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2. St ate Key

Abstract: The hot deformation behavior of ultra purified 17 % Cr ferritic stainless steel stabilized with Nb and Ti was

inv estigated using axisymmetric hot compression tests on a thermomechanical simulator. The deformation was car

ried out at th e temperatures ranging from 700 to 1 100 'C and strain rates from 1 to 10 S - 1 . The microstructure was

invest igate d us ing elect ron backscattering diff raction. The effects of temperature and strain rate on deformation be

havior were represented by Zen er- Hollomon parameter in an exponent type equation. The effect of strain was incor

porated in the constitutive equ ation by establishing polynomial relationship between the material constants and strain .

A sixth order polynomial was suitable to represent the effec t of strain. The modified constitutive equation considering

th e effect of strain was developed and could pr edict the flow stress throughout th e deformation conditions except at

800"C in 1 S- 1 and at 700 "C in 5 and 10 S - 1. Losing th e reli ability of the modified constitutive equation was possibly

ascribed to th e increase in average T aylor factor at 800 'C in 1 S-1 and th e increas e in temperature at 700 'C in 5 and

10 S - 1 during hot deformation. The optimum window for improving product quality of the ferritic stainless steels was

identified as hot rolling at a low finisher ent ry temperature of 700 'C, which can be achieved in practical production.
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In recent years, the stainless steel market has

been characterized by an increased application of fer

ritic grades at the expense of Cr-Ni austenitic grades

because ferritic grades have higher yield strength , supe

rior stress corrosion cracking resistance and lower cost
compared with Cr-Ni austenitic grades[I-6]. However,

ferritic stainless steels possess poor formability and sur

face quality in comparison with austenitic stainless

steels, which can be attributed to low r-value , severe

surface ridging and sticking phenomenon during hot

rolling of the ferritic stainless steel[1,7] , and thus the ex

tensive applications of the ferritic stainless steels may be

restricted.

The way to improve formability and surface

quality of final sheet for the ferritic stainless steels

is to increase the r-value , enhance the ridging re

s istance and prevent the sticking, which can be at

tempted by controlling hot rolling and optimizing
hot rolling schedule[4.5.7-12]. Nevertheless, in order

to carry out the improved hot rolling process

smoothly, determining the load is important. Load

is closely related to the flow stress of the materials.

Therefore, the understanding of hot deformation

behavior and establishing a constitutive equation,

which can accurately predict the flow stress, are im

portant in controlling the hot rolling process and

improving the product quality of the ferritic stain

les s steels.

In the past, many efforts have been devoted to

understand the hot deformation behavior and predict

the flow stress of the ferritic stainless steels, such

as 409L ferritic stainless steel[13], 430 ferritic stain

less steel CO. 028% C, 16.355% Cr) [H], high puri

fied 17 % Cr ferritic stainless steel[15] , and ultra pu

rified 21% Cr ferritic stainless steel[1 6]. In most

studies, however, constitutive equations were based

on the Arrhenius type equation and the assumption

that the effect of strain on hot deformation behavior

is insignificant. In fact, the effect of strain is signif

icant, especially at relatively low deformation tern-
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peratures . For including strain effects, the strain

dependent constants were determined and incorpo

rated into the constitutive equa t ion by Slooff et
al. [17. ISJ , which led to the accurate prediction of

flow stress in a wrought magnesium alloy . This meth

od was lat er used successfully for austenitic stainless
steels[19,ZOJ , martensitic precipitation hardening stainless
st eels[ZoJ, carbon st eels[ZI ,ZZJ and other alloys[Z3.z4J. So

far , little systematic work has been carried out on es

tablishing th e constitutive equation describing th e flow

stress as a fun ction of strain, strain rate and tempera

ture for ultra purifi ed 17% Cr ferritic stainless steel

with the final aims of clarifying the optimum hot rolling

process parameters and improving the final product

quality, and analyzing th e reliability and stability of cor

responding constitutive equation in detail.

In this work, the hot deformation beh avior of

ultra purified 17%Cr ferritic stainless steel stabi

lized with Nb and Ti was investigated with hot com

pression tests on a thermo-mechanical simulator.

The microstructure was investigated using elect ron

backscattering diffraction (EBSD). The flow stress

curve was employed to develop constitutive equa

tion. The modified cons ti t ut ive equation was dev el 

oped by considering the effect of strain on material

constants, and the reliability of developed constitu

tive equa t ion was also an alyzed in depth. Finally,

the optimum hot rolling window was clarified for

improving product quality of the ferritic stainless

steels and its feasibility was analyzed.

1 Experimental Procedure

The chemical compositions in mass percent of

ultra purified 17%Cr ferritic stainless steel stabi

lized with Nb and Ti , which was prepared by vacu

um melting and cas t ing in the laboratory, are C

0.006 %, N 0.006 %, Ti 0.14 %, Nb 0.06 %, Cr

17.2 %, V 0.11 %, Si 0.19 %, Mn 0.25% and Fe

balance. The experimental steel was heated at 1 200 ·C
for 1 h and then hot rolled to 12 mm thick hot band in

the temperature range from 980·C to 1 100 ·C. Cy

lindrical specimens with diameter of 8 mm and

length of 15 mm were machined with their axe s par

allel to the rolling direction of the hot band. Hot

deformation wa s performed using isothermal hot

compression tests on a thermo-mechani cal simulator.

As shown in Fig. 1, the specimens were heated to

1200·C at a heat ing rate of 20·C • S-I, held for 180 s

to homogenize the microstructure and cooled to de

formation temperatures ranging from 700 to 1100 ·C
at a cooling rate of 10·C • S- I. The specimens were

also held for 30 s to eliminate a thermal gradient.

Then, the sp ecimens wer e deformed at strain rates

of 1 to 10 S- I to the s t ra in E of O. 6. After defo rma

tion, the specimens were immedia tel y water

quenched in situ. One cyl indrical specimen was wa

ter qu enched after 180 s of homogenization treat

ment at 1200·C in order to analyze the initial micro

s t ruc t ure before deformation.

1 200 'C, 1808

308
700-1100 'C

e=0.6
Strain rate: 1,5,10 8- 1 Quenching

Time

Fig. 1 Schematic illustration of hot compression tests

Microstructure analyses were performed us ing

EBSD. The samples for EBSD measurem ent were

prepared by electrolytic polishing in 50 mL HCI04+
100 mL H z 0 + 650 mL Czn,OH. The data ob

tained from the EBSD measurement were post-pro

cessed using HKL Channel 5 flamenco software. It
is noted that cross-se ct ions of cylindrical compres

sion specimens halved parallel to the cylinder axis

were used for the microstructure ana lyses.

2 Results and Discussion

F ig. 2 shows the flow stre ss curves of expe r i

mental s te el during hot deformation. It is cle arly

shown that the flow stress curves under different

deformation conditions possess similar shape, which

res embles that of flow stress curves pr eviously ob 
served for other ferritic stainl ess steels[16.zsJ. The

flow stress curves typically show a work hardening

reg ion followed by dynamic soft ening du e to recov

ery and/or recrystallization.

From Fig. 2, it can also be seen that the de 

formation temper ature and strain rate have signifi

cant effect on the flow stress. The flow stress de

cr eases with increasing deformation temperature and

decreasing s t rain rate. This is due to the fact that

higher temperatures and lower strain rates offer

higher mobilities of dislocation and grain boundary

and longer time can benefit the annihilation and re 

arrangem ent of dislocations and the format ion and

coalescence of subgra ins.
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in increasing softening amount. On the other

hand, the elim inat ion time of work hard ening is re 

la t ed to strain rate. T he el imination t im e of work

hard ening increase s w ith decreasing stra in rate. At

constant stra in rate, h ence, t he eli m ina t ion t ime of

work hardening and the amount of softening are in

variable. Therefore, when the decrease of strain

rate is a cons tan t , the amount of softening at the

high deformation temperature is h igher than that a t

low deformation temperature at constant st ra in.

That is , the effec t of s train ra te on the am ount of

soften ing enhances when the deformation tempera

ture in cr eases.

2. 1 Constitutive equations for flow stress prediction
It is well known that hot deformation ca n be

conside re d as a thermally act iva ted pr ocess and is

simila r to the creep phenomenon. Various cons t itu

tive equa tions simila r to those em ployed in cr eep

st udies are develop ed to model the hot deformation

behav ior , and these equa t ions can be expressed as
follows[19-zl .z8-31] :

E: = A 1o-nl • exp [ - R~ ]

(for low stress level, aa < O. 8) (1)

E: = Azexp(,8 o- ) • exp [ - R~ ]

(for h igh st ress lcv el s oe > 1. 2) ( 2)

E: = A[sinh(ao-) J n • exp [ - R~]

(for all s tress level) (3)

wh ere, A I , nl ' Az , ,8, A , a and n are th e material con

stants; a (~,8/nl) is the stress multiplier , MPa- l ; Q
is th e activation energy of hot deformation , kJ • mol-I ;

R is th e gas constant , 8.3145 J • mol- I • K- 1
; E: is th e

strain rate, s- I ; (J is the flow stress for a given strain ,

MPa ; and T is the deformation temp erature , K.
For low st ress level , Eq. (1) is used to describe

the hot deformation behavior. For high stress level,

Eq. ( 2) is used. F or all s tress level, Eq, ( 3) can be

applied . When the stress level is low, 1. e. ,

sinh ( a(J) ~a(J , Eq, ( 3) ca n be sim plified as Eq. 0)
and A, and nl are Aan and n, re spe ct ive ly. When the

stress level is high , i. e. , sinh (a(J) ~ O. 5exp (a(J) ,

Eq. ( 3) can be sim plified as Eq. (2) and A z and,8 are

A / 2n and na, respectively.

In additi on, the effec ts of temperat ure and

st rain rate on hot deformation behav ior can be de

sc r ibe d by the Zener-Holloman parameter Z in an

expo ne n t t ype equation , and this equa tion ca n be
expressed as follows[3Z] :
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(a) 1 s - I ; (b) 5 s -I ; (c) 108 - 1.

Fig. 2 Flow stress curves of experimental steel
at 700-1 100 °C and different strain rates

o

In addit ion , the effe ct of st ra in rate on flow

st ress is clo sely related to the deformation tempera

t ure . The s t rain rate sensitivity is an im portant pa

rameter for evaluat ing t he sensitivity of the flow

stress to s t rain rat e during the plast ic deformation,

which refl ect s the work hardening tendency with in

creasing st rain rate. The effec t of st rain ra te on

flow st ress is enha nced , that is, the s t ra in ra te se n

si tivity increases when the deformation temperature

increas es (Fig. 2) . This can be asc r ibe d t o in cr eas

ing elimi na t ion rate of work hardening with in cr eas
ing deformation temperature[Z6.Z7] .

The change of flow stress inc rease s w ith in

creasing softening am ount. The am o un t of soften

ing can be determined by the elimination rate and

time of work hard ening. The am ount of softeni ng

increases with increasing elim inat ion rate and hard

eni ng time. On one hand, the eli mi nation rate of

w ork hardening is related to deformation tempera

t ure and s t ra in. The el im ination rate of work hard

en ing increases with increasing deformation tem

perature and strain. A t constant strain , h ence,

when deformation tem pe ra t ure increases, the elim 

inat ion ra te of work hardening in cr eases , resulting
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2. 2 Determination of strain-dependent material con

stants
It is commonly accepted that constitutive equa

tions (Eqs. (l), (2) and (3)) ar e based on the as

sumption that the effect of strain on hot deformation

behavior is insignificant. In fact, the effe ct of strain

is significan t , especially at relatively low deforma

tion temperatures. At each value of strain, the flow

stress curves are in different deformation stages and

exhibit different deformation or softening mecha

nisms. As a result, the effe ct of strain should be

taken into account in order to derive a constitutive

equation that accurately predicts the flow stress. In

this study, in order to compensate the strain, the

material constants for the constitutive equation were

determined at different st rains and the effect of

st ra in on the material constants was incorporated in

the constitutive equation by assuming that the mate

rial constants are a polynomial function of the

strain. Taking the strain of O. 25 as an example , the

solution procedure of material constants was con

ducted.

Taking natural logarithm of both sides of
Eqs. (1) and (2) gives

lnc = ln.A, + n1lna - R~

(for low stress lev el) ( 5)

lne = lnA z + f3a - R~

(for high s t ress level) (6)

From Eq. ( 5), it can be seen that an optimum

nl can be obtained by plotting lns against Ina at con

stant temperature, and the mean value of the recip

rocals of the slopes of the lines in the lne-Ins plot

gives the value of nl . From Eq . (6), it can be seen

that an optimum f3 value can be obtained by plotting

lne against a at constant temperature, and the mean

value of the reciprocals of the slopes of the lines in

the o-lne plot giv es the value of f3. Using the values

of the flow stress and corresponding strain rate at

0.25 strain , the values of nl and f3 were found to be

10.072 and O. 100 MPa- 1 by establishing the relation

ship between Ina and Ins and relationship between a and

lns , respectively. Then, a is 0.0099 MPa- l .

Taking natural logarithm of both sid es of

Eq. ( 3) gives

lne = InA + nln[sinh(Qlj) J - R~

(a)

Fig.3 Relationship of In[sinh(aa) ] to lne and

In[sinh(aa) ] -1 OOO /T for the experimental steel

2

• 1 S- I

... 5 S-I

V 10 S- l

0.9

700 'C

1
1nt

1O'/K_'
T

0.8

o

(b)

~ 0

t
.!3 -1

From Eqs. ( 3) and (4), following equation can

be obtained

Z = e•eXP(R~) = A [sinh (a a ) In (9)

Taking the natural logarithm of both sides of

Eq. (9) giv es

(for all s tress level) (7)

After partial differentiation of Eq . (7) and some

algebraic operations, following equa t ion can be ob

tained :

Q = R • (J lne I . (J In [sinh(Qlj) J I
(J In [sinh(Qlj) J T (J (l IT) l

(8)

From Eq, (8), it can be seen that the value of Q

can be obtained from the mean value of the recipro

cals of the slopes of the lines in the In[ sinh(aa) J- ln e

plot and the mean value of the slopes of the lines in

the In[sinh(aa) J-l iT plot. With the values of the

flow stress, deformation temperature and corre

sponding strain rate at 0.25 strain , the relationship

between In[sinh (aa) J and lne and relationship between

In[ sinh(aa) J and 1 OOOIT can be obtained , as shown in

Fig. 3 , and the value of Q is 424 352. 803 J • mol-I .

Then , by substituting the values of Q, e and T into

Eq, (4), the values of Z can be obtained at different de

formation temperatures and strain rates.

(4)Z = e. exp(R)
RT



Issue 9 H ot Deformat ion Be havior and Flow S tres s Predict ion of 17 % Cr Ferritic St a inl ess Steel 831
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•

9. Finally, a si xth order polynomial , as shown in

Eq. (11) , is found to re prese nt the effect of strain

on materi al cons ta nts with a very good correlation

and gen er al ization ( F ig. 5). T he coefficients of the

polynom ial are given in T able 1. Higher orde r poly

nomial (higher t ha n 6) is found to over-fit thus los

ing its ab ility of t rue re prese ntat ion and ge neraliza

tion.

a = Co +~€ + ~€2 + C:J€ 3+ C€ 4+ Cs€ s+Cs€6

n = Do+ DI €+ D2 € 2 + D3 € 3 + D4 € 4 + Ds€s+ D6 € 6

Q = Eo+ EI €+ E2€ 2 + E3€ 3 + E4 €4 + Es€s+ E6 € 6

InA = F; + F I € + F2€2 + F3 € 3 + F4 €4 + Fs€ s+ F6 € 6

(11)

F rom Eq. (9), following equation can be ob 
tained[20] :

1 Z I/n
0- = - sinh" (-) (12)

a A
After some algeb raic op erations , t he n

1 { Z I/ n [ Z 2/n ] 1/ 2 }
0- = -;In (A) + (A) + 1 (1 3)

Therefo re, t he modified constitutive equat ion

with st ra in-de pende nt consta n ts , which can predi ct

the flow st ress at a particul ar st rai n , can be ex

pressed as follows:

1 { Z I/ n [ Z 2/n ] 1/2 }
0- = -; In (A ) + (A) + 1

Z = £. exp(R)
RT

1.51.0
35 L-_----'-__.L-_----'-__.L-_----'-__L.....l

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

Fig. 4 Relationship between InZ and

In[sinh(UI1) ] for the experimental steel

lnZ = InA + nln[sinh(ao-) J (10)

It is evide n t t ha t the values of InA and n are the

inter cept and slope of t he line in lnZ-ln [sinh (a 0- ) J

plot , r espectively. W ith the values of lnZ and corre 

sponding flow stress at o. 25 st rai n , the relationship

between lnZ and In [ si nh (ao-) J can be obtained , as

shown in Fig. 4. Then , the values of InA and n are

44. 794 and 6. 891 , respec t ively.

•

~ 45

55

Employing the same solution procedure , t he

values of a , n, Q, and InA were determined at different

strains (in th e rang e of o. 05 - o. 60) at an interval of

o. 05. Thes e values were employed to fit the polyno

mial. The order of the polynomial varied fr om 2 to

• a • n

- Sixth order polynomial fit - Sixth order polynomial fit

0.012 10

-"
~ 0.011 " 8

0.010 6 • ••

• Q • InA
- Sixth order polynomial fit - Sixth order polynomial fit

~

1.. 600
0
S 60g ]01

500
50 • •

400 40
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6

True strain

Fig. 5 Relationship between u . n . Q. InA and strain by polynomial fit of the experimental steel
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Table 1 Coefficients of polynomial for a. n . Q and InA

a

Co= 0. 016

C1 =-0. 077

C, = 0. 437

C3 = -1. 374

C4 = 2. 557

Cs = -2.660

n Q InA

Do= 22. 335 Eo= 1225. 197 Fo= 127. 385

D1 = - 320. 034 E1 = - 16 290.079 F 1 = - 1 679. 723

D, =2665.065 E, =131901. 209 F, = 13625.990

D3 = - 11 343. 456 £ 3 = - 547 186. 612 F3 = -56632.178

D4 = 25 913.398 E4 =1. 227XI06 F 4 = 127 055. 571

Ds = - 30 170. 429 Es = -1. 410XI06 Fs = - 145 950. 883

D6 = 14 058.004 E 6 = 651 245. 336 F 6 = 67351. 394

(1 5)

250r-----------------,

........ .•..•.. ... 700 't

.... 800

900

..........• 1 000
1 100

0.2 0.4 0.6 0.8

True strain

250
(a) - Experimental

• Predicted

200 700 't

150
800

900

1 000.... ... 1 100
0

250
(b)

700 'tos

'" 200

~
8001l ...•.... ......•.

'""~ 900

1000
11 00

o

200

(c)

a = 0. 016 - O. 07h + O. 43h 2 - 1. 374€3 +
2. 55h 4

- 2. 660€5 + 1. 176€6
n = 22. 335 - 320. 034€ + 2 665. 065 €2 

11 343. 456€3 + 25 913. 398€4 
301 70. 429€5 + 14 058. 004€6

Q = 1225. 197 - 16 290. 079€ + 131 901. 209€2 
547 186. 612€3 + 1. 227 X 10 6€ 4 - 1. 410 X
106€ 5 + 651245. 336€6

InA = 127. 385 - 1 679. 723€ + 13 625. 990 €2 
56632. 178€3 + 12 7055. 571€4 -
145 950. 883€5 + 67 351. 394 €6 (14)

On t he othe r hand, the st ress a t a strain of

O. 25 is take n as t he peak stress according to the hot

deformation behavior of experimental s teel. So the

origina l consti t utive equa t ion , w hich does not con

s ider the effect of strain on material constant s an d

can merely predi ct the pe ak stress , can be expresse d

as fo llows according to E qs. (1), (2) and ( 3 ) and

the abo ve ca lcula tion of mater ial cons tants at a true

strain of O. 25:
1 { Z 1/6.891

a = 0. 009 9ln (2. 843 X 1019) +

[
Z 2/6.891 ] 1/2}

(2 .843X1019) + 1

Z . [ 51037.682]= € • exp T

2.3 Verification of modified constitutive equation
In order to eva lua te the predictabi lit y of the

modified constitutive equation (considering the

effec t of s train), the compa rison be t ween the meas 

ured flow st ress curves and pre dicted flow stress

va lues is presen ted in Fi g. 6. It can be observed that

t he predicted flow st ress values obtaine d fr om t he

mod ified constitutive eq uation ca n track the meas

ured flow stress va lues th roughout the deformation

conditions except at 800'C in 1 S -I and at 700'C in 5
and 10 S - I .

( a) 18 - 1 ; (b) 5 8- I ; ( c) 108- 1 •

Fig. 6 Comparison between measured and predicted

flow stress from the modified constitutive equation of

experimental steel at 700-1100 'C and

different strain rates

T he reason for losing the pred ictab ilit y of t he

modified constitutive equa tion at 800'C in 1 S -I and

at 700 'C in 5 and 10 S - I is not quite clear. T he pre

dict ed flow stress values at 800'C in 1 S -1 are lower

than the measured flo w st ress va lues. St udies dem

onstrated t hat t he inc rease in the average T aylor
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factor (i. e. , increase the intensities of the "hard"

(deformation) texture components) occurred with

increasing the strain in the absence of recrystalliza

tion during compression tests. This could cause

some amount of hardening (textural hardening) and

decreases the probability of plastic deforma
tion[33-35J. According to flow stress curves, on one

hand, dynamic recovery (DRV) may be the major

softening mechanism during hot deformation. On

the other hand, the initial microstructure before de

formation and microstructure after deformation at

800·C in 1 S- I were analyzed with EBSD and the

Taylor factor of the scanned region was calculated,

as shown in Fig. 7. It can be seen that the volume

fractions of grains having the Taylor factor of 2 - 3

and 3 - 4 are 72. 5% and 27. 5% before deforma

tion, respectively, while they are 60.3% and
39. 7% after deformation at 800·C and 1 S-I, re

spectively. In other words, the Taylor factor in 

creases after hot deformation in this study. Accord

ingly, the underestimation in the flow stress predic

tion at 800·C in 1 S- I occurs. However, the modi

fied constitutive equation can predict the flow stress

at other deformation conditions except at 700·C in 5
and 10 S-I even though the increase in the average

Taylor factor may have taken place as well. It is

possible that the effect of increasing the average

Taylor factor during hot deformation on hardening

is not so significant since the softening is already

high under some deformation conditions such as rel

atively high temperatures or the thermal softening

(the increase in temperature during hot deforma

tion) is already obvious under some deformation

conditions such as relatively low temperatures.

The predicted flow stress values at 700·C in 5
and 10 S-I are higher than the measured flow stress

values. The temperature rise due to deformation

heating at high strain rates (i. e. , 10 S-I), which

can result in the thermal softening, may be the main

reason for this. Because the test time is too short to

allow for heat transfer due to the deformation at rel

atively high strain rates, the specimen temperature

rises, leading to the thermal softening[36J. There

fore, the overestimation in flow stress prediction at

700·C in 5 and 10 s-Ioccurs. However, the modi

fied constitutive equation can predict the flow stress

at other temperatures also at high strain rates ex

cept at 800·C in 1 S-I even though the deformation

heating and subsequent temperature rise maybe take

place as well under these deformation conditions. It
is possible that the effect of the deformation heating

(a) Orientation map of initial microstructure;

(b) Taylor factor map of initial microstructure;

(c) Orientation map of microstructure after

deformation at 800 'C and 1 S- 1 ;

(d) Taylor factor map of microstructure after

deformation at 800 'C and 1 S - I .

CD denotes compression axis direction.

Fig. 7 Orientation maps and corresponding Taylor

factor maps of the initial microstructure

before deformation and microstructure

after deformation at 800'C in 1 S-1

and subsequent temperature rise during hot deform

ation on softening at these high temperatures is not

so significant since available thermal activation ener

gy is already high to induce thermal softening-F".

Further work requires to be done on the changes in

the average Taylor factor and deformation heating
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Fig. 9 Correlation between exper imenta l and

predicted flow stress values obtained

from ori ginal constitutive

equation of exper imental steel

Experimental flow stressIMPa

Experime ntal flow stresslMPa

Fig. 8 Correlatio n between experi menta l and

predicted flow stress values obtained

from the modified consti tutive

equation of experimental steel

t ion , so lidificatio n struct ure , thermo-mech an ical

processing , hot ba nd annealing condi tio n , in terme

diate annealing bet ween cold rolling, and cold roll 

ing re duction ratio and emp loyi ng t he strip casting

and changing t he st rain path by a uniqu e deforma
t ion such as equa l channel ang ular pressing [3-4.6-7].

Many papers have pai d attention to increasing t he r 

va lue and weaken ing the ridging resistance fo r fe r

ritic stainless steels through optimizing the thermo

mech anical processi ng-v'" . It was sho wn t hat com

pared to hot ro lling at a high finis her entry tempera

t ure, hot roll ing at a low finisher entry te mperature

(especially, approximately 700·C) was of benefit

for the formation of in-grain shear bands in t he

roll ed mic rostructure, whic h can provide more nu 

cleation sites for recrystallization grains. en ha nce

the forma tion of {I ll} recrystall ization textures and

increase t he r-val ue of t he fina l sheet. Moreover ,

due to t he ro lle d micros t ruct ure refinement by t he

R2

Ji~1 (Mi -M) 2 i~1 (P i - P ) 2

AARE (%) =~f IMi-PiIXI00
Ni~ 1 M i

where , M is t he measured value ; P is t he predicted

value obtaine d fro m the modified constitutive equa 

tio n; M and P are the mean va lues of M and P, re 

spec ti vely; N is the total nu mber of data points.

The corre la t ion coeff icie n t provides info rmation on

the strength of linear relationship be tween the

measured and predicted val ues, whereas the average

absolute relati ve error is computed t hrough a term

by ter m comparison of the relati ve error. For the

modified cons titutive equation, it can be see n from

Fig. 8 t ha t a good correlation is obtained be tween

t he measured and predicted flow stress values and

t he AARE is fou nd to be 5.76%. For t he origina l

cons ti tutive equation, it can be seen fro m Fig. 9 that

the corre la tio n be tween t he measured and pre dic te d

flow stress va lues with a correlation coefficie nt va l

ue of O. 9891 is not better than t hat for the mod ified

constitutive equation with a correlation coefficient

va lue of 0.994 5 and the AARE is found to be

5. 72 %. According to t hese statistical ana lyses, t he

mod ified constitutive equation reveals the better re 

liab ili ty and stabili ty than the origi na l constitutive

equa tion , and t he modified constitutive equat ion

wi t h s train-dependent cons ta nts can predict the flow

stress for a given st rain but the origina l constit utive

equation can merely predict t he pea k stress at de 

forma tion tem peratures of 700 to 1100·C and st rai n

ra tes of 1 to 10 S -1 for t he ultra purified 17 % Cr fer

ritic stainless steel stabilized with Nb an d Ti,
F errit ic stain les s steels possess poor formability

and surface quality in comparison with austeni tic

stainless steels, which can be attributed to low

r-value , severe surface ridging and sticking phe no m

eno n during hot roll ing[I.7] . On one han d , improve

men t of r -value and ridgi ng resistance for fe rritic

stainless steels has been attempted by several ap 

proaches, such as cont ro lli ng t he che mical composi-

and t he re needs to be a sys tem atic study of hard en

ing and softening du ring ho t defo rmat ion in order to

draw a firm concl usion.

In orde r to qua nti ta ti vel y evaluate the pre dic ta

bil it y of the mod ified consti t utive equation . s ta nd

ard statistical parameters such as correlati on coeffi

cien t R 2 and average abso lute relative error AARE

were em ployed. T hey can be expressed as fo llows:
N _ _

~ ( Mi - M) ( P i - P)
i =l
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forma tion of in-grain shear bands, the elongated

grains with a-fiber orientations were consumed dur

ing hot-band annealing, improving the ridging re

sistance by eliminating the grain colonies in the final

sheet. On the other hand, weakening of the sticking

behavior for ultra purified ferritic stainless steels

has been attempted by controlling the oxide scale,

rolling temperature, strain rate and roughness of the

work rolls[5]. It demonstrated that the sticking phe 

nomenon was supposed to be weakened by decreasing

the rolling temperature, increasing the strain rate and

decreasing the surface roughness of the work rolls.

Therefore, decreasing the rolling temperature

is beneficial to increasing the r -value , enhancing the

ridging resistance, reducing the sticking and eventu

ally improving the product quality of final sheet for

the ferritic stainless steels, and the product quality

can be significantly improved when the finisher en
try temperature is at 700·C. Zhang[37] developed a

new hot rolling process which had been verified by

pilot rolling experiments and found that compared

with the conventional hot rolling process with finish

rolling at about 900 ·C, the new hot rolling process

with finish rolling at about 700·C has great benefi

cial effect on minimization of sticking for ultra puri

fied ferritic stainless steel, as shown in Fig. 10. It
can be seen that after conventional hot rolling

process, there are some surface defects in the hot

rolled and annealed bands after pickling along roll

ing direction which can be ascribed to the sticking
behavior during hot rolling (Fig.10(a)) [37]. After

new hot rolling process, only minor surface defects

were observed in the hot rolled and annealed bands

after pickling due to the weakening of the sticking

behavior (Fig. 10 ( b) ) . He s uggested that decrease

of rolling temperatures can efficiently increase the

deformation resistance of the steel to improve the stick

ing resistance. Although the flow stress increases with

decreasing deformation temperature (Fig. 2), the flow

stress of the experimental steel during deformation at

700·C is close to that of the commercial high-strength

steel during deformation at 850 ·C[22]. This indicates

that the deformation resistance of experimental steel is

low during deformation at 700·C and hot rolling at a

low finisher entry temperature of 700·C can be achieved

in practical production.

(a) Conventional hot rolling process; (b) New hot rolling process.

Fig. 10 Surface qualities of hot rolled and annealed bands with different hot rolling processes after pickling

3 Conclusions

(1) The effect of strain was incorporated in the

constitutive equation by establishing polynomial re 

lationship between the material constants and

strain. A sixth-order polynomial was suitable to re

present the effect of strain.

(2) The modified constitutive equation describing

the flow stress as a function of strain, strain rate and

temperature was developed by considering the effect of

strain and could very well predict the flow stress

throughout the deformation conditions except at 800 ·C

in 1 S-1 and at 700·C in 5 and 10 S - 1 •

(3) Loss of reliability of the modified constitu

tive equation at 800·C in 1 S -1 was possibly ex 

plained by the increase in average Taylor factor dur

ing hot deformation.

(4) Loss of reliability of the modified constitu

tive equation at 700·C in 5 and 10 S -1 was possibly

explained by the increase in temperature during hot

deformation.

(5) The optimum window [or improving the
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