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ABSTRACT

301 a ust enit ic s tain less steel was cold ro lled in t he ran ge of 20 %- 80 % red uctions an d t hen an

nealed at 700-900 'c for 60 s to obtain nano/ult rafine-grained ( NG /UFG) st ruc t ure. T ransm is
s ion electron m icrosco py , electron back scatt er d iffra ct ion and X-ray diffra ct ion we re used to
charac terize t he res ulting microst r uc t ures. T h e r esult s showed t hat wi t h t he in c re ase of co ld r e

d uct ion , the content of martens ite w as increased . The ste el perform ed work har den ing d uring
co ld-working owing to t he occur rence of strain ind uced m artensi te w hich nucle ated in single

s he ar bands. Further roll ing broke up the la t h- t ype martens ite into dislocat ion-ce ll t ype mar
tensit e bec a use of t he fo rm ation of slip bands. Samples annea led at 800 - 960 'c fo r 60 s were of

NG/ U FG st ructure with diffe re nt per cen tag e of nanocry st al line ( 60 - 100 nm ) and ult rafin e
(l 00 - 500 nm ) gr ains, sub mi cron size ( 500 - 1000 nrn ) gr ains and mic ron size ( > 1 000 nrn )

gr ains. T he va lue of t he Gibbs free energy ex hibited t hat t he rever sion me chanism of t he rever
s ion proces s was shea r con t rolled by t he annealing t em perat u re. For a cer ta in annea ling t im e d ur 
ing t h e r eve r sio n process , austeni te nucl ea t ed firs t on disloc ation-cell t y pe m artensite a nd t h e

g ra in s gr ew up subseque n tl y and eve n tua lly to be m icro m eter/submi cro m cter gr ains, while t he
nu cleat ion of aust en it e on la th-t ype martensi te occ urred later resu lt ing in nanocryst alline/ ult ra

fine grains. The exis t ence of the NG / UFG st ruct ur e led to a high er strengt h and to ughne ss d ur 

ing t ensile test.

1. Introduction

A us t eni t ic s ta inless st ee l (SS ) is quite s ui table for
s truc t ural app lications due to its excell en t corrosion
characteristic , but becau se of the lack of high strength,
it is hard to app ly in cons t ruction fiel ds wi dely!! ".

Grain refinement is supposed to be a potent ial met h 
od in developin g the s trengt h of the m at erial s[2.3J.
Therm omechani cal co ntrolled processing (TMCP)
is conside red to be one of the primary m ethod s to
realize the ex act grain refinement. I I. was re ported
that T MC P together wit h m icroalloyi ng elements
s uc h as el em en t N b go t the grain siz e of ferrit e
down to 4 -5 flm in bo dy -c en tered cubic (bee) fer
rous a lloys!" ! ". However , ge nerally TMCP res ults
in coarse grain size to 20 - 40 flm based on the pro
cessing co ndi tion in a us teni tic stain less ste el. Be
si des , it is not effe ct ive . Olson and Cohen!" pro
posed a mode l to account for strain in d uced m ar-
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tensite (SIM ) forma tion because of co ld deforma
t io n. H owever , many stu dies proved that the m ar
ten siti c m or phol og y co mprised di sl ocat ion fores ts ,
walls and tangl es , and inci den tal dislocation bo und
ari es , and was sev erely def ormed lath- type m ar tens 
ite and disl oca t ion cell- type m artensite in co ld de
formed low-car bon s teel , specialty st eels and F e-Cr
Ni alloys[813J.

R ecently, sev eral kinds of aus teni tic stain less
steels such as 304 , 304L, and 316L were s ubjected
to heavy co ld deform ation and reversion transfor m a
t io n to develop nan o / ul trafi ne-grained ( NG / U F G )
st ruct ure[14-16J. R egardin g t his m atter, a m ethod

w hic h is gaini ng wi de acc epta nc e fo r improving the
strength of austen itic stain less steel wit hout degrad
ing ductili t y is to anneal a heavily co ld deform ed
m et astable aus teni tic stain less s teel to produc e NG/
U FG struc t ure[lO.17-19J. A nd thermom ech anical re

version treatment on the basis of SIM transfor m a-
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Fig. 2. X- ray diffraction patterns of the cold rolled 301 SS.

3. Results and Discussion

F ig. 2 shows XRD pat terns of the different cold de
form ed specime ns from the initial specimen ( 0 % CR )
to 80 % reduct ion. T he ini tial sa mple consis ts of sin
gle-p hase of aus tenite with ( 211) y, (11 0) y and ( 200) y
peaks wi th the a us teni te con te n t of 100 %, as shown
in Fig. 2. It can be see n that with the increase of cold
re d uct ion , the content of m ar ten si te is in creased ,
wh ile the co ntent of austenite is decreased, ob served
fro m the pea k in te nsi ties in X-ray diffraction. The
vo lume fractions of the m arten sit e phases w ere ca l
cula ted using MDI J ad e 5. 0 based on the XRD re
s ults. It is w orth not in g that af ter 80 % CR, there
ar e two peaks of at mar tensite, nam ely ( 200) M and
( 211 ) Mpeaks w ith the high con ten t of SIM 83. 2 %.

backscatter diffract ion (EBSD) was app lied to deter
m in e the m icro scopic ch aract er ization. Before XRD
and E BSD, the s peci m ens were prepared by elect ro 
po lis hi ng a t a voltage of 15 V for 30 s , and the ele c
trol yt e co n taine d 20 vo l. % of perchloric aci d and 80
vo l. % of ethano l. The tensil e tests w ere carried out
a t room temperature usin g the CMT5605 tensile
m achine. A nd V ick ers m icr o-hardness va lues w ere
m easured on HV-IOOO m icr o-Vick ers durometer.

T he s tress-s t rain res ults of speci m ens wi t h diff er 
en t coo l ro lli ng reduct ions are sho w n in Fig. 3. It
cl earl y demonstrates the effect of rollin g on the
shape of the s t ress-s t rain curves of 30 4 SS . W ith the
inc rease of co ld ro lli ng , the plas t ic deformation of
the steel is known. The m ech anical prop ert ies wi t h
differen t reduct ions of CR are shown in Tabl e 1. With
the in crease of cold rolling, the strength and hard
ness of the steel a re increased , whi le the elongat ion
to fail ure is decreased. Fur th ermore , it is known that
the initial specime n exhibits a low yield st ren gt h (YS)
of ( 253 ± 22 ) M Pa , the ul timate te nsi le strength
( UTS) of ( 733 ± 25 ) M Pa an d g rea t elongat ion
(EL) of 69. 8% ±2% . W ith 20 % CR , the hardness

Fig. 1. Initial grain st ruct ure afte r solut ion t reat ment of 301 SS.

The microstructural evo lutions we re ana lyzed usi ng
the op ti cal microscope (Zeiss Axiovert 40M AT ) ,
and transm ission electron microscope (TEM, Tecnai
G 2 F30 S-TWIN). X- ray diff racti on (XRD) m eas
urements (Rigaku DM AX-RB with Cu Ka radiation )
were emp loyed to ident ify the phases. The electron

t ion has been rega rde d as a qui te sig ni fica nt ap 
pro ach to obta in N G j UFG st r uc t ure in a us te ni t ic
SS[20-25]. It is sho w n that the s t r uc t ure of NGjUFG

can add a lot in toughness while jus t very s mall dip
in s t re ngth[2,3,26]. Se ve re co ld rollin g of aus tenite

m akes a us te ni te (fcc y) grai n t rans form to m arten s
ite ( bcc at) under the co ndition of room t empera
ture. It was reported that SIM rev erted to aus te ni t e
eit he r by shear con t ro lle d or diffusion co n t ro lle d
m echanism during rev ersion t reatment[14,19,26,27] .

Based on differen t fr act ion s of co ld ro lling and an
nealing te m pe rat ure-t ime arrange ment, differen t
go od combi nat ion of go od strength an d to ug hness
can be obtai ne d[14]. In this resea rch, emphasis was

laid on the effec t of m artensit ic transformation on
N G j UFG s t r uc t ure in 30 4 SS. M eanwhile, a grain
size distribut ion s ta t is tic was done to qua n ti ta tively
describ e the nano z'ul t ra fine grains.

2. Material and Methods

A co m m erc ia l 30 4 SS in the fo r m of a shee t wi t h
thickness of 7. 9 mm was used as th e initia l mat erial.
The co mposition of the 304 SS is Fe-O. 04C-0. 16Si
1. 52 M n-17. 8C r-8. 1Ni-0. 005 P-0. 005S. T he sa mp les
w ere heated to 1 050 °C and held fo r 12 m in to solu
t ion treatment. The ini tial a us te ni te grain siz e was
in the range of 20 - 40 fJ-m wi t h single-phase of aus 
ten it e as shown in Fig. 1. Se ve ra l s pec imens wi th di
men sions of 600 m m X 80 m m were prepar ed for cold
ro ll ing ( CR). CR was set at re duct ions of 20 % 
80 % at roo m te m perature. Sim ula ted annealing ex
pe rim en t was ca r rie d out on CCT -A V-II sim ulated
an nealing ex periment mach ine. The specimens were
hea ted at a heat ing ra te of 30 °Cj s and then anneale d
at 700 - 900 °C for 60 s with a cooling rate of 50 °Cj s,
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Fig. 3. En gin eering stress -strain tensi le data for the cold
roll ed 301 55.

0 733 ±25 253 ±22 69. 8 ± 2 183 ± 3

20 1021 ± 30 720 ±20 3J.1 ±J. 5 312 ± 8

10 1 276± 35 11 87 ± 10 8.6 ±3 1 13± 9

60 1 176 ± 22 1 371± 50 5.3 ±3 150 ± 10

80 1762 ± 28 1 691 ± 30 2. 5 ±2. 5 501 ±7

t ri buted to the form ation of m artensite.
TEM m icrograp hs of initia l sample a re shown in

Fig. 4. Many ki nds of s tacking fau lts , twins and dis
loc a ti ons can be obse r ve d in Fig. 4. Fig. 5 ( a) shows
TEM mi crograph of sa m ple co ld roll ed with 20 %
reducti on. Single shear bands without any intersec 
tion are o bse rve d in this sample. I t was rep orted in
the studies o f Lee and Lin[28) that t he format ion of

martensite occurred via rep eating nu cleation and co 
a lescenc e and fin ally generat ed to long m artensite
la thes. The m echanism was considered to be the
most au thor ita t ive explanation s ince st udi es showed
that the m art ensit e n uclei w ere form ed in the place
of shea r band[29]. Fig. 5 ( b ) shows TEM image of

the 40 % cold- ro lle d specimen . I t seems that a few
remaining aus teni te regions appear as circle d in
F ig. 5( b) . It is thoug ht that saturation s ta te can be
re ac hed only und er enough co ld deformation. And
t hen furt her deformat ion b roke the structure and
t herefore result ed in small er siz e of m ar tensi t e. Fur
t her deformation produces eno ugh ene rg y together
with nucl eat ion sit es for rev ersion transformation to
gain the ?\lGj UFG st r ucture. Thus , it is likely t ha t
40 % deformation is not yet eno ugh to create suffi
cie nt nu cleation sites .

TEM images of 80 % cold ro lling are sh own in Fig. 6.
As shown in Fig. 6 (a ) , uniform lath-typ e m artens
ite ex te nd s in the direction of CR wit h the m easured
width to be a bout 100 nm, which is smalle r than
that of sa m ple wit h 40 % reducti on. Comparing
Fi gs. 6 (a ) and 6 ( b ), they are a ll named m artensite
structu re. H owever, la th- t ype m arten sit e is shown
in Fig. 6 ( a) w hi le deform ati on -cell type m artensite
is shown in F ig . 6( b) . R epor ts have show n that fur
ther ro lling under saturat ion st a te breaks up t he
la th- type m ar t ensit e into finer lathes and ultimately
the dis loca t ion-cell type martensite because of the for 
mation of slip bands[10.29-32J. However, M isra et at. [30J
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ch anges from (l 83 ± 3 ) H V to ( 342 ± 8) HV. It is
suggested that small deformation produces large
work hardening. Aft er 80 % CR, the YS is la rgely
increased to (1 694 ± 30) MPa, which is app ro xi
m a tel y ov er six t im es higher than that of the in iti a l
one, with qui te low ductili t y of 2. 5 % ±2 % . Wha t ' s
m ore , it is a lso indicated that the gap between the
yield strength and ten s ile st rengt h curves becom es
narrow er with the increase of co ld ro lli ng as show n
in T able 1. Co nsequen tly , it is fou nd that a us tenit ic
s ta in less stee l pe rforms w ork hard ening during co ld
worki ng and th is kind of wo rk hardeni ng may be a t-

Ta ble 1
Mechani cal propert ies for the cold ro lled 301 55

Fig. 4. T EM images of initial specimen showing stacking faults ( a) and twi ns and dislocations (b).
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Fig. 5. TEM images of cold roll ed sp ecim en sho wing 20 % (a) and 10 % CR (b) .

Fig. 6. TEM images of 80% cold rolled specimen showing lath-type martensit e (a) and dislocation-cell type martensite (b) .

thought that the two types of martensite gen erated
concurrently in deformed specimens under saturation
state; further deformation of specimens just made
their volume fractions different. In this work, it
seems that there are more potential nucleation sites
in dislocation-c ell type martensite and this disloca
tion-cell type martensite is es se n t ia l to obtain N G /
U FG austenite during rev ersion treatment according
to the s t udy of Rajasekhara et at. [ 31] .

After the work of cold deformation, it is sugges 
ted that the 80 % cold rolled sample is suitable for
the subsequent annealing treatment. Hence, rever
sion process has been carried out in the 700 - 900 °C
temperature. The EBSD m icrostructures of the sam
ple with 80 % eR annea led a t 800, 850 and 900 °C
are shown in Fig. 7. XRD ana lysis showed th at the
content of reversed aus te n it e has been up to
99. 19 % , 99.5 1% and 100 % respectively. That is to

say, with the increase of annealing t emperature, the
content of rev ersed austenite is also increased . Re
verted austenite with a nano/ultrafine grain-size di s
tribution is shown in Fi g. 7. At 850 °C, the austenite
grains rev erse more s uff icie ntl y than at 800 °e , and
almost all the austenite grains are equiaxe d. When
the annealing temperature comes to 900 °C, the au s
tenite grains become obviously coarse.

The grain siz e distribution s ta t is t ics have been
done, as shown in Fig. 8. For the sample annealed at
800°C for 60 s , the percentage of nanocrystalline
(60 - 100 nrn ) and ul trafine (100 - 500 nrn ) grains
accoun ts for 45% . The percen tage of submicron size
( 500-1000 nrn ) grains ac coun ts for 30 % . And the
percen tage of mi cron size ( > 1 000 nrn ) grains ac 
coun ts for 25 %. For the sample annea led a t 850 °C
for 60 s , the percentage of nanocrystalline/ul trafine
grains ac counts for 42 % . The percentage of submicron
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Fig. 7. EBSD mi cro structures of 80% roll ed sa mples annealed at 800 °C (a), 850 °C (b), and 900 °C ( c) for 60 s.

Fig. 8. Grain size distribution st atistics of 80 % rolled 301 SS
tested at diff er ent annealing temper atures .

size grains acco un t s for 26 %, and the percentage of
micron size grains ac counts for 32 %. However, for
the sample annea led a t 900 °C for 60 s, the percent
age of nanocrys talline/ultrafine grains accounts for
34 %. The percentage of submicron size grains ac 
counts for 23 %, and the percentage of mi cron size
grains accounts for 43 %. Therefore, with the in 
cr ease of annealing temperature, the percentage of
ultrafine and nanocrystalline grains and submicron
siz e grains is decreased, while the percentage of mi 
cron siz e grains is increased . Based on the image anal 
ysis and grain st ati stics, it seems th at NG/ U FG s truc
t ure was obtained from heav y deformation and an
nealing treatment. Meanwhile, it con firm s that
heavy deformation of the specimens provides more
nucleation sites, and aft e r annea ling t reatm en t it
gets much more number of austen ite grains.

It was reported [27.33J that both the composition of

the material and annealing temperature play the key
role in whether the rev ersion m echanism of a' -~y is
shear controlled or diffusion controlled . Tomimura
et al. [27J reported that, during the a' - y rev ersion
transformation, the calculation of Gibbs fr ee energy
change is the key to determine the rev ersion m echa
nism. They held the idea that the sufficient driving force
for shear controlled rev ersion is about - 500 J/mol
regardless of the com posit ion of the m ateri al. Equa-

tion for the Gibbs fr ee ene rgy change /:::"c o'-' Y for the
a ' -~y transformation in F e-Cr-N i alloys was[27J :

cc -> : (J I mol ) = 10 - 2/:::"C ~;' Y (lOO- w ce- W"i)

97. 5wce+ 2. 02 w L-108. 8W"i+0. 5 2w ~i 

O. 05WCeW"i+ 10 - 3T(73. 3wce-0. 67w ~e +
50. 2W 1\i-0. 84w ~i -1. 51wCew "i) (1)

where, /:::"C ~;' Y is the free energy in pure iron; T is
Kelvin tem peratu re ; and WCe and W"i are m ass fr ac
tions of Cr and N i , respectively.

Later, Eq. (1) was amended and sev eral elements
w ere included [14J , which can be

wC~ = wce + 4 . 5WMo (2)
W~\ =W1\i + O . 6WMn+20w c + 4w,,-0. 4WSi (3)

where, wc~ and w~\ a re the m ass fr actions of Cr and
Ni a t equilibrium st ate, respectively; and WMo ,
WMn, Wc, W" , WSi are mass fractions .

cc -> : was finally calcula ted to be - 553, - 552
and - 551 J/mol at 800,850 and 900°C , respective
ly. The resul t shows tha t the reversion mechanism is
shear rev ersion at these tem pe ra t ures. Meanwhile, it
is thought that the diffusion controll ed mechanism
do es not exis t before and after the rev ersion process
because of the random nucleation and growth of the
aus ten iteo

Fig. 9 ( a) shows the TEM images of sample wi th
cold rolling reduction of 80 % aft er annealing at 700 °C
for 60 S . It is found that the austenite nucleated at
the place of martensite lath boundaries, as marked
in Fig. 9 ( a ), which is in agreem ent with the study of
Misra who has reported that austenite generally nu
cleated at the martensite lath boundaries [32J. Howev 
er , Johannsen et al. [34J have shown that dislocation
cell -type martensite nucleated to austenite preferen
tially than that of lath-type martensite. It can be at
tributed to the high dislocation density of dislocation
cell -type martensite which easily acts as nucleation
sites for rev erted austenite. As shown in Fig. 9 (b), it
is found that austenite nucleated on dislocation cell 
type martensite in the sample annealed at 750 °C for
60 s. Therefore, during the a ' - y reversion, for a
cer ta in an nea ling time during the reversion proces s,
aus teni te nucleat ed first on dislocation-cell type m ar
tensite and subsequently the grains grew up, even
t ua ll y to be mi crometerlsubmicrometer grains, while

900850
TI 'C

800

45% 0 <1 <0.511111 . 0.5 11 111 <<1<1.0 11 111
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Fig. 9. TEM image s of 80 % cold rolled specim en annealed at 700 "C (a) and 750 "C (b) .

the nucleation of aus ten ite on lath-type martensite
oc curred later resulting in nanocrystalline/ul trafine
grains. During the a ' - Y reversion, dislocation-cell
type m artensi te first transformed to reverted austen
ite. Simul taneously, reverted austeni te grew up and
the content of the martensite declined. Moreover, it
has reported that lath-type martensite boundaries
consist of incidental dislocation boundaries (IDBs)
and geometrically neces sary boundaries (GNBs).
The U F G grains tend to nucleate at GNBs[8.9.12] .

Consequently, it is speculated that after annealing
treatment of the heavy cold deformation specimen,
austenite nucleates on the dislocation cell -type mar
tensite at first . Once thes e nucleation centers are
consumed, the austenite grains then nucleat e at GNBs
in lath-type martensite boundaries .

Fig. 10(a) shows the TEM images of sample with

cold rolling reduction of 80 % after annealing at 800 °C
for 60 s. As shown in Fig. 10(a), the mi cros tructure
consis ts of very fine reverted grains with twins along
wi th deformed aus tenite , while the aus tenite grains
have defects and are not entirely equiaxed. Howev
er , when the tem pera t ure is in creased up to 850 °C,
the nano/ultrafine grains a re equiaxed as shown in
Fig. lOeb). As shown in the pic ture, reverted aus
tenite gen erates in martensite blocks under insuffi 
cient cold rolling. And the austenite lathes and
blocks are obtained after full rev ersion[29].

Table 2 shows the m echanical properties of the
80 % cold rolled 304 SS at different annealing tem
peratures. With the increase of annealing tempera
ture, the strength and hardness are decreased, while
the elongation is increased . At 700 °C, the micro 
structure exhibits low elongation of 8. 2 % ±0. 3% and

Fig.lO. TEM images of 80 % cold rolled sp ecimen anneal ed at 800 "C (a) and 850 "C (b) .
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Table 2

Mechanical properties for 80 % cold roll ed 301 55 test ed at dif
fer ent annealed temperatures

T ;oC ,," , /MPa ,," y/ MP a Elong ation / % Hardness/
HV

700 11 57 ± 20 1 028 ±11 8. 2 ± 0. 3 376 ± 5

750 883± 1 562 ± 17 13.3± 2 255± 1

800 867 ± 10 522 ± 20 19. O± 1 251 ± 3

850 861 ±11 171 ±5 51. 2± 1 237 ± 1

900 813 ±3 108 ± 21 59. 1± 2 211 ±2

high yield strength of (l 028 ± 14) MPa , which sug
gests t ha t the rev ersed transformation is not com
plete. Also, the tensi le strength decreased slightly
in t he 800 - 850 °C range, whi le t he elonga t ion to
fa ilure increased further compared to samples an
nea led under 800 °C. I t is suggested that grain refine
ment with the NG/UFG structure leads to a good
combination of strength and toughness.

4. Conclusions

(1) Austenitic stainless s teel tended to perform
work hardening during fur ther co ld-working. The
martensite nuclei were formed in the plac e of shear
band. Further roll ing broke up t he la th-type mar
tensite into dislocation-c ell type martensite. Thes e
two types of martensite w ere important to obtain
NG/UFG austenite during rev ersion treatment.

(2) Reversion mechanism was shear controlled an 
nealed in th e 800 - 900 °C range. For a certain annea 
ling time during the rev ersion proces s, austenite nu
cleated first on dislocation-cell type m artensite and
subsequently the grains grew up, eventually to be
m icrometer/ su bmicrometer grains, whi le the nucle
ation of austenite on lath- type martensite occurred
la ter resulting in nanocrystalline/ultrafine grains.

(3) Microstructure with the N G / U F G structure
in the 800 - 850 °C range exh ibits a good combina
t ion of strength and toughness.
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