3 (8)
T hen , at cons tant t emperat ure, subs tituting

the va lues of the peak stress and corresponding

strain rate in to Eq. (8) gives the re lationship be

tween the peak stress and strain rate (Fig. 6(a». I t

shows that the peak stresses can be approximated by

a group of parall el and straight lines in the hot de

fo rm ation conditions. T he values of 13 can be ob

tai ned by Eq. (8 ) fr om the slope of the lines in the

O" p-lne plots. In the same way, a t constant strain

ra te, the va lues of Q can be obtained by Eq. (8)

from the slope of the lines in the 0" p-T - I p lots. T he

mean values of 13 and Q ca n be computed as 0.05 53

MPa- I(Fig. 6 ( a» and 30 4.056 kJ • mol- I (Fig. 6

( b», res pe ctive ly . Substitu te 13 and Q in to Eo, (8),

then B can be computed as 2. 30 4 X 109.

Subst itut ing the value of Q in to Eq. ( 4) , Zener

Hollomon parameter for GCrl5Si Mn steel can be re 

pres en ted as fo llows:

Z = e exp [ 304 056 / CR T )] = C [ sin h (aa p)]'" (9 )

Co mbini ng Eqs. (4) and ( 5) gives

eexp [Q/( RT) ] =AO";o (0 )

Taking t he loga r it h m of both si des of Eq. (0)

gives

1nrrp= lne / 110 -InA / 110 + Q/ (l1 oR T ) 0 1)

In the same way , the value of 110 can be obt ained

from th e slope of th e lines in the lOOp-Iff plots. As the

s lope of t he lin es is app roximately t he same, the

va lu e of 110 ca n be obtained for diff erent deformation

t emperatures by linear fi tting m ethod , and a m ean

va lue of 110 can be compu ted as 6.550 (Fig. 7). T hen
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Also, Zener-Hollomon parameter for GCrl5SiMn

s teel can be repres ented as fo llows :

Z = €exp [ 304 056 / mT )] = 1. 008 X 1012 X

[sinh(0.008 440" p)]1.7 (1 4 )

In the study of Yue et al. [ 6J an d Yin et al. [ 10J about

the flow behavior of GCrl5 steel, the hot deformation

activation energies are 351 an d 439 kl /mo!' respective

ly , wh ile the Q value is 304.056 kl / mol in this stu dy.

Co mpared with GCrl 5 steel in R ef. [6 ] and

GCrl5SiMn s teel in t his st udy, t he m ass percents of

Si and Mn are 0.24 % and 0. 55 %, 0.36 % and

1. 07 % respectively. L i et al. [ 20J have st udied the in 

fluence of M n conten t on dynamic recrystallization

of ferri te in low carbon steels. It shows t hat t he in 

crease of Mn content in low carbon steel is un favor 

ab le for the progress of dynam ic recrystallization of

ferri te. However, un der the deformation condition

that the progress of dynamic recrystall izat ion of fer

rite can occur comple tely, t he increase of Mn con

ten t can promote t he progress of dynamic rec rysta l

lizat ion . In this s tudy, the increase of Si and M n

contents in high-c arbon chromium steel red uces the

hot deformation act ivation energy and promotes the

progress of dynamic recrystall izat ion , w hich is prob

ab ly due to t hat Si and Mn can accelera te t he n ucl ea 

tion of dy namic re crystalli zation.

32- 1-2
3.8 '--_--'-_--'__-'--_--'-__..1..-_--'

- 3

Fig. 7 Relationship s between InIT p and Ins
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A ca n be fi tt ed by Eq. (10) and is approxima tely

0.070. So a =/3/11 o=O. 00844 M Pa - l
•

T aki ng the logari thm of both sides of Eq. (6)

gives

lne = InC + 11 ' In [ sinh ( aO" p)] - Q/ (RT) ( 12)

A m ean va lue of 11 ' and C fi t ted fro m E q. ( 12)

are 4. 700 and 1. 008 X 10 12 res pe ctive ly (Fig. 8) .

Finally, substituting the values of a, 11' , C and

Q into Eq. (9), the pe ak stress constitutive equat ion

of hot deformation for GCrl5SiMn steel can be ex

pressed as fo llows :

€ = 1. 008X 1012 [ s inh ( 0. 008440" p) ] 4.7 X

exp ],- 304 056/ (R T ) ] (1 3)

2

- 1

- 2

- 3 '--_-'-__.1...-_-'-__.1...-_--'-_----'

- 1.5 - 1.0 - 0.5 0 0.5 1.0 1.5
In[sinh(oap)]

Fig. 8 Relationship s between In& and In[ sinh ( a ITp ) ]

2. 4 DRX kinetic model

From t he cri tical strain, a t w hic h DRX is ini tia

ted to steady state strain, new grains are formed at

deforma tion bands and grain boundari es of original aus

tenite grains. During the following deformat ion, the dis 

locations multiplication caused by deformation and the

dislocations disappearance caused by DRX are con

comitan t . W hen t he eff ects of s t rai n hardening and

dynamic softening are dynam ically ba lanced, flow

s tress keeps constant wi t h the increase of s train,
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and the DRX grains have equia xe d sha pe and keep
constant size[6.21- 25J. The kinet ics of DRX can be de

scribed in terms of normal S-c urves w hic h can be ex

pressed as a funct ion of time. In constant strain

rates, t ime can be re placed by st ra in and the recrys

tall ized fr act ion can be descr ibe d b y Avrami equa

t ion!" .25J. Thus , t he evolut ion of m icr ost ructure af 

ter DRX can be predicted by t he fo llowing equat ion :

X DRx = l- exp{- [ (E-E e ) /E * J "' } 0 5)

where, X DRX is the vo lume fraction of dynamically

re crysta ll ize d grain; m is the Avrami's constant; Ec

is cr itical st rain an d E* is the strain for m aximum

soft ening. The expre ssion IS modified fro m the Avra-

mis equa t ion. It indicates t ha t X DRX depen ds on the

strain and other deform at ion condit ions.

T he data of t rue st re ss- t r ue st ra in curve after

the peak stress poin t were used to ca lc ula te DRX

so ftening rate (e = da / de versus a ) p lots (Fig. 9 ).

T he maximum so ften ing rate corresponds to the

negat ive pea k of s uc h plo t. T he critical s train and

the s train for m aximum softening rate co uld be co n

sidered with a function of dimensionless parameter

Z / A ( F ig. 10 ). The fun ction expressions linearl y

fi tt ed by the m ethod of leas t squares a re I E* I =
O. 77 168(Z/C) o.o7474 and [s , I = 0. 345 6HZ /C) O.05702.

m is identified wit h a hypothesis X DRX = 1. It means

150
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50

<Il
0c,

~ - 50

- 100

- 150
0 50 100 150 200 0 50 100 150 200

a /Ml'a

&'=0.869 0.839
0.896

0.897
0.857

o 100 200 300

( a ) o. 1 , - 1; ( b ) 1 , - 1 ; (0) 10 , - 1.

Fig. 9 Plots of (J ( dll' / ds ) versus II' after the peak points of the true stress-true strain curves at

different deformation temperatures and strain rates

E xponent

T /K £/, - 1

0. 91 - 1. 00 1 223 O. 1

0. 83 - 1. 00 1 323 O. 1

0. 61 - 1. 00 1 123 O. 1

0.89 - 1.00 1323

0. 71- 1. 00 11 23

Volume fraction of dy nam ically

recrys tall ized grain

Table 2 Kinetic model of DRX calculated from true
compressive stress-strain curves

Table 1 Deformation strain corresponding to X I)RX = 1

642- 2 0
InCZ/C)

- 4

-,

Relationship between the dimensionless parameters

- 2.0 L-_---L..__-'--_----I.__...L-_----'_-----'

- 6

~ 0.: lca)
:s - 0.5

- 1.0 __=--__-'--_----'__--'-__-'--_---J

o (b)

Fig. 10

~:s - 1.0

that the flow st ress reaches a s teady s tate, and the

com ple te DR X grains have equiaxed shape and keep

constant size. From the true compressive s t ress- t r ue

s train curves (Fig. 1) and 0 versus a plots (Fig. 9) ,

such deformat ion conditions ca n be identi fied as

shown in T able 1. Su bstituting these deformat ion

conditions corresponding to X DRX = 1 into Eq. ( 14 ),

the m ean va lue of m can be ob tained as 8. 1391 3.

T h us , the k in etic m od el of DR X calculated fro m

true com p ressive stress-stra in curves can be ex

pressed as T able 2.

10 ' 1= 0. 771 68(Z /C ) O. 074 74

10, I = 0. 315 6H Z / C ) O.05702

X DRx =l - exp { - [ (0-0, ) / 0 * J "' } Z = £ex p[301 056 / ( RTlJ

C =1. 008 X 1012

m = 8. 3 19 1

The effect of deformat ion conditions on the volume

fraction of DR X ac cording to the calcu lat ion results

of th is model is shown in F ig. 11. It shows that with

the increase of true strain, the vo lume fraction of

DRX increases and reaches a cons ta nt va lue of

100 %, w hic h m eans t he co mpletion of DRX process.
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T he DRX is thermall y ac tivat ed so that the X DRX in 

creased wi th temperat ure fo r a spe cific st rain rate.

H owever , for a fixed temperat ur e, the X Il RX decreased

with strain rate. T his effect can b e attributed to de-

creas ed mobility of grain boundar ies (growth kinet ics )

w it h increa sing s t ra in ra te and decreasing tempera 

ture[5] . T h us, h igher strain rates and lower tempera

tures delay the occurrence of DRX as metal deforming.
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Fig. 11 Predicted volume fractions of dynamic recrystallization obtained at different deformation temperatures and strain rates

3 Conclusions

( 1 ) I n the present deformation conditions of

GCrl 5SiMn s teel, the curves of s train ha rdenin g ex

ponent and the t rue strain at deformation tempera 

t ure of 1 423 K have si ngle pea k an d single va ll ey at

strain rates of O. 1, 1 and 10 S - I. During the work

h a rdening process , dislocation strengthening is the

major work- hardening mechan isms of th e test ed steel.

(2 ) By means of leas t square method , the ex

perimental data are regressed by using linear method . Q
and 11' ar e obtained to be 304. 056 k] / mol and 4. 700 ,

respectively , and Z =e exp[ 304056/( R1') J = 1. 008X

1012 [sinh(0.008 440" p) J4.7. The peak stress constitutive

equ at ion of hot deformation for GCrl 5SiMn steel is e =

1. 008 X 1012 [sinh ( O. 008440"p ) J4.7 exp [ - 304 056/

(R1') ].

(3) T he increase of S i an d Mn contents in

h igh-ca rbon chromium steel red uces the h o t deform

a t ion act iva tion energy and promotes the progress of

dynamic recrysta lliza tion.

(4) T he s train for maximum softeni ng rate

and the cr itica l strain were described b y the func

tions of dim en sionl ess pa ram eter , Z / A . T he evolu

tion of DR X vo lume fracti on was characterized by

the m odif ied Avrami type equat ion includi ng the pa 

rameters Q , Z /A, e o and e * .
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