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Abstract : Copper enr ichment beh avior in conti nuous ly cast s la b induced by scale format ion during cont inuo us coo ling

was expe rime ntally investigated , and t he effect s of ini tial sla b sur face tem perature and oxygen poten tial in at mos­

ph er e wer e discussed . The res ul ts showe d that a loose sca le ad her ed to th e s ubs tra te wa s formed in H ,O-N, a tm os ­

ph ere at h igh er s lab surface temp erature com pa re d to a gap for med between the sca le and the s teel subs t rate aft er

cont inuous coo ling in H 20-02-N2 atm osphe re. U nder the condition of continuous coo ling in H 20-N, at mospher e ,

the copper enrichme nt occ urred both within t he loose sca le and at the sca le/ st eel interfa ce with s im ult aneo us Ni en­

rich ment near the in ter face a t high er s lab s urface tem perature. The com bined effec ts of th e loose sca le and nick el en­

r ichment we re thought to promote the back-mig ra tion of Cu-rich ph ase from the inte r face and occlusio n within the

sca le layer . While in H ,O-0 2-N2 atmosphere , the Cu enrich ment was found on the s teel s ide and the formed gap pr e­

vented the m igration of Cu to the sca le.
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The use of scrap in st eelmaking, especially in elec­

tr ic a rc steelm ak ing, ind uces in evi table residual ele ­

m ents problem. T he res idual el em en ts s uc h as co p­

per, t in and arseni c which hav e oxida t ion potential

less than ir on , a re re tained in the s tee l because they

are diffi cul t to be re m ove d in s teelmaking p ro ces s-' ".

During s u bsequen t process ing op erations s uch as

con ti n uo us cast ing and hot roll in g, residual el e­

m en ts tend to concentra te on the steel! scale in ter­

face as the s u rface of steel is oxidi zed and fur ther

pen etrate a long the grain boundary. This promotes

crack in g known as s u rface hot short ne ss ca used b y

the pen et rat ion of the C u- rich phas es in to the g rain

boundaries '<i" . In the past , enrich me n t of residual

el em en ts during hot roll in g and it s in fl uenc e on the

s urface qu ality of hot rolled pl at e hav e been exte n­
sively studied[5-8] .

On the other hand , si gn ifican t resid ua l build-up

has a ls o been det ected a t the scale/st eel in terface in

con ti n uo us ly cast products during continuous casting.

The exte nt of residual b uild-up m ay dep end on these

factors s uch as the ra te of sca le forma tion, the oc­

cl usion ex te nt of the residual ele men ts in to the scal e

and the diffusion ra tes of the elemen ts fr om the s ur­

face to the s teel m a trix-'". Addi ti onally, differen t

fro m the sit uation of the steel stoc k re he at ing, this

residual element enri ch ment d uring con t in uous cast­

ing proc es s has been related to the rap id oxi da t ion of

the sl ab s urface with heat rel ease in the seconda ry

coo ling zone. Thus, history of scale formation would

hav e an effe ct on the copper enrich ment beh av ­
iour[lO- l' ] .

In the pres ent w ork, a lab oratory expe r imen t

was conduc ted in vo lving the heat ed s peci m ens of the

com mercial con t in uous ly cas t sla b w hi ch were con­

tinuously cooled in H zO -O, -N , and H zO - N , at m os ­

phere re spec tively to in vest iga te the copper enrich ­

m en t beh avior induced b y the scal e fo rma tion,

m ainly the effe cts of initial sl ab s urface temperature

and oxyg en po tent ia l in a t m osphere during con t in u-
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ous coo ling process.

1 Experimental

A type of Cu - bear ing co ntinuo us ly cast s la b

wit h the che m ica l composit io n lis ted in T able 1 was

used . T he contents of copper and ni ck el in the s la b

w ere O. 52 and o. 422 m ass % , respectively. Sa mple

preparation of co nti n uo us ly cast s la b was si mi lar to

that in the p revio us work[13]. T o ensure that the oxi ­

diz ing surface of sla b sample was the chi lled layer

composed of fine equiaxed grain, the upper laye r of

co m m ercial con ti n uo us ly cas t sla b was fir stly taken

down and cut in to rect angular sa mples wi t h dimen­

sions of 10 m m X 10 mm X 5 mm. T he n, the original

scale and m old flu x adhered to the to p s urface of

sla b sample were removed b y SiC abrasion paper and

clea ne d ultrasonicall y in et hanol.

In the lab oratory expe r imen t , the prepared s la b

samples were fir stly heated to the desired tempera­

ture (1 150 °C or 1250 °C) in a horizontal tu be furn ace

an d held at the te mperature for 5 mi n in nit rogen gas

flow . After the sa mple surface t emperatu res reac-

hing the desired ones, the sla b sa mples were the n

rapidl y ta ken out of t he hea t ing furnace and p ut into

another horizontal a t mosphere-contro lled furnace,

a llowing cont in uo us cooling to 800°C in 63 vo l. %

H ,O - N, or 63 vo l. % H , O -8 vo l. % O , -N, oxidizing

atmosphere, respectively. Of the two cont in uo us

coo ling cases fro m 11 50 °C/ 1250 °C to 800 °C , the

dura tio n t ime was abo ut 18 - 22 m in . Fi na lly, the

sample was re moved fro m the at mosphere-controlled

furnace to coo l consecutively to room te m perature in

a ir. T he w ho le experimental process was designed to

inv es tigat e the scale format ion as w ell as the induc ed

copper enrich men t behaviour durin g the si m ula ted

continuous coo ling process in the secondary an d ai r

coo ling zo nes. The experimental condit ions are shown

in T able 2.

A ft er oxi da tio n exp eri m en t, the cross-sec tion of

the scale layer was obs erv ed to inves tiga te the m i­

crostructure by scanning electron microscopy (SEM ) ,

and element di s tribu tions in sid e the scale layer and

the steel substrate were res pecti vel y ana lyzed by en­

ergy dispersive X- ray spec tram et ry (EDS ) .

Table 1 Chemical composition of Cu-bear ing continuously cast slab mass %

C

0. 080

Si

0. 277

Mn

O. 89

p

0.094

S

0. 002

i\Ji

0. 422

Cr

0. 425

Al

O. 0635

Cu

O. 52

Table 2 Experimental condition of scale formation and Cu enrichment behaviour

In it ial s lab s urface tempera t u re

11 50 'C, 1 250 'C

Con tinuo us cooling condi tion

11 50 'C or 12 50 'C ~800 'C in 63 vol. % H , O-i\J, or 63 vol. % H , O- 8 vol. % O,-i\J , ~

Room tempera t ure in a ir

2 Results and Discussion

2. 1 Microstructure and adhesion status
F ig s. l t a ) and l Cb) show the scale mi crostruc­

tures and adhesion sta t us to the steel s ubs tra te afte r

continuous cooling fro m the different initia l slab sur face

tempera tures (11 50 °C and 1 250 °C) to 800°C in 63

vo l. % H , O - N, atmosphere, and then consecut ive ly

coo ling to room temperature in a ir. I t can be noted

that the scales formed und er the continuo us coo lin g

cond ition in 63 vo l. % H , O-N, atmosphere show a

rel at ivel y t ight adhesion to the s u bs trat e irres pec tive

of the differen t init ia l sla b surface temperatures ,

w hi le a loose m icrost ruct ure wi th so m e m icrocrack s

inside the scale layer is observed at the h igher s la b

s urface temperature of 1 250 °C. In contras t, fo r the

case of continuous cooling in 63 vol. % H z0 -8 vol. %

O,-N, a tm os phere , the adhesion betw een the scale

and s ubst rate is poor for both the specimens with

the differen t in itial s la b surface temperatures of

1150 °C and 1 250 °C respec tively , and a dist in ct gap

is fo rm ed at the scale /stee l in terf ace , as shown in

Fi g s. 2 ( a ) and 2 ( b). T h is poor adhesion be tw een

s teel m atrix and scale ca n be expla ine d as that fo r

the co nt inuous coo ling case in 63 vo l. % H , O -8

vo l. % O,- N, atmosphere, the oxidat ion rate of the

s la b surface is h igher t ha n that in 63 vol. % H zO ­

N, at mosphe re and the movement of iron ions from

the s teel m atrix to the reaction si t e ca n ca us e loss of

the scale adhesion and thus in d uce a ga p at the in ter­

face , espe cia ll y for the m ore rapid oxida tion case in

H , 0-0, - N, at mosphe re '<' ". A dditiona lly , the loose

scale m icros t ructure wi th so m e m icro cr ack s is

thought to be caused b y the vo lu me expansio n stress

d ue to the phase transfor mat ion from w ustite (face­

centered cu bic la tt ice crystall ine w it h crystal axis of
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Fig. 1 Microstructure and adhesion status of the scales formed during continuous cooling in 63 vol, % H, O- N, +
consecutively in air from different initial slab surface temperatures of 1150 'c (a) and 1250 'c (b )
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Fig.2 Microstructures and adhesion status of the scales formed during continuous cooling in 63 vol. % H,O-8 vol. % 0, -N, +
consecutively in air from different initial slab temperatures of 1150 'c ( a) and 1250 'C ( b)

0. 430 70 nm ) to m agnet it e (bod y- cen tered cubic la t­

t ice crystalli ne wi t h crys ta l axis of O. 839 67 nrn )

during coo ling process, and the vo lu m e expansion

stress in creases remarkably at h igher s lab surf ace

temperature becau se the w us ti te phase becomes

m ore domin ant in the scale layer[15] . T he scale m i­

crostructu re and its adhesion state a re expected to

have an impor tan t in fl ue nce on the copper enrich ­

m ent beh av iour as the oxida tion proceeds.

2. 2 Copper enrichment induced by scale formation
The copper enrich ment beh aviour ind uced b y

sca le form a tion in 63 vo l. % H zO - Nz at mosphere is

shown in Fi gs. 3 and 4 , respec ti vely. For the s la b

w ith a lower s la b s urface temperature of 11 50 °C

(Fig. 3 ) , neither obvio us co pper nor nick el enrich­

m en t is observed a t the scale /steel in terface or wit h­

in the scale layer , and the di s trib utions of copper as

w ell as nickel a re un iform along the cross sec tio n of

the s la b sample fro m scale to s teel. T he results can

be expla ine d fro m t wo as pects. F ir st, a lt ho ugh a rel ­

a t ive ly den se scale a ttached to the steel is formed

(Fig. 1 (a » w hi ch offers a beneficial condit ion for

co pp er ac cum ula ti ng and s taying a t the in terface ,

the scaling rate on the s lab surface durin g con ti n u­

ous coo lin g was too low to expe l copper and n icke l

to the scale/ s ubs trate in terface due to the lower sla b

s urface t emperature and oxygen potential in at mos­

phere. And secondly, add ition of ni ckel can m ake an

in crease in the copper so lubilit y in the y-i ron phase

and a decr ease in the oxida tion rat e[9,16]. On the ot h­

er hand, fo r the sla b sa m ple w ith the h igher sla b

s urface temperature of 1 250 °C , the C u-en ric h m en t

is no ted a t the sca le /s teel in terface and in side the

scale laye r , and sim ult aneously N i-enrich m en t ap­

pea rs near the s teel/scale in t erface, as ill us trated in

F ig. 4. T his oc cl usion of Cu wi t hin the scale layer is

considered to be the co m bined effe cts of loose scale

and ni ck el enrich m en t a t the in terface. Fi g. 5 shows

the sche m at ic ex pression of copper- rich phase occl u­

sion in to sca le. A t h igher s la b surface temperature,

the scaling rat e inc reases and thus the excl ude d cop­

per and n ick el tend to co nc en t ra te a t the scale/steel

in terface as the scale forma tion proceed s. H owever,
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Fig.3 EDS elements mapping of the slab sample after conti nuous cooling in 63 vol. % H,O-N, +consecutively in

air from the initial slab surface temperature of 1150 'c

Fig. 4 EDS clements mapping of the slab sample after conti nuous cooling in 63 vol, % H, 0 -N, +consecutiv ely in

air from the initial slab surface temperature of 1 250 'c

Slee l Steel

I

'\ +,
Microcra cksI

Cu- ri ch
phase

W 00.-----------------...,

~~Feo

Back-migrnted Cu- rich phase

( a) Copper pr ecipi t at ion at in t er face , (b) Back- m igra t ion of coppe r fro m inter face in to scale .

Fig. 5 Schema ti c of Cu enric hment under the condition of loose scale and nickel enrichment ncar int erface

as t he scale becomes t hic ker, t he enriched Cu phase

at the sca le/steel interface can m igrate bac k to the

upper part of sca le layer through the loose m icro­

s tructure w hic h res trains the furt her pen et ration of

copper-rich phase into the steel m atrix. T he signi fi-

cant effe cts with t he pres ence of N i-e nrich men t can

not only increase the melting point of Cu-rich phase but

also reduce the oxidation rate[17. 18] . In addition , Ni addi ­

tion also plays the ro le in increasing the amount of oc ­

cluded copper- r ich phase into sc a le[19.20]. Positive
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effe ct s of the loose scale fo r m ed at higher s urface

te m perat ure and ni cke l enrich ment a t interface work

to gether to promote the back-mig ra tion of copper

precip ita t e fro m the in terface to the outer scale and

oc cl usion wi t hi n the scale.

Fig. 6 shows the E DS elem en ts m appin g of the

sla b s pecimens after continuo us coo ling in 63 vo l. %
H z0 -8 vo l. % O z- Nz and consecut ive ly in air from

differen t ini tial sla b surface t emperatures. As shown

in F igs. 6(a) and 6( b ), wi t h the increm ent of oxy­

g en potential in a t mosphere fro m 63 vo l. % H z0 to

63 vo l. % H z0 -8 vo l. % O z, a vis ible cop per enrich ­

m en t is observed on the steel side and m ean while a

gap is for m ed between the s ubs trate and scale at

both 11 50 and 1 250 °C . No nickel enric hment is fou nd.

T he resu lts can be explained that as the scaling rate

increases significan tly at higher oxygen poten t ial fo r

H zO -Oz-Nz atmosphere, copper wou ld be more eas ­

ily ex pe lled than ni cke l beca use nick el and iron have

co mplete so luble system b ut copper has a lim ited

so lu hi lity'F' ". Moreover , co mpared wi t h t he contin u­

ous coo ling in H z0 -N , a t mosp here , the gap formed

be tween the steel and sca le in H zO -Oz-Nz atmos­

phere m akes it hard for the back-m ig ra tion of Cu

fr om the in terface to the scale layer as the scaling

proceeds, and eve n t ua ll y the copper-rich phase acc u­

mulat ing a t the in terface of s teel side possibly pene­

trates into the b ulk steel. T he above resu lts also in­

d icate that the occlusion effect is not operat ive w it h ­

out the proper effe ct of nic kel en ric h m en t near the

int erface.

Based on the diff eren t copper beh aviors in duced

Fig.6 EDS elements mapping of the slab sample after continuous cooling in 63 vol. %H,O-8 vol. % O, - N, atmosphere+

consecutively in air from the different initial slab surface temperatures of 1 150 °C ( a) and 1250 °c ( b)

b y the sca le form ation in H zO-Nz and H zO-Oz-Nz
a t m ospheres respect ive ly, a lower level of oxygen

poten ti al in at mosphere during cont inuous coo ling is

favorabl e to reduce the sc ale form ation, occurrence

of copper enrich men t and penetration of C u-ric h

pha se in to stee l even for a higher level copp er in stee l.

Thus , during practical continuous cas t ing process, in ­

er t ing the en viron men ta l a t mosphere around the s lab

surface, fo r exam ple , applyi ng ni trogen -mist coo l­

ing to repl ace ai r-mis t coo ling by using n itrogen gas

in s tead of air in se condary coo ling zone, is prop osed

to red uce sc ale form ation and hair cr ac k caused by

copper enrich ment.

3 Conclusions

(1 ) Both the slab surface temperature and oxygen

poten tial in at mosphere have effe cts on the scale m i­

crostr uc t ure and ad hesion status to the steel. Co m ­

pa red to the dist in ct gap formed bet w een t he scale

and s ubs t ra te in H zO -O z-Nz a t mosphere , a loose
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scale ad hered to the substrate is formed in H z0 -N2

a t mosphere a t higher s la b surface te mperat ure.

( 2 ) In the case of continuous coo ling in H z0 ­

N, atmosphere, neither copper nor n icke l enrich­

m en t is observed at the scale /steel interface at lower

sla b s urface te mperature. Whi le at highe r s la b sur­

face temperature , the C u-enrich m en t a t the scale/

s teel in terface and inside the scale layer is visi ble

with simultaneous N i-enrich m en t nea r the inte rface.

T he co m bined effects of the loose scale and nic ke l

enrichment near interface are tho ug ht to promote

the back-migra tion of C u-rich phase from the in ter­

face and occlusion wi thi n the scale layer.

( 3) In t he case of cont inuous coo ling in H z0 ­

0 2-N Z at mosphe re, a C u-e nrich ment w it hout Ni-en­

r ich ment is noted on the steel side at bo th 11 50 °C

and 1 250 °C , and the gap formed betw een the sca le

and s ubs trat e is considered t o prev en t the C u back­

mi g ra t ion to the sca le laye r.
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