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Abstract: Two kinds of steels (YP960 and YP690 ) with low carbon bain ite st ruct ure were design ed, and t hei r flow

st ress and st ra in harden ing exponents we re st udie d. The results showed that , whe n H ollomon rel ati on was appli ed to

descr ibe thc flow st rcss , th ere were significant errors between the ex perimental and ca lcu lated po ints in speci me ns

te mpered below 100 'C , whi le a h igh pr ecis ion was observed in samples te m pered above 100 'C . Wh ereas , the modi

fied Voce relation could effect ively pr edi ct the flow st ress as we ll as the st rain harden ing expone nt at diff er en t te m pe 

ring tempera tures , which was ve rified by unbiased est ima to rs such as maximum rela t ive error ( MR XE) and average

absolute relative error ( AARE ) . Besides , the m odified Voce rela tion was also applied to est imate the max imum uni

form strain, and the co rrelation coe fficients (R) between the experime ntal data and ca lculated maximum uniform

st rain we re m or e than O. 91. T he high co rrelat ion coe ffic ients indi cated that the m odified Voce relation could effec 

tively predict the uniform deformation abi lity of high strength steels wit h low carbo n bainite structu re at diff erent

te mpering te mperat ures.
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O wing to the severe se rvice environ ments and

the desi re of const ruct ion m achinery fo r the high

s t rengt h s teels with excellent weldabil ity , YP9 60 and

YP690 steels becom e the most att ractive steels[1-3J. To

m eet these re qui re men t s of const r uc tion m ach in ery

m arkets , m any steel co rpo ra tions , s uch as the N ip 

pon Steel[4J, South Korea's pasco and ]FE Steel[lJ ,

expecte d the dev elopment of the two kinds of s teels.

H igh strengt h s teel s that hav e yield st re ngt h above

600 MPa are ge ne ra ll y of m arten sit e or tempered

m artensit e s t r uct ure. T o garantee m artensite s t r uc

t ure , high percen tag es of ca rbon and other alloying

elemen ts ( such as m olybdenum and chrome ) a re the

features of con ve n t ional hi gh s t re ngt h s teels. M oreo

ver, the co m mon approach t o in cr ease the s t re ngt h

of tradit ional high st re ngth steels is increasing the

con tent of ca r bon or o the r a lloying ele men ts to im 

prove the hard en abili t y. Nonetheless, high content

of carbon and a lloying ele ments lead s to a hi gh car-

bon equiva lent ( Ceq) an d deterio ra tio n of low te m 

perature tou ghness and w eldability. A s con t ras t to

m ar tensi t ic steels , lo w ca rbon bainiti c stee ls a re

co m posed of few allo ying ele men ts but have excellent

hardenabili ty , weldabilit y proper ty and st rength , whi ch

leads th ese kinds of steels to be more prevalenr'v ' ".

T emperin g proce ss is rel at ed to com ple x evolu

tions of mi cros tru cture and pl ays a cr uc ial role in the

deformation beh avi or of high s t re ngt h s teels. Many

research ers[3.7.8J conduc te d inten sive s t udies on the

heat treatment (dir ect qu en ch in g (DQ), reheat

quen ch ing (RQ) as we ll as hea t treatment online

proces s (I-I O P) [1.9J for in s tance), bu t fu r ther st ud

ies on the m echanical prop erties and deformation be

hav ior w ere negl ected. R ecently, in view of m obile

disloca tion, la th boundaries and di ssolved ca rbon

and nitrogen at om s , Y an et at. [10J expla ine d the ap

pearance of upper yield po in t and s train ha rd eni ng

expone nt ; however, flow s t res s model s for te m pe -
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ring process and strain hardening were no t involved

in the res earches, ei t he r .

The common flow stress-strain relations include

Hollomon type, Swift type and Voce type, etc. Through

fit ting of the strain and tensil e stress during uniform

pl as ti c deformation, the parameters in the flow

stress-strain relations could be calculated . As the da 

ta of Yan et al. [ 10J shown, the Hollomon equat ion

can be applied to predict the flow stress of the low

carbon bainitic YP960 steels . However, there were

significant errors be tween the Hollomon equation

and the expe r ime n ta l data, es pe ciall y in as -quenched

and low temperature tempered steels as the data in

Ref. [ 11 ] indicated. In published references, the re

a re no applicable models for there kinds of s teels .

Thus, in this paper, two kinds of low ca rbon baini t

ic st eels with yield strength of about 690 and 960 MPa

w ere designed and manufactured by DQ/ ultra fast

cooling (UFC) and tempering, then the deformation

behaviors of the two steels during uniaxi al tension

were studied. Besides, based on disloca t ion density,

a model for flow stress and strain hardening expo-

nent was es tab lished for the two steels.

1 Ex perimental

The detailed chemical compositions of the in 

vestiga ted s teels are represented in Table 1. The as

received materials were smel ted in a 25 kg vacuum

induction furnace, and w ere forged into stocks with

siz es of 60 mm X 60 mm X 100 mm. The blocks of

YP960 steels and YP6 90 steels were soaked at 12 50 °C

for 2 h , and hot-rolled to 12 and 16 mm plates in

thickness, respectively. The s tart rolling tempera

ture of finish rolling was below 900 °C. The YP960

steel plates w ere directly qu enched after rolling,

while the YP6 90 plates were fast cooled to room tem

perature (cooling rate is about 70 °C /s ) . The sa m ples

for the tensil e tes t were cut from the plates along

the longitudinal direction and then incubated at g iv

en tempering t emperature for 35 min followed by

cooling in a ir. The tempering temperatures were

chosen as 250, 350, 400 , 450 , 500 , 55 0 , 600, and

650 °C, respectively. Thermal cycles were represen

ted in Fi g. 1 for the two materials.

Ta ble 1 Chemical compositions of investigated steels mass %

Ste el C Si Mn Cu I3 Ti Nb V Cr Mo Ni Ceq

YP 960 O. 07 O. 164 1. 475 0. 24 1 O. 00 1 3 0.03 0.055 O. 04 0.5 69 0. 147 0. 265 O. 504

YP 690 O. 07 O. 18 1. 79 O. 001 6 0.0 1 0.06 0. 057 O. 96 0. 21 O. 586

Not e: C", = C+ Mn/ 6+ CCu+ ND/ 15 + CCr+Mo + V) / 5.

1 250 'C , 2h

Time

Fig. 1 Schematic drawing of ro lli ng and cooling

processes for the two experimenta l steels

The cylindrical tensile spec imens with 5 mm In

diamet er and 25 mm in gauge leng t h w ere em ploye d.

The tensile tests were performed a t room tem pe ra 

ture using a CMT-4105 tensi le machine, and the cross

head speed was 2 mm/min. Scanning electron mi 

croscopy (SEM, Zeiss ultra 55 ) was used to observe

the microstructure of each sp ecimen. The el ectron

backscattered diffraction (EBSD, Zeiss U lt ra Plus

fie ld emission scanning electron mi croscope) with

step size of O. 12 p.m was used to observe the grain

boundaries of each specimen. HKL Channel 5 soft

wares were employed to analyze the results of EBSD

measurements.

2 Results and Discussion

2. 1 Mic rostructures
Microstructures of qu enched and t empered

YP960 steels are shown in Fi g. 2. In quenched speci 

mens, the mi crostructures are m ainly lath bainite

(LB) and martensite/ austenite islands (M/ A is lands)

along the packet boundaries. The mi crostructure of

specimens tem pered a t 250 °C is ne arly same wi th

that of the quenched samples. As for samples tha t

w ere tempered at 450 °C , the packet boundaries are

still distinct, and M / A islands turn out more disper

sive and smaller. In samples that w ere t empered at

550 °C , some packet boundaries a re observed to be

blurried, even disappear. In case of samples tha t

were tempered a t 650 °C, the la th boundaries as well

as the substructures disappear, but the prior austen 

it e grain boundary (GBI'A) and packet boundary sti ll

could be distingu ished from the SEM im ages.



37'1 Journal of Iron and Steel Research , International Vol. 23

( a) As-quenched; (b) Tempered a t 250 'C ; (c) Tempered at 150 'C ; ( d) Tempered at 550 'C ; (e) Tempered at 650 'C .

Fig. 2 Microstructures of YP960 steels tempe red at different temp eratures

M icrostruct ures of YP 690 steels fas t coo led and

te mpered at di ffe re nt te m peratures are re presented

in Fig. 3. The microstructure of the fast cooled YP690

steels is m ainl y co mposed of LB and small amounts

of ferrit e and gran ula r bain ite (GB); the bain it e

packe ts a re in te rs ec ted each othe r , and t he a mount

of M / A isl ands is much more than that of Y P 960

steels ( F ig. 2 (a». I t should be noted that , the fer

r ites in the as -cooled specimens (arrows 1 an d 2 in

F ig s. 3 ( a ) and 3 ( b » are distr ibuted a long the GBI'A

and surround th e LB and GB, which are simi lar to grain

boundary allotrio morphic ferrite ( FGBA) [1 2 . 13J. In speci 

mens tempered at 400 °C , the pack e t boundries be

come obscure, the bainite la ths start to bond to each

other, and there a re on ly 3 - 5 pack ets wi th remark

ably differen t m isor ientat ions in t he w ho le image as

a res ult. In sa mples tempered a t 500 and 600°C, the

packe t bou nda ries and austenite boundaries disap

pear ; the qu asi- pol ygonal fe rrite ( QPF , arrows 3

and 4 in Fi g s. 3 ( d) and 3 ( e ) could be observed ,

and increases in quan ti ty and in siz e wi th the in

crease of temper in g temperat ures.

( a) As-coo led ; (b) Tempered at 300 'C ; (c) Tempered at 100 'C; (d) Tempered at 500 'C; (e) Tempered at 600 'C .

Fig. 3 Microstructures of YP690 steels tempe red at different temp eratures

2. 2 Flow stress-strain relation
Aiming to descr ibe the strain hardening behav

ior in the en t ire range of plastic deforma tio n, a rea 

so na ble flow stress-strain rel at ion sho uld be esse n 

t ial. So w hen the yield strengt h, the m a ximum uni 

fo rm strain and working ha rdeni ng abi lity a re re-

ferred to, a s ui ta ble flow s tress-st rai n rel at ion is re

quired. T he common flow stress-strain relat ions belong

to H ollomon equation and V oce relation ( expressed

by Eqs. ( 1) and (2), respect ivel y ) . In Eqs. ( 1) and

(2), e is true strain that can be calculat ed by Eq. (3) ;

S is true stress that can be ca lcu lated b y Eq. ( 4); (J
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and e are engineering st ress and engineering strain,

res pectively; K is th e strain hardening coefficient; 11 is

stra in hardening expone nt ; p. is the shea r m odulus

(p. = 80 000 MPa ); b is Bu rger ' s vecto r Cb = 2. 5 X

10 - lQ m i , a is a constant ( a = 0.33); Mis T alo r ' s

facto r (M = 3); K 2 is recovery rate ; and K 1 is re lat 

ed w ith the disl ocation fr ee pa t h (it ) that depends on

so m e m icr ostructural pa ra m eters ( grain size , spac

in g bet ween par ti cl es and s ubgrain size, fo r in 
stance ) [14 .ISJ.

S =Ke" 0)

{
K 1 }o.s

S = aMp.b K ,[l - exp( -K ,Me ) ] ( 2)

e = lnO + d ( 3)

S =aO +d ( 4)

H owever, when the V oc e type re la tio n was ap

pl ied to si m ula te the flow s tress of YP690 and

Y P 960 steels tempered above 400 °C , there were no 

ta b le er rors bet ween the V oce ty pe rel a ti on and the

experimental resu lts. In ord er to describe the fl ow

s t ress of low bainitic s teels, a m aterial cons ta n t, p,
w as in t ro duced in to the V oce relation[l6J , and the

m odified rel a tion was represented as:

S = q[l - exp ( - K , MeP ) ] / K , ( 5 )

Based on the linear rel at ionship between logS

and loge in H oll om on rel a ti on, a linea r regression

res ults in the va lues in T able 2. By nonli nea r curve

fi tti ng of the stress-strain curves , the coefficients

(q, K 2 ' p ) in m od ified V oce relation were obtaine d

and represen ted in Table 2. T he co mparisons be

tween the ex pe rimental da ta , H oll om on rela ti on and

modified Voce rel a ti on are shown in F ig. 4. To esti 

m a te the forecas ti ng accuracy of the two relations,

ave rage abso lute relat ive error ( AARE, represented as

Eq. ( 6 » and m aximum rela t ive error (MRXE , re

presen ted as Eq. ( 7» a re applied as unbiased esti 

m a tors to evaluate the precisions of the m od els. A s

shown in T able 2, the p red icted res ul t s by the m odi 

fied V oce relation app ro xi ma te we ll to the real ones ,

and a re m ore acc ura te co mpare d to those of H ol 

lomon re lation. In sa m ples coo led and te m pered at

low temperature , the AARE and MRXE of Hollomo n

relation are more than 1% and 5%, res pect ively , which

im plies that H ollomon rel at ion w ould result in non-

Table 2 Fitting parameters in modified Voce re lation and Hollomon re lation of YP960 and YP690 steels

Steel
Tempering

K 2
AAREv/ MRXEv/

K II /e u
AARE,d MRXE II /

tem perat u re/X'
q p

% %
11

% %
YP960 Quenched 139 93 11. 50 O. 6112 0.308 1. 82 1835. 2 0. 130 2. 98 2. 31 10. 1

250 16 991 13. 87 0.6260 0. 200 O. 60 1 661. 6 0.089 2. 12 1. 36 5.10

350 21 580 18. 57 O. 6157 O. 150 O. 38 1 51 5. 7 0.07 2 2. 63 O. 72 2.87

150 8 257 7. 969 0.1 110 0. 128 O. 29 1162. 1 0.032 1. 50 O. 21 1. 20

550 372 0.003 O. 03 2 6 0. 22 1 0.15 11 06 . 0 0.032 O. 80 0. 21 0.1 1

YP 690 Cooled 11 855 11. 92 O. 691 O. 161 1. 37 1 580. 2 O. 11 1 2. 95 1. 16 6. 31

300 5 15 1 1. 73 6 0. 16 6 0.219 1. 16 1 199. 7 0. 111 1. 90 1. 22 5. 12

100 3377 3.250 O. 373 0. 21 8 1. 30 1328. 3 0.093 1. 65 0. 77 3.86

500 10 7 0.051 0.069 0. 230 O. 79 1129. 1 O. 061 8 O. 92 O. 23 0. 83

600 371 0.00 1 0.066 0. 686 1. 73 11 06 .6 O. 061 9 0. 72 0. 69 1. 73

Note: AA RE v and MRX Ev represent the average absolute relative error and maximum relative error of modified Voce relation,
respectively: AARE II and MRXE II repr esent the average absolute relative error and maximum relative error of Hollomon
rel at ion, res pect ivel y ; e U r epresent s t he m a xim um true strain of un iform plastic deformation.

0.08

600't:

1 300 (a) 1100 (b)
~ 250 't:

~ ~ ~

1 200
Quen ched 1000

350 't:
oj
Il. 1100
~ 900VJ
QI

tI 1000 550't:tr:

0 Experimental results 800
900 Hollomon relation

- Modified Voce relation
800 700

0 0.01 0.02 0.03 0.04 0.05 0 0.02 0.04 0.06
Strain

(a) YP96 0 steel: ( b) YP 69 0 steel.

Fig. 4 Comparisons between calculated and experime ntal flow stress at different tempering temperatures
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(6)

(7)

ignorable errors under these condition. In case of

specimens tempered at high t emperature, both Hol 

lom on relation and modified Voce relation could pre

dict the flow stress in an exact way, which is in ac

cord with Ref. [l oJ in aspects of high tempering

temperature.

AARE = ~i~ I E i.;,P i I X100 %

I

E.-P·IMRXE =Max ' , . ' X 100 %
E ,

where, E , is the experimental va lue; P i IS the pre

dicted value obtained by the models above; and N is

the total number of data points.

As indicated by Ref. [16 J, q in Eq. ( 5) is in in

verse proportion to dislocation free path A (q = 1/
(bA». Based on geometrically ne cessary dislocations

theory[l7], the density of g eometrically necessary

dis locations (GND) is related with A and plays deci 

sive roles in the beginning period of plastic deforma

tion. When the samples of YP960 steels were tem

pered a t low tempera ture, the dislocation is prone to

arrange and form the stable dislocation structures; a

great amount of fin e carbonitrides would start to

precip it ate as a consequence of high supersaturation

of niobium, titanium carbides. Therefore, the densi

ty of GND will increase, and A will decrease, which

leads to the increase of q of YP960 steels , as shown

in Table 2. However, with the increase of tempering

temperature, the precipitates would become coarse-

ning , the lath boundaries and packet boundaries would

migrate and disappear, which r esults in the increase

of A and the decrease of q [16].

Owing to a low content of molybdenum and a

relatively low cooling ra te, there are few disloca

tions and more precipitates in the as-cooled YP690

steels than those of the qu eched YP960 steels. Dur

ing low t emperature t empering, few dislocations

would arrange , and fewer stable dislocation cell s

would form . Considering stable dislocation cell s are

low angle grain boundaries (LAGB) [18], the ch ange

of dis location cells at different temperatures can be

est im a te d through the density distributions of grain

boundary misorientations (GBM), and the density

distributions of GBM could be measured by EBSD

tests. From Fig. 5, the density of low angle grain

boundaries in YP690 steel is quit e less than that of

YP960 steel. The LAGB density in YP690 steel de

creases with increasing the tempering temperature,

even when the tem pering temperature is low, which

implies few stable disloca tion cell s formed in YP690

steel. Besides, the relatively long cooling time of

YP690 steel leads to low supersaturation degree of

niobium, titanium carbides, so fewer precipitates

would precipitate when tempering temperature is

low. Thus, when the YP6 90 steel is tempered at low

t emperature, fewer dislocation cells and precipitates

lead to the increase of A and the decrease of q (see

the change of q in Table 2).

1510

YP690
...... I -Cooled
_ . 2-300'C
- 3-400'C
_ .- 4-500'C

5-600'C

510

YP960 1.0 (b)

I-Quenched
- 2-250'C 0.8- - 3-350'C
---- 4- 400 'C
- · 5- 500 'C 0.6.. 6-550'C

0.4

0.2

5o 15 0
Misorientation/C)

Fig. 5 Density distributions of gra in boundary misorientation (GBM) in YP960 (a) and YP690 (b) steels

"E 2.0

~
~

~ 1.0

The coefficient K 2 in Eq. ( 5) represents the de

cr ease of dislocation density during t ensile tests. The

decrease of dislocation density comes from the anni

hilation of dislocation pairs and absorption of dislocations
by th e sub-boundary[lg,20]. As shown in Ref. [21 J, a

large number of dislocation cell s tructures and sub

structures would form when low carbon bainitic

YP960 steel is tempered a t low temperature, which

would increase the annihilation of dislocation pairs

and absorp t ion of dislocations and m ake the in crease

of the coefficient K 2 as a result. When the samples

are tempered a t high tem perat ure , the opposite sign

dislocations on different slip planes tend to climb

and annih ila te , and the sub-boundaries would de 

crease due to the mergence of LAGB[22]. Hence,

when tempering temperature is above 400 °C, the

dislocation density decreases remarkably. So there

are quite few disloca tions tha t would be annihilated
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an d absorbed d uring te nsion, w hich m akes K 2 show

signi fica n t decline and approach to zero ( T able 2 ). It

is w orth not in g that K 2 of YP690 s teel decr eases e

ven w he n tempering temperat ure is b el ow 400°C ,

and it is b eca use the fewer d isl oca ti on ce lls as well as

precip itat ion in Y P 690 steel ca nnot provide suff icient

' traps ' of dislocation pai rs and are n ot lik el y to off

se t the recovery of the opposite sign disl ocat ions.

2. 3 Strain hard en ing exponent

S t rai n hardening exponent 11 was used in H ol

lomon equat ion (Eq. (1)) to descr ib e the m etal ten

sion deformat ion , an d ca n be ca lc ula ted by E q. ( 8 ) .

In o rder to dev el op a deep knowl ed ge of the st ra in-

stress curves , t he in s tan tan eous strain ha rd eni ng ex

po nen t (11 , ) w as in t ro duced. By the m ethods of So ng

et a t. [23J , the rel ati onship between the ins ta n ta neo us

11, an d the instan ta neo us s t ra in ( e , ) is obta in ed an d

shown in Fi g. 6. The scatter and lines represen t the

expe ri mental va lues an d ca lcu lated val ues of m odi 

fied Voce relation, respectively. It cou ld be seen from

Fig. 6 that ther e is no linear relat ionsh ip between 11, an d

e ; that is , a si ngle 11 value is unab le to exp ress the

defor ma tio n behavior under the en t ire s t rain[24J.

J lo gS eJ S
11 = - - = - ( 8 )

J loge S J e

Com bining Eqs, ( 5) and ( 8 ) , th e relationship be

t ween 11, an d e ; ca n be exp ressed as Eq. ( 9 ) . Eq. ( 6 )

• Cooled
o 300't
L:2. 400't
'V 500 't

0.05 0.07

0.45 o Quenched
0.35 (b)

.6. 250 't •
0.35 • 350 't

V 450't 0.25

0.25 <> 550't
~

0.15

0.15

0.05 0.05 \l'V 'V

0 0.010 0.015 0.020 0.025 0.030 0 0.01 0.03
eo

( a) YP 960 steel ; ( b) YP 690 steel.

Fig. 6 Comparisons between calculated and experimenta l n , - e , curves at different temp er ing temp eratures

shows that , t he instantaneo us 11, is a fu ncti on of e ; ,

p an d K 2' ra ther than a func tio n of q. The co mpari 

so ns be tween the experimental and ca lc ulated 11, - e ,

curves are represen ted in F ig. 6 , an d the evaluat ion

crite r ia are shown in T abl e 3. T h e roo t mean square

er ro r (RMSE) an d m ean absolu te error (MAE ) a re

de termi ne d to be les s t han O. 0 19, an d the co rrela

t ion coeffi cien ts (R ) are a bo ve O. 95 , indicatin g that

the V oce-type equa t ion can effect ivel y pred ict s train

hardening expo ne nt of the tested steels at differen t

te m perin g temperatures. If K , approaches to ze ro,

the va lue of 11, is a constant (Eq. (1 0)). Therefo re ,

if K , is so small that can be neglected , the flow stress is

able to be predicted by both of Hollomon relat ion and

modified Voce relat ion (Eq, (11) ) , and the coefficient I)
in mod ified Voce relat ion is equa l to strai n harden ing ex

ponent 11 in Hollomon equation (Eq, (1)) . In hi gh te m 

pera t ure te mpering ( above 500°C ), K 2 is les s than

0.05 and can be neglected , so H ollomon equation can be

app lie d to the p red icti on of strain h a rd enin g expo 

nent. It is noteworthy that the latter part of 11, - e ;

curves in sp eci mens tempered above 450°C s ho ws an

u ptrend, which is closel y rel ated to the s t re ngth sof-

te ning during tempering and the co m pat ib le def orm

a tion bet ween the ' soft reg ions ' a nd 'hard re 

gions' [16J . From the above , it is reasonab le that ther e

are no signi fica n t cha nges in the 11, - e , curves a bo ve

500°C an d the correlation coeff icients ( T able 3 ) are

negative.

11, = pK , M et {[l - exp ( - K , M et )J-l - I } ( 9 )

lim 11, = lim { pK , Met [ (1 - exp ( - K , M et )) - ]-
K 2-'O K 2-' O

I J }= I) ( 0 )

lim S = lim {q [l- exp ( - K 2
M e P

)J }= qM e p ( 1)
K 2 - ' O K 2 - ' O K ,

O n the basi s of deformation behavio r in uni fo r m

pl as ti c stage[,sJ , it is when the true stress an d wo rk

hardenin g rate a re equa l in number (Eq. (1 2 ) ) tha t

the m aterial s tarts to def orm inhomogeneousl y. U ti 

lizing Eqs, ( 8 ) and (1 2 ), one can find st ra in harden ing

expo nent (11) in H ollomon re lation represen ts the

m axim um unifo rm strain ( e u ). F rom T able 2 , 11

and e u s ho w great differences when temperin g t em

perature is below 400 °C but lit tl e difference when

te m perature is above 400 °C. Besi des , t he correlation

coefficients between 11 an d e u are less than O. 6 (Fig. T ),

So , alt ho ug h s t rain hardenin g expone n t in H ollomon
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Tab le 3 Error evaluation criteria of calculate d n, - e , curves at different tempering tem peratures

Tem pering Correlation Mean absolute Maximum absolute R oot m ea n s qu are
Steel

tcm pc rntu rc /X' coefficient er ror er ro r er ror

YP 960 Quen ch ed o. 978 O. 013 1 O. 071 0 O. 019 3

250 O. 982 O. 009 7 O. 0387 0.0 119

350 O. 989 O. 0075 0.0 170 0.008 5

150 O. 960 0.0017 O. 022 6 O. 00 6 2

550 - 0. 852 0.008 9 O. 0160 0.0 100

YP 690 Cooled o. 978 0.058 9 0.0077 0.012 7

300 O. 952 0.017 1 0.0 12 8 O. 015 7

100 O. 897 0.061 6 0.0 12 9 O. 016 6

500 - 0. 325 O. 01 1 1 0.011 0 O. 0135

equa t ion works well in soft ferritic steels and a lu m i

n u m a llo ys , it is considered to be irrelevant to the

uniform deformation ability in all the t emperature

ranges of the t ested steels. Substituting Eqs. ( 5) to

(1 2), one can work out the constraint equa t ion of e u

( expressed as Eq. (13» det ermined by modified Vo

ce rel a tion. By means of m athematical software and

the dat a in T ables 2 and 3, e u a t various temperin g

temperatures can be solved and shown in Fi g. 7.

Most data points in Fi g. 7 ar e fairly close to the com

pu ted lines of modified Voce rel a tion, and the corre 

lation coefficients are above 0. 91 , whi ch indi cat es a

good relevence between th e calculated and experimenta l

e u. H en ce, the modified Vo ce relation can effect ively

pr edict th e uniform deformation ability of high strength

s teel s with low carbon bainite structure a t diff erent

tempering t emperatures . In conclusion, if there a re

adequate da ta of the uniform deformat ion, the modi 

fied Voce rel ation m ay be a va lid app roach to the

prediction for th e maximum uniform strain of the high

strength steels with low carbon bainite structure.

ass =- ( 2)ae
ex p( M Kz eP ) - M p K 2ep-l= 1 ( 3)

0.14 (a) 0 Experimental results ~
- - Hollomon relation .... ....,
- ModifiedVoce relation \ .... ...., ....

0.10 , R=-0.46 3 1 ,
...... ...- R=0.552 3

...., .... - - "'" 0.06 \

0.. " 0 0

> -.Q......., .....

Q~0.02 R=0.9695

0 100 200 300 400 500 600 0 100 200 300 400 500 600 700
Tempering temperature/'C

(a) YP960 steel; ( b) YP 690 steel.

Fig. 7 Comparisons between calcu lated and experimental maximum uniform strain at different tempering temperatures

3 Conclusions

(1) Two kinds of high strength st eels with low

carbon baini te st r uc t ure were designed, and Hol

lomon relation and a modifi ed Voce relation were

app lie d to des cribe the flow s t re ss of two experi

m ental s teels . The resul ts showe d that, apply in g

Hollomon rel a tion to the tw o te sted steels would re 

s ult in sign ifica n t er rors in low temperature te m 

pered sp ecimen s bu t a high deg ree of precis ion in

h igh temperature tempered specimens. The high

predi ct ability of the m odified Voce relation was also

qu an t ifi ed in the as pect s of the avera ge absolute re l

ative error and m a ximum rela tive er ro r. Co nsid ering

the effect s of te m pe r ing on precip ita tion and di sloca

ti on ce lls, qu an ti ta tiv e parameters in modified Vo ce

re la ti on have been ex pounde d.

( 2) In order to have a deep knowledge of the

strain-stress curves , the in s tan taneous s t rai n hard

ening expone nt was in troduced. There is no linear

re la ti onsh ip betw een the instan tan eous s train hard

ening expone nt and the instan taneous st ra in, so a

sing le s train ha rd ening exponent in Hollomon equa 

t ion is in ad equat e to represent the deformation be-
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havior under the ent ire st ra in . The roo t m ean sq uare

er ro r and m ean a bsolute error of the m od ified V oce

rel ati on w ere determined to be less than O. 0 193 , in 

dicating that the Voce- typ e equat ion can effective ly

predi ct strain hardeni ng exponent at diffe ren t tem

pering te m perat ures. W hen temper ing temperat ure

is below 500°C, the correlation coefficien ts are a 

bove 0.89. H owever , when temper in g temperature

is above 500°C, R is neg a ti ve , wh ich is re lated to

the st re ngth decr ease d uring tempering and the co

ordina ting deforma tion betw een the 'soft regions '

and the 'hard regions' .

( 3) As to the m aximum uniform st rai n , s t rain

hardening expo ne nt in Hollomon rel a tio n is proved

irrel evan t to the uniform def ormati on ability of the

tested steels . W ith the hel p of m athem ati cal soft 

w are, the m aximum uniform st ra in can be eva lua te d

by the m od ifi ed V oce r elation. T he correlation coef

ficien t s betw een the ex perimental and calculated

m a ximum un ifor m strain a re more than 0.9 1 , indi

cating that the modifi ed Voce rel a ti on ca n effective ly

predict the un iform deformat ion a bi li ty of high

s t rengt h s teels w ith low carbo n bain it e s t r uc t ure a t

diff eren t te m pering te m pe rat ures.
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