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S -150 H 150 ~ 160 H 160 ~200 H +200 H
34 g 30.66 26.95 18.72 23.66
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KB TFe Zn .C FEULE 1.1 2 & 3,

re 3 AR L R 2 RN 3 Rl B
BLEEDS/IN, LB T Fe Sridiihn, Zn &
B, C RN
122 5 5&Ep

AT T 5 SR A [RDRE S BL R 1 Ak
A, LR 4.

¢ 4 0], Bl 5 R RE /N, FUIDT K R
Fe Brit 3, Zn 380, C & &N, F
3 SR ARSI
1.2.3 6 SEpn

AT T 6 R A [RDRE S BL R 1 Ak
A, LR 5.

M2 5 A1, Bl BT ORI EE DS IN, BU

Wi K Fe &340, Zn SR80, C 25 R0,
AN F 3455 SR A R — 30
1.3 FLHTRYIAH
1.3.1 35 .55 .6 Sl LT R AH 4 g
FIIFH XRD AT 4T T BT A A
U, W 4 K 5 F 6.
HE 4. & 5. & 6 nl %, 3 5Eb .65
B R W K FE B Fey05.Fe;0,.8i0, Al
FeZn,s AU 5 SR K EZ R Fe,0s,
Fe;0,.Si0, £ CaZn(Si,06) ZH A% o
1.3.2 A[PRIEER 5 5 = FCH K AR
IMET =325 H 325 ~ 400 H 400 ~ 800
H LK AR . TLIE 7 &1 8 (181 9
=325 HBy s S b Bl K %l



ANE

TFe %

60

%@ 1599 3652 3764 3884 3892

22 95 262 33.22

20

%

c

[V}

iV}

Zn %

F 3 3 SN EPRLEE FOTIR I Zn &

®4 5 SHEPARMERTKMUFRS W%

L TFe  FeO  8i0, ALO; CaO MgO p S Na,0O K,O  Zn C
JEIK 4581 3.66 644 201 346 0.76 0.028 034 019 099 09 18.6
>100 H 1999 263 745 321 225 042 0.032 046 0.09 0.64 048 535
100~150 H 2939 337 858 246 39 068 0026 037 011 061 0.5 40.03
150~160 H 4832 348 642 196 3.09 073 0032 029 015 08 088 153
160~200 H  51.65 333 584 186 284 07 0028 031 017 096 14 10.73
200~300 H 5142 338 6.05 2 296 0.68 0.028 028 0.15 0.77 0.84 1599
300~325 H 3931 335 6.23 21 295 0.68 0.027 0.3 0.13 045 1.12 28.86
325~400 H 51.69 356 634 212 293 0.65 0.028 032 014 079 2.71 9.3
400 ~800 H 48.69 342 651 208 283 067 0026 032 018 123 55 938
+800 H 2.19
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x5 6SEPARNERLIKKLERD W%
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®6 LWAR
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1y 1%
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Bk 1593 43~45 <0.09 0.01 ~0.09 <0.35 IR IR
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if b RALAE T 6 SCHIBR A, o
VU S G R AR RE b, — SRR, o —
LB AE W = T RO W IS (EBT) H 4K 171 fY
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WA o I ARl AR P i T P A,
8 FH ERREAR . 244K HEBE I, 7 i 4
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2.4 TEHL Y 4R kK EL BB R o 75
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(A RGBT () F 46y 52 i 4 A RN L R, AT 4G

. -m-TLJ A o LJB
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*3 HINBEHREE 1893K(1620°C) ~ 1923K(1650°C) Z A 95K 7K X 43 3 Bl
JLE C p S Cu Sn 0 1
% 0.034 ~ 0.045 0.01 ~0.02 <0.02 0.2 ~0.35 <0.06 0.065 ~ 0.1
3 B R MEEENZ) 1.9% .2.8%. WA HFERE
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P, PO FEXF R LI 2(a) 0 B
1 PR ERK U FERCAIG, NI Bl 1893K
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BF, BB I R B ] K 292 65min L FE R
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Analysis of the causes of hard descaling behavior of

ON:i steel slab during hot rolling

Technology center, Shanxi Taigang Stainless Steel Co.,Ltd.
Rui Ma, Hairui Wei, Peimao Fu

Abstract Samples taken from 9Ni and X70 steel slahs were oxidized at 1190°C for up to 3 h in air.

Oxidized products and their morphologies were characterized using OM, SEM (EDS) and XRD. Resulis

showed that, oxides formed on 9Ni steel slab had a complicated structure: an outer oxide scale comprised of

outer Fe,0s;, middle Fe;O,, inner FeO; a middle FeO + Ni-rich phase layer; and an inner eutectic

FeO/Fe,Si0, + Ni-rich phase layer at the scale/matrix interface. The FeO + Ni-rich phase entangled layer

accounted effectively for hard descaling behavior of 9Ni steel slab.

Keywords 9 Ni steel slab  hard descaling

1 Introducion

In order to improve the environment, save
energy and cut down emissions more effectively,
natural gas had been used extensively as a kind
of high quality clean energy. According to data
from the National Bureau of Statistics of China!",
natural gas consumption jumped from 24.503
billion m?in 2000 to 170.537 billion m? in 2013,
in the meantime, natural gas import jumped
from 950 million m* in 2006 to 42.06 hillion m*
in 2012. Tt is expected that natural gas con—
sumption and import will keep an increment for
a long time in the future. The imported gas is
transported by land pipelines, or liquefied natu—
ral gas (LNG) carriers, and then part of them is
stored in underground gas storages (UGSs)or
LNG storage tanks. Unfortunately, China's gas

storage capacity became the bottleneck, which

oxide scale structure

cannot ensure a stable supply of gas or even na—
tional strategic reserve. For example, as of today,
China's peak shaving capacity of UGSs that have
been put into production is only 2% of gas sales
volume, far lower than the average level of 11%
of UGS working gas volume in annual gas con—
sumption abroad.”

Therefore, it is expected that more and
more LNG storage tanks will be built in coastal
cities in the near future. The steel plate used for
these storage tanks needs to possess a combina—
tion of high strength, excellent fracture tough—
ness at ultra—low temperature, and good surface
quality. For this purpose, 9% (wt%, here and
throughout) nickel (9Ni) steel plate had been
developed and widely used over the past few
decades. However, in the manufacturing process
of 9Ni steel plates, the oxide scale formed on

slab during reheating adheres strongly to the
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matrix, which leads to a hard descaling process,
even under high pressure water of 19 MPa. After
subsequent hot rolling, the remained oxides
bring about undesirable defects, such as pits,
red or black stripes, which influence the pro—
duction quality of finished plates. At present,
mills tend to avoid the above problem by coating
the slab in mass production, on the other hand,
coating increases production cost.

So far few investigations about high tem—
perature oxidation of 9Ni steel were reported.®?
Existing investigations still cannot explain the
hard descaling behavior well and there exist two
main problems. The first one is that samples
were taken from the finished plate; its oxidation
behavior may differ from oxidation behavior of
slab due to their completely different original
grain sizes. The second one is that systematic
characterization of oxide scale formed during
oxidation is still lacking. Thus, it is necessary to
conduct an oxidation experiment of 9Ni steel
slab, which will play an important role in under—

standing the reason for its hard descaling be—

havior during hot rolling. In this paper, the sam—
ples were taken from 9Ni and X70 slabs, and
then reheated according to their reheating
schedules in mass production. Both steel slabs
possess similar reheating schedules, but quite

opposite descaling behaviors.
2 Material and methods

Samples (20 x 20 x 20 mm®) were taken
from upper surface layers of 9Ni and X70 steel
slabs produced by Taiyuan Iron & Steel
(Group) Co., Ltd. , and thicknesses of these
slabs were 200 mm and 230 mm, respectively.
Their compositions were listed in Table 1. Rust
on the surfaces of samples were removed and
polished to minimize the influence of roughness
on the adherence of oxide scale. These samples
were ultrasonically cleaned in alcohol, dried,
heated from room temperature to 1190 “C in a
furnace to simulate the reheating process, taken
(10 min, 30
min, 1 h, 2 h, 3 h) at 1190 °C, and then air

cooled to room temperature.

out after holding various periods

Table 1 chemical compositions of experimental materials /wt%
Grade C Si Mn S Al Ni Fe
9Ni 0.04 0.23 0.55 0.003 0.001 0.03 9.10 Bal.
X70 0.05 0.20 1.52 0.011 0.002 0.033 Bal.

Note: X70 contains a small amount of Ti, V, and Nb.

Firstly, the oxide scales formed on the up—
per surfaces of samples were analyzed by FEI
430 or Zeiss scanning electron microscope
(SEM) attached with energy dispersive spec—
trometer (EDS). During subsequent prepara—
tion, we detached the outermost oxide scales,

collected them and powdered for phase identi—

fication. Constituent phases were determined
using a Philips X' Pert Pro MPD X-ray diffrac—
tion (XRD) apparatus with Co target. Then the
remained oxide scales were observed again.
Lastly, the cross sections of oxidized samples
were ground, polished, and observed by Leica

DM4000M optical microscope, then further an—
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alyzed using SEM and EDS.
3 Results

Fig. 1 shows the XRD patterns for powder
and the remained oxide scales. The detached
oxides were Fe,0;, Fe;O,, and Feqqs0 (Fig.
la). Although oxide scales were detached in
varying degrees, Feggs0 remained on all sam—
ples. In addition, y phase was detected in the
9Ni samples held for 10 min and 30 min; and

o phase of matrix was detected in the X70

(a) 5000 ] :
7000
. ] 1-Fe,0,
2 6000
a2 ] 2-Fe,0,
= 5000 7
i B 3’F0u,!m
= 4000
: ] .
g 3000 ] 3 )
1 3
= 2000 2 2 2
1 1 21 1 3 2
1000 -

30 40 50 60 70 80 90 100

sample held for 3 h (Fig. 1b).

Fig. 2 shows the cross section OM micro—
graphs of oxidized samples. One distinctive
layer with bright and dark phases existed above
the matrix of all oxidized 9Ni samples; the
scale/matrix was relatively planar; some oxidic
pegs penetrated into the matrix along the grain
boundaries; and many small particles existed
inside the matrix near the interface (Figs. 2a ~
e). For X70 sample held for 3 h, an evident in—

ternal oxidation layer appeared, being locally

(b)

2-Fe 0, 3-Feqo0 4- ¥ 5-a

=)
har : ] , X70 30min
ZR IS S SN | VSSSSNE S0V SN S
3 9Ni 3h
= Fineee e S N1
= i
o I, 9Ni 2h
E 2 2 2 9Ni 1h
< : fL ONi 30min
M,
- l'i J T Tomin

30 40 50 60 70 80 90 100

Fig. 1 XRD patterns for powder and remained oxide scales.

Fig. 2 Cross section optical micrographs of oxidized 9Ni and X70 samples held for various periods.
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penetrated by some dark phase (Fig. 2f).

Fig. 3 shows the cross section SEM micro—
graphs of ONi sample held at 1190 °C for 30
min. The cross section can be divided four parts
from surface to matrix: FeO (dark phase) +

Ni-rich phase (bright phase) area, eutectic

FeO+Ni-rich phase zone

Fig. 3

FeO/Fe,Si04+ Ni-rich phase area, internal oxi—
dation area, and matrix (Fig. 3a). Thicknesses
of the former three areas were around 370 wm,
20 pm, 20 p m, respectively. The morphology
and composition of Ni-rich phase changed with

increasing depth. Outer Ni-rich phase (near

FeO+Ni-rich phase

185

‘FeO/Fe,SiO,+Ni-rich phase

internal oxidation zone =~

matrix

Cross section SEM micrographs of 9Ni sample held at 1190 °C for 30 min: (a) a full cross section;

(b) high magnification view of area A in (a); (¢) high magnification view of area B in (a);

(d) high magnification view of typical eutectic compound of FeO/Fe,SiO,.
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Table 2 EDS analysis of the points

shown in Fig. 3.

Point Ni Si 0 Fe
1 52.86 6.35 Bal.
2 51.55 7.01 Bal.
3 51.86 Bal.
4 51.42 Bal.
5 42.50 Bal.
6 42.62 Bal.
7 33.58 4.07 Bal.
8 32.93 Bal.
9 28.94 Bal.
10 1133 3151 Bal.

the surface of remained scale) exhibited gran—
ular shape, and inner Ni-rich phase exhibited
much irregular shape, entangling with FeO
(Figs. 3a ~ ¢). Ni content in Ni-rich phase de—
creased with increasing depth, dropping from
52% or higher (even 60%, not shown in Table
2) to ~25% (Table 2). Similar structures and
composition distributions were obtained for
other 9Ni samples. Eutectic FeO/Fe,SiO4 near
the scale/matrix interface exhibited a lamellar
structure  (Fig. 3d), as observed by other in—
vestigators®.

Fig. 4 shows the cross section SEM micro—
graphs of X70 sample held at 1190 °C for 3 h.
Compared with ONi samples, the structure was
much simpler: an outer continuous and thin
FeO scale, and an inner eutectic FeO/Fe,SiO,
layer near the scale/matrix interface, and an in—
ternal oxidation layer. The scale/matrix inter—

face was irregular.

4 Discussions

This paper simulated oxidation behaviors
of ONi and X70 steel slabs during reheating,
compared their oxidized products and mor—
phologies to explain the reason for hard descal-
ing behavior of 9Ni steel slab during hot rolling.

The two steels for present experiment pos—
sess different composition systems, based on
different applications and requirements. Matrix
of X70 approximates to pure iron, while that of
9Ni steel to Fe-9Ni alloy. Due to 9% Ni addi—
tion, oxidized products and morphologies
changed remarkably. X70 formed a classical
ternary scales structure: outer Fe,0;, middle
Fe;0,, and inner FeO. This is consistent with
other researches.!™ 9Ni formed a similar outer
scale structure comprised of outer Fe,0s;, middle
Fe;0,, and inner FeO; however, inner FeO co—
existed with Ni-rich phase; i.e., FeO + Ni-rich
phase. Such differences in oxidized products
and their structures determined their entirely
different descaling behaviors.

Previous investigations proved that, addi-
tion of Ni increases the difficulty of descaling.
71 Small addition of Ni accelerates unevenness
of scale/matrix interface "%, with increasing Ni
content, formation of an entangled layer favors®.
Melfo et al. showed that, after oxidation at
1250~1310°C,Fe-0.06C—1.8Mn-0.15Si formed
no entangled layer , while Fe—~006C-16Mn-
1.1Ni—-0.15Si formed an entangled layer with a
thickness of 20 ~50 pwm. In addition, much
thicker the entangled layer, much thicker the
remained scale after hydraulic descaling.” The
ONi steel used in this experiment contained

much higher Ni than the above mentioned steel,
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Fig. 4  Cross section SEM micrographs of X70 sample held at 1190 °C for 3 h.

thus much easier to form a thick entangled lay—
er. We can find that inner FeO + Ni-rich phase
area (near the eutectic FeO/Fe,Si0, + Ni-rich
phase area) exhibited an entangled structure in
which FeO and Ni-rich phase interlocked each
other (Fig. 2a ~ e, Fig. 3a, Fig. 3¢). This com—
plicated entangled structure can effectively
suppress crack propagation during hydraulic
descaling, resulting in much poor descaling a—
bility.

In addition, existence of Si also influences
the descaling behavior. & ' In Si-containing
(=0.5% Si), the
FeO/Fe,SiO4 forms at the scale/steel interface

steels compound  of
during slab reheating. At a high temperature
above 1173 °C, liquid FeO/Fe,SiO4 penetrates
irregularly into both upper FeO and lower steel
sides. Descaling is quite difficult to perform due
to the anchor effect, resulting in formation of
red or black stripes and poor surface quality. In
this paper, although Si content in both steels
(~0.2% ) could not ensure formation of a con—
tinuous protective Si0, scale, both alloys
FeO/Fe,SiO, near the
scale/matrix interface (Fig. 3, Fig. 4). By com—

formed eutectic

parison, eutectic FeO/Fe,Si0, penetrated locally
into the matrix in X70, however eutectic
FeO/Fe,Si0, interlocked the Ni-rich phase in
ONi steel, and there was no obvious interface
between the Ni-rich phase and the matrix, ad—
hering more tightly to the matrix. In addition,
oxide scale of X70 sample was continuous and
compact, providing a good protection for matrix.
Many voids existed in the oxide scale of 9Ni
sample, providing a poor protection for matrix,
thus thickness of oxide scale formed on 9Ni
steel was much thicker (Fig. 3). As a result,
much thinner oxide scale with a less entangled
structure explains why descaling is easy to per—
form for X70 slabs. That is also proved in mass
production: descaling is easy to perform for low
alloy steels containing < 0.5% Si. On the con—
trary, thicker oxide scale with a much more en—
tangled structure increases the difficulty of
descaling for ONi slabs. This is in agreement
with others' findings. Synergistic effects of Ni
and Si enhanced the difficulty of descaling. Af-
at 1250~1310 C, Fe— 0.06C
-1.6Mn-1.1Ni- 0.05Si formed an entangled
layer with a thickness of 10~15wm, while

ter oxidation
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Fe—0.06C-1.6Mn-1.1Ni-0.15Si

thicker entangled layer.”) However, because the

formed a

thickness of Ni-rich phase + FeO entangled
layer was greater, and this layer was above the
eutectic FeO/Fe,Si0, + Ni-rich phase entan—
gled layer, that is to say it should be impacted
by high pressure water earlier, Ni-rich phase +
FeO entangled layer played a more important
role in hard descaling behavior.

Apart from above reasons, oxidic pegs
penetrating along grain boundaries, and uneven
surface of original slab also increase the diffi—

culty of descaling to some extent.

5 Conclusions

This paper simulated oxidation behaviors
of ONi and X70 steel slabs during reheating,
compared their oxidized products and mor—
phologies to explain the reason for hard descal-
ing behavior of 9Ni steel slab during hot rolling.
Conclusions are as follows:

(1)After oxidation at 1190 °C oxides
formed on 9Ni steel slab had a complicated
structure: an outer oxide scale comprised of
outer Fe,0;, middle Fe;O,, inner FeO; and a
middle FeO + Ni-rich phase layer, and an in—
ner eutectic FeO/Fe,Si0O, + Ni-rich phase layer
at the scale/matrix interface.

(2)The FeO + Ni-rich phase entangled
layer accounted effectively for hard descaling
behavior of 9Ni steel slab.
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