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Abstract : Both microst ructure and mechanical pr opert ies of low alloy s teels treat ed by quenching and par titioning

( Q&.P) process were exa mined. T he mi xed microstructure of martensite and large-Iractioncd retained austenite (about

27. 3%) was cha racterized and analyzed , excellent co m binations of tota l elon gation of 19 % and te ns ile st re ngth of

1835 MPa wer e obt ain ed, and thre e-stage work hardening behavior was demonstrat ed during tensile test. The en­

hanced mechan ical propert ies and work harden ing behavior wer e ex plained based on the tr ansformation-induced plas­

ticit y effect of larg c-Iracti on cd aus te nite .
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Based on the requirements for vehicle ' s mass re­

duction and safety im provement , high-strength steels

combined wi th ade quate du ctil ity and form abili ty,

s uc h as d ual-phas e (DP), t ra nsformation- in duced

plast ici t y (TRIP ) and complex st ee ls , hav e been de­

veloped [1.2J. The thi rd-ge ne rat io n au tom oti ve steels

wi th hi gher value of R m X A , i. e. the product of

tensile s t rength (R m) and to ta l elongat ion (A) , and

lower cos t hav e a t t racted gr ea t a tten t ion in r ecent

years, a n d th e m e ch an ical propert ies o f both R m

above 1 500 MPa and R m X A more tha n 30 G Pa • %
a re the im po r ta n t o bjec ts for the third-generation

aut om ot ive steels [3-5J.

Speer et al. [6.7] pro posed a nov el heat treatment

process , i. e. the so -calle d qu enching and part iti o ­

ning (Q&P) p rocess , ai m ing to prod uce s teel s with

mi xed mi cro s t ru ctu re of m ar ten si ti c m at rix and car­

bo n- enrich ed austenite to impro ve the m ech anical

properties of high s t rengt h s teels. Q &p proces s in ­

volves m ainly quench ing s t ep and pa r t iti oni ng s tep.

The form er is to qu en ch the austen ized steel to a

t emperature between the M , (martensit e-start t em­

perature) and M f (martensite-f in ish temperature )

so as to create a mi x ture of m arten si te phase and un­

transformed austen ite phas e; the la tt er is to reh ea t

dir ectly to a higher t emperature to m ake the un ­

transformed austenite stab le, during which carbon is

expected to be rejected fr om s upe rsaturated m ar­

te nsite phas e in to a usteni te phase. Fi nally, the s teel

is quenched to room temperature af ter Q &p process. A

cer ta in volume fr action of s ta ble retain ed aus te ni te

cont r ib utes to the h igh strength and good du ctili t y
fo r Q &p steels[4.8-13J.

The austenite-to-martensite t ra nsfo rmat io n can

induce high hard ening rate during deformation , whi ch

can im pr ove bo th strengt h an d du ctilityC ll-16J. It is found

that R m X A inc reases a lmos t linearly with inc reas­

ing aus teni te fr act ion, with an inc r em en t of 0.6 ­
0.7 GPa • % per 1% y[4J. In this pap er, the Q &p

proces ses were applied to lo w all oy steels, w hic h is

an a tt em pt to obta in large-fractioned retain ed a us ­

teni te and im prove th e du ctility of ultra-hi gh st rength
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steel throug h TRIP effect of retaine d austenite.

1 Experi mental Procedure

T wo lo w all oy steels were m el ted in a vacuu m

in duction fu rnace, and forged in to ba r w ith diameter

of 16 m m. The composit ions of tested steels are given

in Tabl e 1. Different carbon contents we re used to eva l­

uate the s t rengt h of s teels and the s ta bi li t y of re­

tained aus teni te. Meanw hi le , N i w as adde d to im ­

prove the stability of retained austenite , and Mo and V

were added to imp rove the strength of steels. A lso ,

Nb was ap plied to refine grain size.

Table 1 Chemical compositions of tested steels m ass %

Steel C Si Mn Cr 0Ji Mo V Nb S P

A O. 2 1. 75 0. 290 1. 00 2.86 O. 30 0.08 O. 05 0.00 1 0.00 6

B 0.1 1. 70 0.027 1. 05 1. 83 O. 62 1. 68 0.00 1 0.00 5

2 Results and Discussion

where , a o is aus te n it e latt ice parameter , nrn , and x

is carbo n co n tent , mass % . The latt ice parameter

was est imated from an average based on the austen­

it e peaks of {220 } and {3 1l} .

T he m icr ostructures were characteri zed by sca n­

nin g el ec t ro n m icr oscop e ( SEM , S-4 300 ) and trans­

mi ssion electron mi croscop e (TEM , H -800) , re ­

spectively. F or the mi cro s t ruct ure ob serva tion in

scan ni ng elect ro n m icroscopy , sa m ples w ere gro und

and po lis hed m ech anically, and then etc hed by 2 %

n it al fo r 30 s. F or the m icro st ructure exa mi na tion in

t ra nsmission elect ron microscopy, samples we re

firs tl y grou nd m ech ani call y to a thickness of abo ut

O. 04 m m , and then w ere electro-po lis hed in a tw in­

jet m ach in e in a so lut ion of 5 % perchloric acid and

95 % alco ho l a t a bo ut - 20 °C .

2. 1 Mic ros tr ucture characterization

Both steels were processed by different heat treat­

ments. The microstru ctures characterized by SEM are

shown in Fig. 1. F or the speci m ens treat ed by Q&p
process ( F igs.1( a ) and 1(b » , not on ly lath m ar­

tensite bu t bl ock y phase w it h size of 1 flm to 3 flm

ca n be observed, an d the b lock y phase is difficul t to

be exam ine d wi tho ut fur t he r heat treatment. F or the

speci m ens treated by Q& T pro cess, traditi onal la th

m art en sit e is obtai ne d , and the block and packet in

mi cro s t ruct ure can be clearly ob served , as shown in

F ig s. 1( c) and 1 ( d ). The fin e mi cro s tr uct ure of

block y phase in Q&p processed specimens can be

obta ined after t emperin g a t 200°C for 1 h (Fig. 2 ).

It is w ell known that the tempered m artensit e is

p rone to be etche d du e to the precip ita ti on n ucleation

and grow th of the cement ite, whi le the fr esh mar­

ten sit e is diff icult to be etc hed. Ac cording to the

difference , it can be concl uded that the easi ly etche d

The specimens we nt through Q&p treatment as

follow s : the s pe ci m en was heat ed to 900°C , held for

15 m in, and then qu en ch ed in sa lt bath to quenching

temperatures of 330 °C for steel A and 250°C for steel

B, res pectivel y, held for 1 m in , parti t ione d at 500°C

for 1 min in ano t her salt bath, and fina lly qu en ch ed

in to wa ter a t room temperature. F or co m pa rison,

t ra dit ional que nc h ing and te m pe ri ng ( Q&T) p roces­

ses we re ca rried out as we ll: austenit izing at 900°C

for 15 m in, quenching in oil at room temperature , and

then temperin g in a muffle furnace a t 300 °C for 2 h .

Tensile test was performed at strai n rate of 10- 3 s- )

on the dog-bone shape d specimens with gauge leng th

of 25 mm and diameter of 5 m m in an In s t ron m a­

chi ne (WE-300) . The vo lume fr act ions of retain ed

aus teni te were m easured by X- ray diffract ometer

(XRD ) . Speci mens we re ground and m echanically

poli shed , and then electrolyt ica lly poli shed in the

mi xt ure of ch ro mic ac id and dist ille d water (1 : 9 ) .

Specimens we re scan ned over a 20 ranging from 45°

to 115° with a step size of 0.02° and dw elling t ime of

2 s in P I-IlUPS APD- 10 XRD , operated at 35 V and

35 m A wi t h a g rap hi te m onochromatic and filt ered

co ba lt radiat ion. Both aus tenite peak s of {200 }, {220 },

an d {3 ll} and ferri te peaks of {200 } and {2 11 } were

m eas ured so as to ca lc ulate the vo lu me fr act ion of

aus teni te of each pea k V i based on Eq. (1), which is

the ave rage of V i .
1

V i = l + CU
o
/I y) (1 )

where , 1 0 and I yare the in tegra te d inten sit y of fer ­

ri te and a us te ni te peaks, res pec tively. T he C value

for each pea k was used as fo llows : 2. 5 for 1 0 ( 200) /

1y(2 00) , 1. 38 fo r 1
0(

2 0 0) /I y(2 2 0) , 2.02 for

1
0(2

00) /I y<311) , 1. 19 for 1
0

( 211 ) /I y ( 200 ) , 0.06

for1
0(

211) /l y( 220) , and 0.96 for 1
0

( 211) /l y<311).

M oreov er, ca r bo n con tent in aus teni te phase was

ca lc ula te d by Eq. ( 2) [1 7].

a ; = 3. 555 + 0. 044x (2)
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(a ) Steel A after Q &'P process; ( b) Steel B after Q &'P process; ( c) Steel A after Q &'T process;

Fig. 1 SEM images of steels after heat treatments

(d ) Steel B aft er Q &'T process.

Fig. 2 SEM image of steel A tempered at 200 °C for

1 h after Q& P process

m at rix in Q& r pro cessed specimens IS in iti al m ar­

tensite formed during the fir st qu en ch in g, which is

t empered durin g part iti oning , and the bl ocky phase

is the fr esh m ar ten si te or M / A isl and formed during
the fin al qu en ching of Q&r process[18.19].

The T EM in ves ti ga tions indicated that the fin e

m icrostructure of Q&r processed s teels consi sts of

lath m artensite and retained aus te nite , as presented

in Fi g. 3. It is in teres ting to find that m any g rains in

T E M im ages hav e a lmos t the same size and sha pe

with those of the bl ock y phase in SEM images , in

w hich only one sing le set of pack e t wit h the la th

thic k ness of about O. 1-0. 2 p.m is id en tifi ed as fr esh

Fig. 3 TEM images of fresh martensite (a) and initial martensite (b)
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m ar ten site formed d urin g fin al quen ching , thi nne r

than the ini tial m art en sit e w ith the lath thickness of

O. 2- O. 3 p.m[l8J. Becaus e of ca r bo n par ti tioni ng be­

havior, both hardness and carbon co ntents of fr esh

m ar ten site are h igher than those of m ar ten si te m a­

trix[18J. T he austenite morpho logy in Q& r steels

was characte ri zed by T EM, as shown in F ig. 4. Two

types of re tain ed austenite m orphol ogies ca n be ob­

se rved : one type is film-like r et ain ed aus te n ite w ith

the thickness less than 100 nrn , and the o t he r is fin e

bl ock y austenite. Based on TEM im ag es, it was

fo un d that the fr action an d the grain size of retai ned

a ustenite in the steel B are much higher than those

in s teel A.

Ca) Brig ht field image of ste el A ; Ch) Dark field image of steel A;

( c) Bright field image of steel 13; ( d) Dar k field image of steel B.

Fig.4 Morphology of retained austenite in specimens after Q&P process characterized by TE M

The vo lu me fr act ions of retained austenite were

measured by XRD. It is found that the volume fraction

of retained austenite is 11. 9% for steel A and 27. 3%
fo r steel B pro cessed by Q& r t reatments, resp ec­

t ive ly ; they are much higher than those treated b y

trad it ional Q& T pro cess , w hich are 3.2 % for s teel

A an d 4. 4 % fo r steel B.

It can be demonst rated that Q&r process is an

eff ect ive way to obta in m ix ed m icrostructure wi t h

cha ra cteris ti cs of multiphase , metast abl e , and multi­

scale. Multiphase involves th e init ial martensite, fresh

m ar ten site, and retained au stenite. The in it ia l mar­

ten sit e formed durin g fir st que nc hi ng has r elativel y

lower carbon content an d hardness afte r pa r ti ti oning.

The fr esh martensite has one single set of pack e t and

thinner lath; it was transformed fro m ca r bo n-en -

r iched austenite during final quenching stage and has

hi gher carbo n content and hardness. T he re tained

austenite is finall y p rese rved after pa r t iti oning and

carbo n enrich ment during os.r. F or steel B , a

mi xed struct ure of in iti al m artensite and untrans­

formed austen ite was obtaine d afte r quenching to

250 °C, and the vo lume fr action of each phase can be

es ti mated by Eq, ( 3) [20J. When the specimens w ere

reheated to a pa r ti t ioni ng temperature of 500 °C , the

carbo n par titioned into un t ransf orm ed austenite

fr om initial m arten sit e and s ta bi lize d it, and much

m ore retained austenite co uld be retained afte r fin al

qu en ch ing , because the precipi ta ti on was effect ive ly

s uppressed by silicon. H ow ever, fo r the specimens

t reated by Q& T process, a lmost a ll the austenite

was transf ormed in to m artens it e and on ly a little
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austenite remained. Moreover, multi-scale mi cro­

structural characteristics w ere obtained in Q&p pro­

cessed specimens; not only normal siz ed la t h , block

and packet for init ial mar ten s tie , but also fine sized

fresh martensite coexist, and the fresh martensite

has a grain size of 1- 3 p.m and consists of one single

packet and thinner lath with the thickness of about

100 nm.

Tab le 2 Mechanical properties of the tested steel

Ste el Proc ess
Rml R po.'! A" I AI RmXAI
MP a MP a % % CGPa' %)

A Q &"P 1 390 1 025 10. 5 20. 8 28. 9

A Q &" T 1 520 1 320 3. 5 13. 0 19. 7

B Q &"P 1835 710 11. 0 19. 0 31.9

B Q &"T 1 915 1 665 3.5 10.5 20. 1

Note : R pO. 2 -Yieid strength , A , ,-Unifor m elongation.

The tensile stress-strain curves and the corre­

sponding work-hardening curves of two tested steels

are shown in Fig. 5. There are great differences be ­

tween sp ecimens treated by Q &p and Q& T proces ­

ses. The uniform elongation of sp ecimens treated by

Q &r process is much higher than that treated by

Q & T process; that is, the work hardening behavior

of specimens tre ated by Q &r pro cesses occurs at a large

strain range. The curves of work-hardening rate (ds / de )

us . true tensi le strain e are shown in Fig. 5(b). With

the increase of tensile strain, the work-hardening

behavior of specimens treated by Q &r presents

three stages : the work hardening rate firstly decrea­

ses (stage I), then increases (stage II) and finally de­

creases again (stage III) . H owever , compared with th e

above-mentioned specimens treated by Q &r, the work

Tensile stress-strain curves of tested steel (a) and

corresponding work-hardening curves (b)
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! y=l -!M=exp( -a(M, -Mq » (3)

where, ! y and!M are volume fraction of retained

austenite and martensite, respectively; M q is quenching

temperature; and a is a constant and equal to 1. 1 X
10 - 2 •

The avera ge ca rbon content of steels greatly af­

fects the vo lume fraction of retained austenite. The

average ca rbon con ten ts are O. 2 mass % for steel A

and 0.4 mass % for steel B , and the corresponding

volume fractions of the retained austenite are 11. 9 %

for steel A and 27.3 % for steel B after Q &p treat­

ments, respectively. The higher volume fr ac t ion of

retained aus ten ite was obtained for steel B because

its av erage carbon content equals twice that of steel

A. During Q &p process, in the case of obtaining the

same fraction of initial martensite and un trans­

formed m artensite after the first quenching stage,

the initia l m artensite which has h igher average car­

bon content can provide more carbon atoms to stabi­

lize untransformed austenite during partitioning,

and result in higher volume fraction of retained aus­

tenite. Therefore, it can be concluded tha t increas­

ing av erage carbon content of s teel is an effective

way to obtain much more retained austenite.

2. 2 Work hard ening behavior

The av erage uniaxial t ensile properties of two

specimens for different steels and heat treatments

a re given in T ab le 2. I t can be seen that excellent

mechanical properties of specimens were obtained

after Q &P. For steel B, the sp ecimens treated by

Q & T hav e ultra-high tensile strength 0945 MPa),

high yield stress 066 5 MPa), and low total elonga­

tion 00. 5 % ) . Compared wi th specimens treated by

Q & T, the tensile strength and yield s tress of speci­

m ens treated by Q &p process decrease to 1835 MPa

and 740 MPa, r espectively, whi le the total elonga­

tion significantly increases up to 19. 0 % , and the

value of R m X A re aches 34. 9 CPa · %. The same

ch ange trend happened for steel A, and its value of

u ; XA reaches 28.9 CPa · %. It is suggested that

Q &p process can greatly decrease yield strength,

increase total elongation and the value of R m X A .



Issu e 2 Work H ard ening Behavio r and Stability of Retain ed Au steni te for Quen ched and Part itio ne d Steels 135

0.30 ,-----------------,

hardening behavior of specime ns treated by Q &.T pro­

cesses presents only sha rp decrease instead. T he work

hardening rat e of steel B tr eat ed by Q &'P is much high­

er than that of steel A treated b y Q &'P process at

the sa me tensi le st rain , and the necking was preclu ­

de d so as to greatly increase the uniform elo ngation.

The XRD m easurement revea led that the a us ­

ten it e fraction decr eases m onotonically wi t h the in­

crease of tensi le strain for the two Q &.P steels, as

shown in Fig. 6. I t in dicates tha t the austenite trans­

fo rm s in to martensite du rin g tension. M oreo ver , it

is surp rising to find that abo u t two-thirds of retain ed

aus teni te has been transf ormed a t the s t rai n of on ly

3 % for steel B , and over one-thi rd of re tain ed aus­

te n ite has t ra nsfo r med at the st ra in of only 2 % for

steel A . E speciall y , with the in crease of tensile

s t rai n, the a us teni te transf ormat ion becomes slo w.

It is necessary to indica te that the stabi lity of re­

ta ine d austenite in Q &'P steels is worth study ing be­

ca use it st ro ngly affects the TRIP beh aviors.

0.14

b. Steel A
D Steel B

0.06 0.10
True str ain

0.02

Relationship between logf yO - log!y and eFig. 7

1.8

1.5

1.2
~
ell
0 0.9"j
~

'-,
ell 0.6..9

0.3

0

retaine d austenite and tensile strain ca n be si m ulated

by the expone n t decay law proposed by Sugimoto et

a t. [21J (Eq, ( 4». T he cons tant k is important to evalua te

the stab ility of retained a ustenite, and the h igher the

k va lue is , the m ore easily re tained a ustenite trans­

form s in to martensite. The va lues of k fo r Q &'P

processed specimens are 14. 94 for s teel A and 10. 91

for stee l B, respect ively, as shown in F ig. 6, and the

re lationsh ip be tween <log! yO-log ! y) and t rue te n­

sile strain is shown in F ig. 7. The k va lues of p resen t

Q &'P steels a re hi gher than those of TRIP steels

( shown in T able 3 ). I t indicates that the s ta bi li ty of

retain ed aus teni te in Q &'P s teels is much low er than

that in TRIP steels , an d the stab ility of re tain ed

a ustenite in steel B is slig h tly hi gher than that in

steel A treated b y Q &'P process.

log! yo- log! y= ke (4 )

where, ! yo and ! yare th e volume frac tion of ret ained

austenite before and after deform ation, respecti vel y.

0.14

b. Steel A
D Steel B

0.100.02 0.06
True strain

o

Fig. 6 Curves of volume fraction of austeni te vs.

tru e tensile strain
Table 3 k value of di ffere nt steels

Steel k value Source

I t is we ll known that the stability of re tained

austenite is significa n tly affected by its chemical
composition[21-26J, grain size[27-29J , mor phology' P'" and

surrounding phase. The carbon co ntents of re tain ed

a us tenite in Q &'P s teels were es t imated at 0.99

m ass % for steel A and 1. 10 m ass % for steel B, re ­

spect ive ly , based on the re lationship betw een la t ti ce

pa rameter and ca r bo n content expressed as Eq. ( 2) .

A ss um ing that all a lloying elements except carbo n

w ere homogen eousl y distributed, it is possible to es­

timate the martensit ic transformation start te mpera-

A t the beginnin g of the t en sion , the w ork-hard­

eni n g rate, which decreases w ith the inc rease of ten­

si le st ra in , m ainly derives fro m the disl ocat ion hard­

eni ng of ini tial m arten sit e, w hi le a t s tage II, the

fr action and strength of martensite incr ease with in ­

creasing tensile s t rain ow ing to the ca r bo n-enriche d

retained austenite transfor ming into m ar ten si te ,

thus in creasing the work hard ening rate. W ith the

con ti n uo us transf ormation of retain ed a us te ni te, the

w ork hardening rat e fin ally decr eases again a t s tage

III. T he TRIP eff ect s of retain ed a us teni te m ay pro ­

vide work hard ening rate , retard the form a tion of

necking and improve the uniform elongation of steels.

2. 3 Stabili ty of retained austenite
The rel a tionship bet ween the vo lu me fr action of

O. 1 % C-0 . 19 % 5i- I. 18% Mn-0 . 96 % Al

O. 2%C-1. 51% Si- I. 51% Mn

Steel A

Steel B

< 3. 5

< 6.0

11. 91

10. 91

Ref. [22J

Ref. [23J

T his st udy

T his st udy
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t ure for both steels b y the foll owi ng empir ical eq ua ­

t ion of Eq. (5 ) [31J , and the M , te mperat ures are

45. 9 °C for retai ned aus ten ite in Q &p steel A and

- 0. 6 °C for retained austenite in Q &p stee l B , re ­

spec t ively, which indicates that both s teels t r eated

by Q &p processes hav e h igher chemical s ta bilit y ,

and the retai ned aus ten ite in steel B is m ore stab le

than tha t in steel A.

M , =53 9- 423we - 30. 4WMn- 17. 7W 0:i-

12. 1w e, - 7. 5WMo °C ( 5 )

where, W e' WMn ' W0:i' W e, and WMo are the m ass

perc en t of ca r bo n, mangan ese, nickel, chromi um and

mol ybden um , res pe ctive ly .

Both film-like aus tenite and sma ll sized blocky aus ­

ten ite have been ob served in s teels treat ed by Q & p

process fr om the T E M character iza t ion. Xiong et

a l. [32J describes that fil m-like aus ten ite is more sta­

bl e than the bl ocky aus t eni t e durin g deformat ion,

and w he n the strain ex cee de d 12%, all the bl ock y

aus teni te had been transf ormed in to twinned m ar ­

tensite , wh ile film-like aus tenite was st ill p resen t . I t

is concl uded that small sized bl ocky aus t eni te was

t ra ns fo rmed into m artensite g raduall y du ring tensile

deformat ion , and th us transform at io n in creased the

w ork harden ing rat e of stage II, as shown in Fig. 5( b) .

It demonstrat es that when grain s ize excee ds 1 fJ- m ,

the retaine d aus ten ite has low er stabi lity[33J , and the

mi cro- sized re tai ned austenite is stab le eno ugh to

preserve even a t neck ing loca tion [3L35J. The prelimi­

nary st udy r esults sho w that retain ed a us teni t e w ith

size of less than O. 1 fJ- m has been obs erved in st eel A

t reated by Q & p p rocess, and the retained aus ten ite

is m ainly dis t rib uted on the boundary of pack et and

origi nal aus ten ite grain[18J. Th us, the retained aus­

tenit e is stab le enough in case of grain size.

Q &p process fabricates a mi xed m icr ostructure

of ret a in ed aus teni te surro unded by h igh s trengt h

m arten siti c m atrix. Thus, s t ress can easily transfer

to retaine d austenite during te nsio n , in duci ng its

transformation into martensit e at th e early stage of ten ­

sion strain[36J , es pec ia lly for the retained aus ten ite at

the boundary of pack et and origina l aus tenit e g ra in ,

beca use it is easy to cause st ress concentrat ion in

boundary region'" . H owever, for t rad it ional T RIP

steels, retained aus ten ite is surrounde d by ferri te

and baini te, w hose hardness is much lower than

m ar ten site in Q &p steels ; thus , the re latively soft

m atrix reduces the s t ress co nc en t ra tion in aus teni te

and improves the retained aus tenite in t ra dit ional

T R IP s t eels with higher s ta bi li ty than in Q &p s teel.

3 Conclusions

Excell ent m ech anical properti es with R m m ore

than 183 5 M Pa and R m X A above 34. 9 CPa · % a re

obtained for low alloy steel treated by Q & P. The

TRIP effect of retained aus ten ite retards the forma­

t ion of necking and greatly improves the uniform elon­

ga tion. Bo t h the hard m at rix ( in iti al m artensite and

fr esh m ar ten si te) and d uctil e reta ine d austenite give

excelle nt co m binat ion of strengt h and du ct ili t y.

Du e to the retained aus ten ite in Q & p treated

s teel s urro unded by m artens it e, the s tress can easily

transfer to reta in ed a us t eni te durin g tens ion, which

m ay lead to the austeni te transform in g in to m artens­

ite in the ea rly stage of st rain.
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