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Abstract : The cooling process fo llowing hot ro lling has a sig nificant effe ct on the shap e quality of a ho t- roll ed strip.

The te mperature and stress field s in the coo ling pr ocess for a 14 mm thic k st rip wit h yield st re ngth of 500 M Pa gra de

we re ana lyze d by the fini te ele me nt method and act ua l test data, and the relat ion shi p bet ween residual st ress and

shape def ects was des cri bed . Su bsequen tly, the small-crown ro lling pro cess and th e coi l s low cooling pr ocess were in­

vestiga ted . The res ul ts indicat e that th ese processes improved th e shap e qua lity of the fina l product significant ly.
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The cooling p ro cess follo wing ho t ro lling of a

heavy-gauge , hi gh-s t ren g th steel st rip is an im por­

tant post-processing ste p for the fina l hot-rolled

product. The cooling p ro cess influen ces the m ech an­

ical pro per t ies and shape qua li ty of the product di ­

rectly. T he improvem ents in temperature ca lc ula ­

t ions and the co nt ro l m od el [I-3J resulted in hi gher

te m perat ure cont ro l precision of the strip. Specifi cal­

ly, there w ere significa n t im prov ements in the tem­

pera ture control precision of the fini sh rolling te m ­

pera ture and the coi ling te m pe rat ure. How ever , the

temperature control m od e could on ly con t ro l the

temperature flu ctuations in the len gth dir ection. The

flu ctua ti on in the th ick ness and widt h directions

cou ld not be controlle d effect ive ly . G inz b u rg et al. [4J

propo sed that the temperature gra dient in the width

and thickness dir ections of the s t r ip is the m ain

ca us e of si de w av es, bow w av es , and ot her forms of

shape defect s. During the act ua l pro d uction process,

resea rch ers als o found that the shape de tected online

is different fr om the offli ne o bs erva tion results. This

was es pecia lly t rue for heav y-gauge , high-s t rength

steel. The fla tness of the st rip tested online was

good. How ever, war ping phenomenon wa s ob served

when the str ip was slitt ed[5-7] . Studi es suggested th at

the re sidua l s t ress ca used by non-uniform cooling is

the di rect ca use of the warp ing p robl em. In this

s t udy , the in fl ue nce of non-uniform cool in g on re­

s idua l stres s and flatnes s of heav y-gauge, high­

strength s teel was ana lyzed using the fini te ele ment

si m ula tion and ac t ua l test dat a . A dditiona ll y , it is

pro posed that small-c ro w n rollin g and coil s lo w

coo ling impro ve the shape qu al ity of the fin al hot­

rolle d pro du ct .

1 Experimental Method

1. 1 Finite element simulation of cooling process

1.1.1 Ph ys ical model and ele ment m esh in g

The th ickness, wi dth, and length of the st r ip to

be si m ula t ed w ere 14, 1600, and 2000 mrn , res pec­

tively. The model w as sp lit by an 8-noded hexahe­

drons elem en t. The Ca r tesian coordin ate sys tem w as

use d for the fini te ele ment simula tion, where the X,

Y, and Z directi ons represent the width, thickness,

and length of the wo rkpiece, resp ectively.

1. 1. 2 Th ermoph ys icai pa ram eters of th e m at er ial

High s trength Q 460 steel was the mate r ia l se ­

lect ed in this st udy. The thermal diffus ivity and spe ­

cific hea t of the m a terial were m easured b y the las er

the rmal co nduct ivit y m eter and hi gh- tempera ture
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differ en tial scan ni ng ca lo ri m eter, r espect ivel y. A ddi ­

t ionally , the thermal expansion coe ffi cient a t diffe r­

ent te m peratures was obtained b y therm al si mula ­

t ion tests. T he t her mo physical pa ra m eters of the

m aterial are listed in Table 1.

Table 1 Thermophysical parameters of Q460 steel

t ure of the s t ri p was assum ed to be uniform, the ini ­

tia l stress was assumed to be zero , and the influence

of phase transformation on te m peratu re and stress

was ignored. T he temp era ture and s t ress fields of the

s trip in the lamin ar cooling process w ere ca lcula ted

us in g the thermal coupling ca lc ula tio n m odul e of the

commercial finite element software ANSYS/LS-DYNA.

T em perat ure/
Heat Sp ecific Linear

'C
cond uc t ivit y/ hea t / expa ns ivit y/

(W. m - 1 • K- l) (J . kg- I. K- l) 0 0- 6 K- l)

50 55.9 158 12. 61

100 51.3 178 12. 83

300 15. 7 582 13. 57

500 37.0 711 11. 28

700 30.6 1025 11. 61

900 27. 5 612 11. 96

1. 2 Residual stress test

Residual str ess was measu red by a drilling method

shown in Fig. 2, and th e model of the test device was

AS MB2-8. The m easured poin t s a re shown in Fig. 3.

A tot al of seven points along the widt h direction were

measured , in which points 1 and 7 we re 10 mm away

fr om the edge. The ot her poi n ts w ere spaced equall y.

Fig. 3 Distribution of measured points
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1. 3 Measurement of buckling deformation

U sing plasma cut ti ng, the sa mple was divided

into five parts a long the wi d t h direct ion, as shown

in F ig . 4. T hen , the cut pl a te was pl aced on the hori-

1. 1. 4 Me thod of ca lcu la t ion

To si mplify t he ca lc ula tion , the ini tial tempera-

19-.""''j, Step 3 ~

-lP' ''~== ~
Fig. 1 Cooling process of hot strip after hot rolling

1. 1. 3 Boundary conditions and initia l conditions

The finish rollin g and coi ling t emperatures of

the st rip w ere 880 °C and 640 °C , respec tively. T he

coo ling process was divided into four steps , as shown in

Fig. 1. Step 1 involved an air cooling process in which

the m ain he at -transfer modes we re thermal radiat ion

and heat co nvect ion' Y' !". Based on the rollin g speed

of the s t rip , the durat ion of the ai r coo ling process

was ap pro xi mately 2 s. Step 2 was a water coo ling

process. H erein , the convect ion hea t- t ransf er coeffi ­

cient was calculated using the regression equat ion in

Eq. ( 1); the holdin g ti m e was app ro xi mately 10 s.

S t ep 3 was also an air coo ling process , w here t he

holdin g t ime was a bo ut 10 s. S tep 4 was a coi l coo l­

in g process in wh ich the heat exchange p rocess was

slower[12-14]. In th is paper , a sim plified metho d was

used to simulate t he te m perature drop of t he coil and

hom ogeni za tion process of te m perature by consider­

in g a re lative ly low er hea t transfer coeff icient.
_ 1. 13 X1 06wo.355 • [( 2. 5 - 1. 510gT w) D 1o.645

h w
- (T-T

w
) l P LP c j (1 )

w here, w is the current den s ity, and generally can

be 100 m ' • min - I. m - 2
; T w is the te m perature of

water , °C ; D is the nozzle diameter, m ; and P Land

Pc a re the no zzle spacing along the ro lling and verti ­

ca l ro lling dir ecti ons, respect ivel y, m .
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Fig. 5 Method for buckling defo rmation measurement method

zontal pl atform to m easure the buckling deformat ion

va lue , as shown in F ig. 5.
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1. 4.2 Coi l slow cooling ex periment

T he coi l coo ling expe r imen t was perfor m ed to

analyz e the in fl uenc e of the coi l coo ling m od el on the

shape qu ali ty of fin al p rod uct. T he experimental

sc he me is shown in Tab le 3.

1. 4 Experiment to improve shape quality

1. 4.1 S mall-crown rolling ex p er i m eni

The crown adjus tm en t ex periment was carried

out to analyze the infl uence of the crown on the fla t­

ness of the s trip and to improve the shape qu al it y of

the fina l p ro d uc t. T he ta rget crown values were se t

as shown in T able 2.

2 Results and Discussion

2. 1 Analysis of temperature evolution during cooling

process after hot rolling
Fig. 6 illustrates the temperature evo lut ion of

the s urface and core of the s t ri p d urin g the lamin ar

coo ling process. As in dica t ed in Fig. 6 , the s urface

temperat ure droppe d rapid ly afte r the strip entered

in to the water coo ling zone. T his res ul ted in a cer­

tain temperature gra di en t betw een the surface and

core. T he maximum temperat ur e grad ient had reach ed

82 °C w hen the wa ter coo ling process was co mple­

ted . In the s ubse quen t ai r cooling proces s , the tem­

peratur es of the s urface and core were co nsi s te n t.

The temperature evolution of the edges and

mi ddle pa r ts of the strip d ur ing the lam ina r coo ling

process is detailed in Fig. 7. As observed fro m Fig. 7 ,

the temperature at t he m iddle part and edge s of the

Table 3 Coil cooling scheme
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Fig. 8 Temperature distribution curve along the

width direction before coiling

strip dro pped ra pidly after the strip entered in to the

water coo ling zone. T he cooling rate at the edges

was faster t han that a t t he m id dl e par t. When the

water coo ling process was co mpleted, the m aximum

te m perature difference re ac hed 120 °C . In the subse­

quent air coo ling process, the te mperature diff er en ce

was r educed . The tempera ture dist ribution curv e along

the width direct ion of the strip before co iling is illus­

trated in Fi g. 8. A s shown in Fig. 8, there was a sharp

dro p in the temperature a t the edge s of the s t rip and
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the m aximum temperat ure diff eren ce reach ed 70 °C.

The te m pe rature dis tribut ion of the strip before coi­

ling , as m easured b y an infrared the rmal im ager, is

sho w n in Fi g. 9. It can be seen that the m easured

values w ere close to the calculated va lues. T his Im ­

pl ies that the temperature fiel d ca lc ula ted by a nu-

m erical s im ula t ion m ethod had cer tain reli ab ilit y. As

the tem pera t ure field ca lc ula t ion was the basis for

the su bsequent stress ca lc ula t ion , the re liability of

the t emperature ca lc ula tion can ens ure the rel iabil it y

of the s t r ess ca lc ula tion to a cer tain exten t.

The temperature difference between th e middl e part

iOO

0.4 0.8 1.2 1.6

Dis tan ce from edge of strip/m

600
.I-'
]
E
'"c. 500:::
0;
E-

400
0

Fig. 9 Temperature distribution before coiling measured by infrared thermal imager

detai le d in F ig. 1 1 indica te that when the coil was

coo le d to 140 °C , the te m peratu re diffe rence be­

tween the m iddle pa r t and edges of the st r ip reduced

fr om 70 to 20 °C .

2. 2 Analysis of stress evolution during cooling
process after hot rolling

T he evolut ion of in ternal s t ress a t the edges and

m iddle parts of the s trip during the coo ling process

is dep ict ed in F ig. 12. When the st ri p en te re d in to

the laminar cooling zone , there was a certain te m ­

pera ture gradient be tw een the mi ddle pa r t and the

edges of t he strip du e to non- uni for m coo ling ; t his

re sulte d in the phen om en on whe re the shrin kage in

the strip was in con sis ten t a long the w id th dir ect ion .

A t first, the edge s w ere s ubjec t ed to t en s ile s tress ,

while the m iddle pa r t w as s u bj ected to co m pressive
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and edges of the strip red uced gradually aft er coi lin g

and fin all y tende d to be the same. The sim ulation re ­

s ults ar e presented in Fig. 10. T he measurement results
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Fig. 11 Measured surface appea ra nce (a) and temperature distribution ( b) of the coil
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s tress. T h is led to a faster t emperature-drop a t the

edges. In the s ubs equent air coo ling process, the

cooling rat e at t he mi ddle pa r t excee de d the coo ling

rat e at the edges gradually. T his led to a greater contrac­

tion a t the m iddle part com pa re d with the edges. The

te ns ile s t ress a t the edges decreased g radually and it

even turned in to co m p ressive stress. T he compres­

sive s t ress a t the mi ddle part also decreased gradually.

T he stres s dis t r ibution a long the w idth dir ec­

tion is shown in Fig. 13. It can be seen that the dis­

t r ibution of the res id ual st ress was non-u nifo rm in

the t hick ness and width directions. There was a large

compressive stres s a t t he edges ; th is typ ically caused

the sha pe defects in th e strip afte r the cooling process.

The p lat e with a thickness , width, and length

of 14, 1 600 , and 2 000 m m , res pect ively was cu t.

The m et hod s of cutt ing and m easuring a re shown in

F igs. 4 and 5 , and t he m easured results a re listed in

T abl e 4. It was observe d that the buckling deforma­

tion def ect a t the edges was m ore prominent than

t ha t a t the m iddle pa r t of the st r ip . T he bu ckling de­

form ation va lue of the edge part was 3 - 4 t im es the

def orm at ion va lue of the middle part ; th is was di ­

rectl y related to the relat ivel y la rger co mpressive

s t r ess a t t he edge s.

Tab le 4 Buckling deformation value of the sample

Fig. 13 Distr ibution of residual st ress

WI W2 W3 W1 W5

9. 2 2. 5 1. 8 3. a 8. 5

Position

Defor mation value/mm

2. 4 Sha pe quality improvement

2. 4. 1 Sma ll-crow n rolling p rocess

A ccordi ng to the above m ent ioned ana lysis , t he

problems of shape defec t s w ere pa r t icu la rly promi­

nen t a t the edge s w hen the st rip was coo led by lam i­

nar flow. T o con t ro l t he shap e qua lity o f the final

product, fla tness target values a t the exit of t he final

m ill were se t as a m icro midd le wav e to co m pensa t e

for the cha nge in the shape of the st r ip afte r the

cooling process[JS] . H er ein , the ta rget-crow n adjust ­

m ent was ca r ri ed out to imp ro ve t he shap e qu ality of

t he fin al prod uct , given the rela ti on ship betw een the

crown and flatness. T he expe r imen ta l sc hem e is

presented in T ab le 2. The tes t ing samp le was cut

and m easured using the m et hod detai led in F igs. 4

and 5 , and the measur ed result s are shown in Table 5.

I t was noted tha t the b uckl ing deform ati on defect a t

t he edge s im pro ved evidentl y wit h schem e A fr om

T able 5. The sm all-cro w n ro lling p ro cess had a ce r-
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200 400 600
Distance from edge of strip/mm

- 70 '"-__--'- -'- ...l- LJ

o
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2.3 Analysis of infl uence of res idual stress on sha pe
qua lity

The res idua l s t r ess of the strip was m easur ed

b y t he drill ing m ethod . T he m easured po in ts a re

sho w n in Fi g. 3 , and t he m easured results a re depic­

t ed in Fig. 14. It ca n be observ ed that t he edges of

t he s t r ip w er e s ub jected to compr essive stress and

t he middle part was s ubjected to tensile st ress. T he

meas ured result s were in ag reemen t with the ca lc u­

la ted res ults.



552 Journal of Iron and St eel Research, Int ernational Vol. 23

Table 5 Measured values of buckling deformation for
schemes A, Band C

Pos ition WI W2 W3 W1 W5

Scheme A 1. 3 2. 3 1. 5 3. 2 3.6

Scheme B 9.6 2. 1 1.2 1. 8 8. 5

Sch eme C 13. 2 6. 3 1. 0 1. 6 12. 5

tain effe ct on solving the problem of the buckling

deformation defect of the fin al product.

2. 4. 2 Coil slow cooling process

The residual stress caused by inhomogeneous

cooling after hot rolling is one of the main reasons

for the buckling deformation def ect. The coil slow

cooling process can pl ay a cr ucia l role in the stress­

reli eving heat trea tmen t, such that it improves the

shape quality of the final product. The expe r imen ta l

scheme is show n in Table 3. The sample was cut and

m easured using the m ethod detailed in Fi gs. 4 and 5 ,

and the measured resul ts a re indica ted in T able 6. It
can be seen tha t the problem of the buckling de­

formation defect improved si gnificantly when the

coi l adopted the slow coo ling process.

Table 6 Measured values of buckling deformation for
schemes J) and E

Pos it ion W I W2 W3 W1 W5

Scheme D 11. 2 1.5 2. 3 3.8 8. 6

Scheme E 2. 8 1. 0 1. 0 1. 1 2.2

3 Conclusions

(1) A numerical simulation m ethod was used

to ana lyze the ev olu tion of the temperature and

s t res s field of the strip during the cooling process.

The sim ula tion resul ts suggest that the edge of the

strip was subj ected to large compressive stress due

to non-uniform cooling. The m easured results of re­

sid ua l s tress followed the same distribution law as

the numerical simulation resul ts . The results indi ­

cate that the compressive stress a t the edge s of the

strip was the m ain r eason for buckling deformation.

(2) The results of the crow n adjust m ent ex ­

periment ind icate that th e sma ll-c rown rolling process

can compensa te for the he terogeneous distribu tion of

stress in the cooling process; this, in turn, can im­

prove the shap e qu ality of the final product.

(3) The results of the coil slow cooling experi­

ment indicate tha t the heat preservation process for

the coil, which plays a similar role in stress-relie­

ving heat treatment, can improve the shape quality

of the final product.
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