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ABSTRACT

To im pro ve t he st re ngt h-toughness of t rad itional U- rib (TUR) and solve t he problem of insufficient pen e­
t rat ion be tween TUR and dcckplat c , a new local t hickened U-rib (LT UR) has been pr oposed to improve
t he fatigu e resistan ce of t he weld joint under t he pr em ise of no t increasing t hickness and st re ngt h of t he
TUR material. An d a hot/ war m roll-fo rming process (RFP) ado pt ing partially induc tion he ating to 700 ­
1 000 °C wa s carried out to fabricat e LTUR. The defo rmat ion behaviors in t he for ming pro cess and m icro­
struct ure of LT UR have been inve stig ated. Mechan ical properties and fract ure mechanism of t he LT UR
aft er ho t /warm R FP have bee n systematically disc ussed. Mo reover, t he results arc compared wi th t hose
ob tained in cold RFP. Mechan ical proper t ies of the LTUR deformed above thc crit ical t ransfo rm at ion tem­
pera ture (A c3 ) s how hig h performance cha ra ct e ristics wi t h m arked fatig ue res is ta nce a nd s uper io r to ug h­

ness. Upon increasing t he heat ing tem perat ur e fro m 700 to 900 °C , t he ini tia l coarse ferrit e-p earl ite st ru c­
t ure t ransform into cquiaxc d ult rafine ferrite (1 - 3 /-lm) and precipitates s uch as (Nb, Ti)(C, N) arc un i­
for m ly dist r ibuted in t he ma t rix. The ave ra ge disloca t ion de ns it y of t he spe cimens aft cr ho t roll -for m ing at
heating tem perat ure of 900 °C decreases dr am atically compared wi th t hose of t he specimens s ubjec ted to
t he cold RFP. Furth cr more, a typical cha ract erist ic of duct ile fra cture m echanism and t he high im pact cn­
org y are mo re con vin ced t hat t he specimens deformed a bove 900 °C ha ve o btained a n op timal combina tion

of st re ngt h and toughne ss.

1. Introduction

Since the m iddle of 20 t h cen t ury , the des ign lev­
el of s tee l box girder has been m atured an d the
welding tech n iq ue has been im proved . The ort ho ­
t ropic s te el deck sys tem ha s been widely utilized fo r
long-s pan s t eel br idg es requiring light w eigh t s truc­
tures ow ing to it s low de pt h, hi gh strength and
s tiffness , easy processing and s truct ura l con tinui­
ty[IJ . T h is system consists of deckp late , crossbeams
and U - ri bs supporting t he deck pl at e. Genera lly , the
quanti ty of U -ri b acco un ts for approxima tely 25 %
of the w ho le steel required of steel b ri dge design due
to the hi gh to rsional st iffness and bendi ng st iffness
of U -rib[2J. F urt her more , it can effe ct ivel y distri b­
ute an app lied load on the de ck p late. T herefore ,
U-rib is widely used in modern ort hotropic steel
deck syste m .

Ort ho tro pic s teel deck system belongs to thin­
wa ll we ld ing st ruct urel". The welded joints between
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deckplat e and U'-rib in ort ho tropic steel deck system
are po ten tiall y cri tical to fa tig ue fai lure due to stress
conc en tra tion a t the end of the weld toe[4J. T he rea ­
son is t he negat ive bendin g mom ents produced by
live load s on the deck such as heavy weight trucks.
Li et al. [5J pointed out that th e fatigue cracks had oft en
develo pe d at we lded connections of U-ri b because of
the la rge number of h igh m agn it ude axle load s ,
which lead to the fa t ig ue life of orthotropic steel
deck less than the designed service lif et im e required
by stee l box girder. W olchuk[6J suggested tha t the
U- r ibs should not be cut off and fi t ted be tw een the
floor beam s. I t is un dou bted that transportation
costs w ill increase and ins tall a ti on procedure will be
m ore difficult . Xiao et a l. [7J p roposed to increasing
the thickness and/or strength of U-rib m ateri al fo r
re ducing stress range and significan tly increasing fa­
t ig ue life of the welded joint. H ow ever , these m eth­
ods exh ibit ing s up erio r fat igue resistanc e have hard­
ly been applied b y b ridge engineering for the reason
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2. Experimental Procedure

lar above-m en tione d mi cro structure a t the ed ges
without increasing thickness and st re ngth of the
whole T UR m at erial. M oreov er, the w eldin g groo ve
is improved. The m icrostructural evolut ion has been
discussed in details via optical microscope (OM), field­
em is sion scanning el ect ro n m icroscop e (FE-SEM)
and transmission el ect ro n microscop e (TEM) . M ore
a tten t ion is paid to understand the relationship be­
tween m ech anical proper t ies and microstructure,
precip it at e as w ell as disl oc ation.

2. 1. Mat er ial and process

The investigated m at erial, Q 500qD, is a HSLA
s teel widely used in bridge enginee r ing. Ac co rding
to Chinese s ta nda r d GB /T 714 -20 08, the pa ren t
steel should have high s t rength- toughnes s, we ld­
abilit y and the abilit y of bea ring load s and impact of
vehicle. The ch emical composition of the Q 50 0qD
steel is gi ven in T able 1.

To solve the problem of in sufficient penet ra t ion,
a new U-rib s t r uc t ure is proposed for im pro ving the
fatigue r esi stance of the w eld jo int in this work, as
shown in Fig. 1. And a hot/warm roll -forming process
(RFP) m od el is dev elop ed to produce the loc al
thickned U -rib (LTUR) . This process m od el m akes
the microstructure and thickness of the LTUR ed­
ges differen t from other pl aces in s tead of incr easing
the thi ck ness and / or strength of the total U- r ib m a­
terial. F urthe rm ore, the production cos ts of this
new U-rib a re not in cr eased too m uch by replacing
the t ra dit ional milli ng edges equip ment using ho t/
wa rm roll-forming device.

AlN bT iSpMnSic

Table 1

Chemical composit ion of investigated st eel (mass %)

of hi gh cos ts. In addit ion , wei ght of bridge body
will get gr ea tl y heavy if m erely increasing the thick ­
nes s of m at erial.

The real reasons of fatigue cracks a re that pene­
tration depth is not s uff icien t because the welding
proces s can only be implemented a t the lateral side
of U-rib and that the stren gth-toughness of tradi ­
tional U - r ib (TUR) m at erial is low. Accordin g to
the standards of AASHTO LRFD Bridge Desi gn
Specifications, Fatigue Design Recommendations for
Ro ad of J ap anese, Design Specifica tions for High­
way Bridges of Korean and Eurocode-3, the thi ck­
ness and the pen etration depth of U-rib are required
not less than 8 mm and 80 % of U - r ib thickness, re­
spectively. For the strength of U-rib mat erial, 345 MPa
grade steel widely used previously, s uch as SM490B,
A 57 2Gr50 or Q 34 5qD, cannot m eet the require­
m ents of the development of steel box gird er and is
grad ua ll y replaced by a h igher s tren g th steel.

Studies[8-11J on en ha ncing the s t rengt h-to ug hness

of m etal by various m ethods to control the micro ­
structure hav e been carried out. For hi gh s t rengt h
low alloy (HSLA) st eel , g ra in refinement by m eans
of pl astic deformation at high temperature is feasible
for producing excellent strength-toughness mat erials
without any additive elements [12-15J. H all and Petch[16,17J

hav e ex pla ine d the relationship between s t rengt h
and avera ge grain s ize by the H all-Petch equa t ion.
Park et a t. [18,19J proposed a heavy-reduction singl e­

pass ho t rolling process to enhance s trength- tough­
ness whil e the du ctility was ret ained. They found tha t
0. 2 w t . % ca rbon stee l exhibited a superior com bi­
nation between high strength and m arked elongat ion
afte r the pl ane-s train com p re ssi on tes t above the
cr it ica l transformation temperature A '3' And the
high-performance O. 2 wt. % carbon s t eel consisted
of ult ra fine or equiaxed fin e g ra ins w ith un ifo rmly
dispersed fin e pearlite g rai ns or cementit e. The ai m
of this work is to present a processing t echnology
for producing high performance U - r ib w ith the s im i-

Traditlonal rnilling edges equlpme nt -s-e-

Cold bending process

""

Hot/warm rol l- form ing e'l lliplllent -

~\lJ

Fig. 1. Schema tic diag ram of tradit iona l process and hot / warm RFP as well as sizes of TUR and LTUR ( unit: mrn ).
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A hot / warm R F P us ing ind uction hea ting was
perform ed to produc e the LT U R on the self-de­
signed m ach in e, as ill us tra ted in Fig. 2. The expe r i­
m ental procedures used in the hot / w arm R F P are
pres ented in F ig. 3. T he cri tical t ransf or m at ion tem­
peratures A d and A '3 fo r Q 500qD w ere ca lc ula t ed to
be 718 and 84 1 °C, r esp ec tively, adop ting the em pir-

ical form ul as of Andrews 'r' ". T he specimens are
heat ed to ta rget temperatures of 700 - 1 000 °c at a
ra t e of 100 °C/ s by usin g an ind uc tion heating sys­
tem after co ld bending process. Then , the hot / warm
RFP is perfor m ed a t a ro lling speed of 6.0 m /min
according to requir ement s of cus to m er. After ro ll
formin g, the spe cim ens are coo led by air coo ling.

Hea ting s tage Form ing stag e Local th icken ed U- rih

Fig. 2. Prototype of hot/warm RFP for LT U R.

Hot/warm ro ll formi ng

I

- - - - - - - Exp ected II " ,: 841 'C

TimeJs

Fig. 3. Schematic diagram of expe rimenta l pro cedu res in
hot / warm RFP.

2.2. Mechan ica l p ropert ies test ing

To evaluate the com p rehen sive mechani ca l proper­
ties of the edge of LTUR speci men, we ld ing area
m eas urem en t , fla t t in g test, tensile test, m icrohard­
ness test and Charpy V-notch impact test were per­
fo rm ed. And the results were compared with those of
the TUR and the co ld ro ll-fo rmed LT UR , respec­
t ivel y. T he welding process between deckp la te and
U -r ib app lied CO 2 gas shielded arc welding. A CAD­
so ftware wa s us ed to calcula te the w eld area of the

U- r ib. F lattening tests were perf o rm ed to indirectly
in dica te fa ti g ue pe rformance of spe cimen at room
t emperature on a universal testing machine of 200 kN
capaci ty wi t h a cross- head speed of 5.0 mm/min in
accordance wi t h Chi nes e s tandard GB/T 265 3-2008.
A nd tensile tests we re cond uc ted on the specimens
at room temperature a t a strain ra te of 1 X 10 - 3

S - l

according to Chines e standard GB/T 228 .1 -2010.
Vickers ha rd ness tests were carried out with a load
of 98 N on t he basis of Chi nes e s tandard GB/T
434 0. 1-3009. D ue to the size limita tion of specimen ,
the Char py V-notch impact specimens were ma chined
wi t h di m ensions of 10 mm X 7. 5 mm X 55 mm. An
in s t r um en ted im pact m ach ine of 450 ] capa city was
used for Charpy impact tests at - 20 °C accord ing to
Chi nese standard GB/T 229-2007. F ractu re su rface
ch aracteristics of the b roken tensi le specimens aft er
the t en sile test w ere analyz ed to ac hi ev e a bet ter un­
derstand ing of microscopic fr act ure mechanism.

2. 3 . Microstruc ture observat ion

The edge s of speci m ens of co ld, warm and hot
RFP were etched in 4 vo l. % nital so lution after me­
chan ical po lis hing , an d the m icrostructures were ob­
served by OM and FE-SEM. For fur t her m icrostr uc­
t ure analysis , TEM observation was carried ou t using a
FEI T ecn ai G2 F 20 TEM operated at 200 kV to ob-
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Fi g. 5 shows the loading model and the results of
flattening tests for the cold, warm and hot roll -formed
U- rib and the TUR. In the case of cold roll-formed
LT UR, fatigue fa ilure occurred ea r ly , and the val ue
of com pres si ve displac ement was on ly 27.5 mm as
see n in Fi g. 5. It can als o be seen that the load cap ac­
ity has slig htl y decr eased to less than 15 mm, which
was cau sed by st ress concentration during cold RFP.
For the TUR and warm roll-formed LTUR, the
yield occurred a t 31. 5 and 42.1 mm, respectivel y.
Addi tionall y, the specimen roll-formed at 70 0 °C can
bea r la rger loading for ce than the trad itional speci ­
m en . When the te m pe rat ure of ho t RFP wa s above
90 0 °C, the yield did not occur again. H owev er, the
m aximum load in g ca pa ci ty declined a t 1 000 °C indi ­
cated by the pink lin e in Fi g. 5.

Fi g. 6 shows the sam pling position of t ensile and
impact sp ecimens and t he curve s of m ech an ical prop­
ert ie s wi th diff eren t roll forming te m pe rat ures. The

Fig. 5. Curv es of flatt en ing test of LTUR roll-fo rmed at 25 ,
700, 900 and 1000 "C as well as T UR.

(a)

Fig. 4. Welding area of TUR ( a) and LTUR (b) .

3. 1 . M echanical propert ies

F ig. 4 gi ves the w elding results. The eff ec t ive
w eldin g a rea s of the TUR and the LTUR calculat ed
by AutoCAD software are 24. 85 and 66. 80 mm", re­
spectively. The effective welding area of th e LTUR has
increas ed to 2. 45 times than that of the TUR. The
thicknes s of U-rib parti all y th ickened by ho t /warm
RFP act ua ll y became th icker than 8 mm. This mean s
that the welding penetrat ion , which has a grea t s ig ­
nificant effec t on the w eld quality[21], becomes dee­

per. Thus, the hot/warm RFP can ava ila bly en hance
w eldin g penetration of the LTUR and improv e fa ­
tigue resistance of the w eld joint .

se rve mi cros tructure, disloca tion and precipitates
( size, morphology and quantity) . In addit ion , posi ­
tron an ni hila t ion t echnique (PAT) w as performed to
ana lyze the variation in di slocation d ensity of the
U -r ib edge . Positron source is 22 N a. The roll-formed
specimens were machined into squar e plat es of 20 mm X
20 mm, and the thickness w as less than 1 mm aft er
ge ntl y gr inding of both si des in PAT test.

3. Results and Discussion

300
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800
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As- received 25 700 800 900 1 000 As-received 25

Roll forming temperature/ D

Fig. 6. Curv es of mechan ical prop ert ies ver sus di fferent roll-form ing temp eratur es.

tensil e test results of the raw m aterial indicat ed that
tensil e st reng t h w as 620 MPa and the total elonga­
t ion was 27. 7 %. Co m pa red w ith raw s t eel , the cold
roll-formed specimen exhibite d severe cold- ha rden ­
in g, which decr eased the elonga t ion value to 12. 7 %
and in cr eased the hardness value to 266 HVo. 098 . The
pinnin g effect caused by the in cr eas ing disl ocation is

the foremost facto r in w ork hardening. When the
formin g t emperatures w ere 700 and 800 °C, the im ­
prov ement of hardness value w as m ainly a t t ri buted
to dynamic recov ery and diffusion creep , with hard­
ness value being 219 HVO• 098 and 173 HVO• 098 , re­
specti vel y. Althou gh the elongation ca n be inc r eased
when warm roll-f orming is ado pted , the ten sile
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s t re ngth value is decreased to 532 and 509 MPa, re­
spectively. However, when the roll-forming temper­
a t ure is above 900 DC , the t ensile st re ngt h , yield
strength and Vickers hardness values w ere slightly
higher than those of the raw m aterial.

The results of Charpy impact test in Fi g. 6 (b) are
75 % of the va lu e of standard specimen due to the
siz e limitation of specimen. It can be seen that the
roll-forming temperatures hav e a g reat influence on
toughness of the spec imen. When roll-forming at
am bient tem perat ure , impact energy dropped dra­
m ati cally due to lo ts of ta n gled and pinned disloca­
tions. A t warm roll-forming te m pe ra t ure , im pact
energy got improved thanks to s t re ss relief as well
as di sappearing of par ti al disloca tions.

3. 2. Micro structural ev ol uti on

The photographs obtain ed by OM, FE-SEM and
TEM in Figs. 7 - 9 show mi crostructural evolut ion
in the specim ens afte r the various RFP. In Fig. 7
( a), the as - rece ive d s te el consis ts of ferrite-pearli te
s t ruct ure s wi th an ave ra ge ferrite grain size of ap-

proximately 31 p.m. Figs.7(b) and 8 (a ) show that
the gra ins s ubje cte d to cold RFP are elonga te d , and
the g ra in size is smaller than the original ave rage
g ra in s ize. On the other hand, twins can be seen in
Fi g. 9( a) . Twinning is one of the m ajor deformation
m echanisms in a lloy steel, espe cia lly with low stac­
king fault ene rgy , and a t low deformation tempera­
tures and high s t ra in rat es [22J. The microstructural
component afte r roll-forming a t heating tempera­
tures of 700 and 800 DC is fin e grain s ( 8 - 10 p.m)

and uniformly distributed a bit of cem ent ite as given
in Figs. 7( c,d) and 8 ( b ) . The initial coa rse ferrit e­
pe arlite st ruct ure tran sformed in to equiaxed ul tra­
fin e (1 - 3 p.m) and finel y di spersed pearli te or ce ­
menti te s t r uct u res in the m atrix, and the ferri te
grains were greatly refined afte r ho t RFP at he ating
temperatures of 900 and 1 000 DC above A -s as se en in
Fi gs. 7( e,f), 8(c) and 9(b) . This result is in good
ag reemen t with the conclusion[18,19.23,24J that grain

size be came immensely decreased by the st ra in- in­
duced t ra nsforma t ion (Y-a) in various s tee ls during
thermo-mechani cal trea tment ne ar A d or A ,3 '

Fig. 7. Micros tr uct ures of deformation zonc of LTUR roll- for me d at as-received stee l ( a). 25 °C (b). 700 °C ( c) ,
800 °C (d) , 900 °C ( e) and 1000 °C (f) .

Fig. 8. FE-SE M m icrographs of spec ime ns subjected to RFP at temperatur es of 25 °C ( a) , 700 °C (b) and 900 °C ( c).
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Fig. 9. Twins and equiaxed ferrite of sp ecimens during RFP at temperatures of 25 °C (a) and 900 °C (b).

Fig. 10 shows TEM micrographs of precipitates in spec­
imens roll-formed at temperatures of 900 and 1 000 DC.
It is ob vio us t hat the a moun t of precipi ta tes in cr ea ­
ses and they are m ore uni form ly dis tributed with in ­
creasing the temperature. The sizes of these circular
or ellipt ical precipitated particles range from 5 to 10 nm.
T he EDX analysis in F ig . 10 ( c) shows that these
par ticl es are precipitates of ( Nb ,Ti)( C , N ). Because
the heat ing and holding t ime was short so that p re­
cipitations had no ti me to grow up. T hi s ki nd of p re-

cipi ta t ed parti cl es formed in ferrit e grains. G uo et
a l. [ 25J thou ght t ha t these precipitates wi th siz es be­

twee n 10 - 30 nm or even much s malle r m ainl y con­
tr ibuted to precip ita tion strengthe ning , work hard­
ening rate an d m icrostructural stabi lity. Carbide p re­
cipitat ion of N b or T i co uld give rise to toughness
in creasi ng at ho t fo rm ing p rocess of a lloy steel[26J •

T his is the reason that st re ngth an d toughness fur­
ther improved at form ing temperatures of 900 and
1 000 DC in F ig. 6.

Ell'lUt'nl rna..~.,"%

Si ·1.82
11 16.74
Mil 5.29
F. f>-l.2 1
Nh S.n·l

(e) c

oj 000

;, 3 000
or;.

~ 2000

1 000

o

"'."

:\h Ft"
Nil n M.l li '

Sl Xh 'in' 11

Tutal 11K)

10
Enl'rgy/keV

20

Fig. 10. TEM micrograph s of precipitates in spec imens treated by RFP at temperatures of 900°C (a) an d 1000 °C ( b) and
EDX ana lys is of pr ecipitates (c) ,

3. 3. D islo ca t ion investigation

Fi g. 11 presen ts the disl oca tion morphology of
specimens experienced in R FP at tempe ratures of
25, 700 and 900 DC. F ig. 12 gives the va lues of dis lo­
cation den si ty under diffe re nt R F P as we ll as the
raw m aterial acq ui re d by P AT. Fro m Fig. l1( a ), it
can be observ ed that d isl ocat ions m ostly exis t in
form of disl ocat ion package dist ri buted in ferrit e m a­
t r ix or nea r grain boundaries. A nd t he va lue of dis lo ­
ca tio n densit y of specim ens a t fo r mi ng temperature
of 25 DC is obvious ly higher than those of speci m ens
a t for mi ng temperat ures of 700 and 900 DC as shown

in Fi g. 12. The average dis locat io n de nsity of speci ­
m en by cold ro ll-formi ng was 7. 13 X 1015 m - 2

, w hi le

the as-received steel was just 4.13 X 10 13 m - 2. Al­
t hough h igh disl ocation den sit y can en hance the
strength of material , t he pl as tici ty and toughness de ­
creased dramat ica lly as seen in Fi g. 6. At 700 DC , the
recovery including vacancy escape and ferri te po ly ­
gon plays a grea t rol e in decreasin g disl ocation den­
sity. When ro ll-for med at 900 DC, dis location densi ty
shows a sudden drop in Fi g. 12, wh ich is re lated to
s tress r el ease in the hot R F P of r ecov ery and rec rys­
ta lli zation. I rvine and Baker[27J tho ught that pa r ti al

dislocat ion generated in the plastic deformation process
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Fig. 11 . Di sl ocati on m o r pho log y ev o lu t ion of specim ens exper ienced to RFP at temperatures of 25 °C (a), 700 °C ( b)

and 900 °C (c) .

311
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Fi g. 12 . Dis locat ion den sit y under differen t R F P.
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would disapp ear due to dislocation cross-slip and climb
at hi gh tem perature deforma tion. A nd they found
that t he disl ocat ion den sit y decreased fro m 8 X 1013

m - 2 to 5 X 10 13 m - 2 w hen t he finish rolling tempera­
ture inc reased fro m 700 to 800 DC.

3. 4 . Fractogra ph y

Fig. 13 shows scanning electron fractographs of the
ro ll- formed spe cimens, w hi ch were ta ken to study
the microscopic fract ure mechanism of the speci ­
m en s after the te nsile test. A s seen in F ig. 13 ( a),
w hic h gives the fr actog raphs of the co ld ro ll- formed
s peci mens, face t fr act ures or cle av ages of more than
10 fJ-m represen t b ri t tl e fract ure, and numerous dim -

Fig. 13.

( a) 25 'C ; (b) 700 'C ; ( e) 900 'c.
F ra ctograp h s of ro ll-formed specimens afte r ten si le test.

pies rev ea l duct ile fracture , covering the s urface of
each grain. In F ig. 13 ( b ) , the number of cleavages is
decreased and the dim ples becom e more an d deeper
w hen t he deformat ion te mperat ure increases fro m 25
to 700 DC , which indica tes du ctile fract ure with dim­
ples of va rio us siz es ( 1- 10 fJ- m). The di ffe ren t siz es
dimples co rrespond to various vo id-n ucleating mech­
an isms on the fract ure s urf ace. The small dim ples
m ainly originate fro m fine carbo ni tride pa r ticles pre­
cipitated in the m atrix. D ue to the low bondi ng force
between the fine precipi ta ted phases and the rela­
tively soft matrix, the m icro-voids readi ly form in
the in terfaces during tensi le text . O n the other

hand, the large dimpl es m ainly result from inclusion
particles. The m icr o-cleavage fr act ures in Fig. 13 ( c )
and the deep dim pl es with a diameter of about 10 fJ-m
can be locall y seen in a m at r ix of dimpl es of less
than 2 fJ- m in diamet er, which is co m m ensurat e with
the high strength-toughness in Fi g. 6 obtained by
m ech anical perfo r manc e tes t in g.

4. Conclusions

( 1 ) Co mpared wi t h the T UR, the LTUR had
dis ti nc tly improved welding penetra tio n. Co nc erning
the fa ti g ue resistance and strength-toughness , the
co ld ro ll-for m ed LTU R was m or e sensitive to the fa -
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t ig ue test and Charpy V-notch im pact test , w hile
the LTUR af ter hot RFP ac hi eved high m ech anical
properti es. T he cha racte ris tic of duct ile fr acture and
high impact ene rgy were m ore convinced that the
speci m en af ter hot RFP obtaine d an optimal co m bi ­
nation of s trength and toughness.

( 2) The ini tial coarse ferrit e- pearl it e st r uc t ure of
raw m at erial t rans formed into equiaxed ultrafine fer ­
rite (1 - 3 p.m) an d finely pearlite and ceme nti te s tr uc ­
tures dispersed in the ferri te m at r ix, and the ferri te
grains were greatly refined after ho t R F P at hea ti ng
te mperat ures of 900 and 1000 "C. A la rge number of
finel y dispersed carbo n it r ide precipitates got the
to ug hness fur ther im proved.

( 3) T he re duct io n of dis location density of in ves­
t igated steel after ho t ro ll- form ing weakened the
t re nd of disl oca tion pi le- up and in ternal st ress co n­
cen tra tion due to disl ocat ion cross-slip and cli m b at
el evat ed t emperature deformat ion , w hic h are benef i­
cia l fo r toughness.
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