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Abstract: The specific distribution characteristics of inclusions along with the sliver defect were analyzed in detail to explain the formation
mechanism of the sliver defect on the automobile exposed panel surface. A quantitative electrolysis method was used to compare and evaluate
the three-dimensional morphology, size, composition, quantity, and distribution of inclusions in the defect and non-defect zone of automobile
exposed panel. The Al O3 inclusions were observed to be aggregated or chain-like shape along with the sliver defect of about 3—10 pm. The
aggregation sections of the Al,O; inclusions are distributed discretely along the rolling direction, with a spacing of 3—7 mm, a length of 6—
7 mm, and a width of about 3 mm. The inclusion area part is 0.04%-0.16% with an average value of 0.08%, the inclusion number density is
40 mm* and the inclusion average spacing is 25.13 um. The inclusion spacing is approximately 40—160 um, with an average value of
68.76 um in chain-like inclusion parts. The average area fraction and number density of inclusions in the non-defect region were reduced to
about 0.002% and 1-2 mm 2, respectively, with the inclusion spacing of 400 pm and the size of Al,O; being 1-3 pum.

Keywords: automobile exposed panel; sliver defect; quantitative electrolysis; three-dimensional inclusions; aggregated inclusions; chain-like

inclusions

1. Introduction

The alloyed hot-dip galvanized sheets for automobile ex-
posed panels with high surface quality are under urgent de-
velopment with the increasing demands by high-grade auto-
mobile users. More attention has been given to controlling
the surface defects caused by steelmaking, which are further
interwoven with the defects formed in hot rolling, cold
rolling, and hot-dip galvanizing processes. Therefore, it is
difficult to identify, estimate, and develop the defects caused
by steelmaking.

There have been many studies on the surface linear de-
fects caused by steelmaking for the exposed automobile pan-
el, which can be divided into three categories by source: in-
clusions [1], mold powder [2], and bubbles [3-4]. ALO;,
Si0,, MgO-xCaO inclusions, and mold powders are found
along with these linear defects, that are usually entrapped by
the evolution of mold powder or captured by the near-menis-
cus hook in the mold’s primary solidified shell to degrade the
surface quality of the car exposed panel [5-12]. Yu e al. [12]
believed that large subcutaneous inclusions, mainly from
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deoxidized materials and trapped mold powders, could result
in surface defects, similar to the results obtained by Das et al.
[13]. Cui et al. [14] reported that Al,O,, SiO,, and silicon alu-
minum from the slag entry under the surface defects are the
main reasons for the formation of defects during cold rolling.
Genzano et al. [15] concluded that only direct observation of
the defect with SEM (scanning electron microscope) couldn’t
clearly identify the origin of the defect. Although numerous
surface defect studies have been conducted, they are mainly
focused on qualitative analysis [16—18], and only a few of
them investigate quantitatively to obtain an in-depth under-
standing of the distribution characteristics of inclusions, and
mold powders along with the linear defects on a cold-rolled
automobile exposed panel board.

Besides, to study the distribution characteristics of inclu-
sions along with the linear defect, the precise three-dimen-
sional analysis of inclusions is of great importance. Electro-
lysis approaches are often used to analyze the three-dimen-
sional inclusion morphology [19-25] that can be classified
into electrolyte-based methods: acidic and neutral. The high
efficiency of electrolysis can be achieved with acid electro-
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lyte, but it can destroy the inclusions of oxide, sulfide, and ni-
tride. The minimal unstable non-metallic inclusions in steel
can be extracted without causing damage by using a neutral
electrolyte, but the process’s by-products are complex. Also,
the current density and efficiency are reportedly low. The
electrolysis method has been rarely used so far to detect in-
clusions in surface defects.

The purpose of this study is to show the specific distribu-
tion characteristics of inclusions on cold-rolled alloyed hot-
dip galvanized sheet in the defect and non-defect zone for the
automobile exposed panel to explain the sliver defect forma-
tion mechanism. Quantitative electrolysis methods were used
to compare and quantitatively evaluate the three-dimensional
morphology, size, composition, quantity, and distribution of
inclusions in the defect and non-defect region. Automatic in-
clusion analysis on a polished sample and inclusion observa-
tion on the cross-section of the defect zone were further

Width direction

Sliver
zone

- Non-defect zone
Sampling
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tested to elucidate the forming mechanism of the sliver de-
fects on the automobile exposed plate.

2. Experimental
2.1. Sample characteristics

The defect on the surface of the cold-rolled alloyed hot-
dip galvanized car’s exposed panel was observed along the
sheet’s rolling direction, as shown in Fig. 1. The defect was
about 1000 mm long, and 3 mm wide, irregularly distributed
in the sheet’s wide direction. The chemical composition of
the automobile exposed panel is shown in Table 1. It is the
conventional ultra-low carbon BH (bake hardening) steel that
contains higher levels of Mn (about 0.65wt%), P (about
0.035wt%), and S (0.01wt%—0.015wt%) than the standard
ultra-low carbon interstitial free (IF) steel.

Zone L -

30 unit areas

Casting direction

Fig. 1. Macro-morphology of sliver defect.

Table 1. Chemical composition of automobile exposed panel wt%
C Si Mn P S Al Nb Ti (0] N
0.0024 0.0070 0.6380 0.0365 0.0130 0.0446 0.0049 0.0045 0.0016 0.0017

2.2. Quantitative electrolysis

Several 10 mm x 20 mm defect zone samples were cut out
from the sheet. After 5 min of cleaning with an ultrasonic al-
cohol cleaner, in an electrolytic solution consisting of brom-
ine methanol, deionized water, and 10vol% HCIl with a
volume ratio of 4:4:2, the samples were electrolyzed at the
different selected times under room temperature. The device
for electrolysis is shown in Fig. 2.

The inclusions have various morphologies because they
may be found far from or near the surface in the steel sheet.
Only the surface morphology can be studied without electro-
lysis rather than the three-dimensional morphology of inclu-
sions. However, the three-dimensional morphology of inclu-
sions at different locations can be studied using the quantitat-
ive electrolysis process, which is of great importance to ex-
plain the sliver defect formation mechanism. The zinc layer,
as well as a small amount of steel sheet, was gradually re-
moved by controlling the electrolytic time. The inclusions

near the steel sheet surface could be therefore exposed,
demonstrating the three-dimensional morphology. Eqgs.
(1)~(4) determined the electrolyte time, according to the spe-
cific thickness of the zinc sheet. The current surface density
was maintained at 0.01 A-mm .

Q=11 (1)
0
Npex+ OF Nzpe = = 2
3 o N T 2x16x10 P x6.02x 108 2
Mre - ipe
hpe = Mpe - pex- 3)
pFe'S
Moy 1z
gy = Mzn - Nzn> (4)
pZn'S

where Q is the electric charge (C) quantity; [ is the current
(A); t is the time of erosion (S); nge and nz,- are the mole
number of Fe** and Zn>" (mol), respectively; N, is the
Avogadro constant (6.02 x 10%); Mg, and My, are the molar
mass of Fe and Zn (kg'mol™), respectively; the area and
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Fig. 2. Schematic diagram of electrolytic device.

thickness of erosion are S (m”) and % (m), respectively; pr.
and p, are the density of steel and zinc (kg'm), respect-
ively.

2.3. Observation and analysis of inclusion

The samples were cleaned with alcohol after electrolysis
and then dried. The Carl Zeiss AG’s EV018 SEM-EDS
(scanning electron microscope—energy dispersive spectro-
meter) was used to analyze the three-dimensional morpho-
logy, composition, size, quantity, and distribution character-
istics of inclusions in the defect and non-defect zone. Each
defective sample contains fields 14 in the direction of width,
as shown in Fig. 1. Inclusions of samples along the rolling
direction were found from left to right. The area fractions of
inclusions in the defect and non-defect region were meas-
ured by Image J software at 100 magnification for 30 unit
areas in the defect region (4,—43, as shown in Fig. 1). Each
unit area was 1 mm? and the total area of each sample was
approximately 30 mm? in the defect or non-defect region.
TAAS (Inclusions Automatic Analysis System) has analyzed
the inclusions in the defect and non-defect region. IAAS con-
sists of SEM—EDS and inclusion analysis software of Fea-
ture (Oxford Instruments, UK), which can automatically ana-
lyze inclusion morphology, composition, size, quantity, and
distribution. Also analyzed were the inclusions in the cross-
section of the defect. The cross-section of the defective
sample was embedded in the mounting press, and the inlaid
sample was polished to a smooth surface. The longitudinal
morphology and thickness of zinc layer of the defect were
observed by SEM, and EDS analyzed inclusions at the inter-
face between the zinc layer and the steel sheet.

3. Results and discussion

3.1. Thermodynamic calculation

The evolution of inclusions during solidification were cal-
culated by FactSage 7.3 based on the steel compositions

shown in Table 1. Ftoxide (for oxides) and FSStel (for mol-
ten steel) solution databases were employed in Factsage 7.3
Equilib module. The result is shown in Fig. 3. It can be seen
that AL,O; and MnS are the major inclusions in the steel. Be-
cause the MnS precipitation temperature is lower than that of
the solidus line, it precipitates after the molten steel has been
solidified. One part of pure MnS inclusions are very small in
size [26—27], which ought not to be the main inclusions that
cause the surface defect. The other part of MnS inclusions
will precipitate on the core of Al,O; forming complex inclu-
sions of Al,O;—MnS. The endogenous inclusions that influ-
ence the surface defect of the alloyed hot-dip galvanized
sheet may, therefore, be Al,O; inclusions or complex inclu-
sions of Al,O;—MnS.

0.035 -

N
0.028 . — ALO,

0.021

0.014

Liquidus line

Inclusion content / wt%
Solidus line

0.007 |

0
1000 1200 1400 1600 1800
Temperature / °C

Fig.3. Evolution of inclusions during solidification determ-
ined from the thermodynamic database.

3.2. Inclusions in the defect and non-defect zone after
quantitative electrolysis

3.2.1. Determination of electrolytic conditions
Zinc-layered samples were electrolyzed for 5, 10, 15, 20,
and 25 min under 0.1 A constant electrolytic current and
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1 mm? electrolytic area. Fig. 4 is the defect zone morpholo-
gies with different electrolytic times. The zinc layer is
blocked without electrolysis, as shown in Fig. 4(a). In Fig.
4(b), the zinc layer is partially removed with electrolysis for 5
min. When the electrolytic time increases to 10 min, the zinc
layer is completely removed and the steel sheet is retained as
shown in Fig. 4(c). From Fig. 4(d), it can be deduced that the

Grain boundary

|

Steel substrate
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steel sheet starts to erode with electrolysis along the grain
boundary for 15 min. The steel sheet is further eroded along
the grain boundary after 20 min of electrolysis, as shown in
Fig. 4(e). Fig. 4(f) indicates that most of the steel sheet’s
grain boundary is lost after 25 min of electrolysis. Therefore,
with electrolysis for 5-20 min, the zinc layer can be removed
in varying degrees, which is ideal for inclusion observation.

Fig. 4. Defect zone morphologies with specific electrolytic time: (a) non-electrolysis; (b) 5 min; (c) 10 min; (d) 15 min; (e) 20 min;

() 25 min.

The inclusions gradually emerged from the surface at the
various positions after conducting electrolysis at different
times, and their three-dimensional morphology could be well
observed. Analytical results of polished morphologies, three-
dimensional morphologies, and energy spectrum for the in-
clusion in the defect zone are shown in Fig. 5. The observed
inclusions can be identified to be predominantly Al,O; with a
size of 2-10 um. As shown in Figs. 5(a)—5(c), they are
blocky, rod-like, or irregular in shape in each case. The in-
ternal composition and size of inclusions on the polished por-
tion are established by examining the polished morphology.
While the actual size of the inclusions is more precise and re-

3 -

g

4
i m 8 um

2 pm

#

2 pm

Fig.5. Polished and three-dimensional morphology and en-
ergy spectrum analysis result of (a) blocky, (b) rodlike, and
(c) irregular inclusions.

latively large, the external morphology is more practical by
observing the three-dimensional morphology. The combined
study of polished and three-dimensional morphologies can be
used to understand the internal and external characteristics of
inclusions comprehensively.

3.2.2. Inclusions of aggregation distribution in the defect
zone after quantitative electrolysis

The defect in the samples was evaluated from left to right
along the rolling direction, with quantitative electrolysis for
5-20 min. Interestingly, aggregated inclusions were ob-
served in the defect zone. Parts of the inclusion aggregation
were distributed discontinuously along the direction of
rolling, with a spacing of 3—7 mm, a length of 6—7 mm, and a
width of about 3 mm, covering the entire width of the defect.
Fig. 6 shows the map scanning result of the distribution of the
Al element in Zone 1 of the defect region as shown in Fig. 1,
this corresponds to the AL,O; distribution. The distribution of
O element is not shown in-depth here since it is identical to
Al distribution. The AL O; inclusion aggregation part can be
found to cover the entire width of the defect.

The aggregated inclusions for 30 unit areas, 4; to A,
shown in Fig. 1 were also analyzed based on the above ob-
servation. It is indicated that 45 mm™ and 0.08%, respect-
ively, are the average number density and area fraction of in-
clusions in the inclusion aggregation parts. The conventional
morphologies of inclusion in the parts of the inclusion ag-
gregation are obtained in Fig. 7. Such inclusions are granular,
large, or irregular in shape, which are found on the surface of
the steel sheet with size about 3—10 um. The analysis of the
energy spectrum reveals that these are Al,O; inclusions, some
of which contain a small amount of Mn and S. The elements
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Fig. 6. Map scanning of the distribution of the Al element in
the zone of defect and non-defect.

of Al, O, Mn, and S are normalized as listed in Table 2.
3.2.3. Inclusions of chain-like distribution in the defect zone
after quantitative electrolysis

Besides, the chain-like inclusions distributed along the

V. gp_ectrum 43 |
~ m

Fig. 7. Inclusions with (a—c) granular and (d—f) irregular shape in the inclusion aggregation parts.

3.2.4. Inclusions in the non-defect zone after quantitative
electrolysis

Also analyzed were the inclusions in the non-defect zone
following quantitative electrolysis. The result shows that in
the non-defect zone where the number density of inclusions

Table 2. Compositions of inclusions in the aggregation parts

of inclusions wt%
Inclusion (0] Al S Mn
1 47.30 49.92 0.90 1.88
2 48.07 51.93 0.00 0.00
3 52.22 42.74 1.26 3.78
4 49.09 48.02 0.72 2.17
5 50.00 50.00 0.00 0.00
6 48.65 51.35 0.00 0.00

rolling direction can also be observed between the inclusion
aggregation parts in the defect zone where multiple inclu-
sions are distributed discretely and discontinuously along the
rolling direction with different distances of 10-150 um. The
length of each chain-like inclusion ranges from 200 to 800
pm. Fig. 8 shows the morphologies of the chain-like inclu-
sion parts with different electrolysis times. The chain-like in-
clusion part shown in Fig. 8(d) is described as an example.
The chain-like inclusion part is about 200 pm long, in which
the inclusions are distributed with a spacing of 30-50 um
along the rolling direction. The map scanning result for the
distribution of elements shows that these inclusions are
mainly Al,Os as the usual inclusions in the cold-rolled sheet.
The specific inclusion morphologies 1-6 in Fig. 8(d) are
shown in Figs. 8(¢)-8(j), respectively. These inclusions are
approximately 3—10 um in size, circular or irregular in shape,
with a rough surface, situated at the steel sheet’s grain bound-
ary. The steel sheet started to erode along the grain boundary
after the zinc layer is removed completely, then inclusions at
the grain boundary slowly appeared. The average spacing of
inclusions in 30 chain-like inclusion parts was calculated by
the software of Image J as shown in Fig. 9. The inclusion
spacing can be found to be primarily within the range of
40-160 pum, with an average value of 68.76 pm.

Spectrum 3

Spectrum 6

o

is significantly reduced, there were no aggregated and chain-
like inclusions. Fig. 10 exhibits the map scanning results of
Al element distribution in the non-defect zone. At 100 mag-
nification, there were only a few dispersed inclusions distrib-
uted in the non-defect zone. The standard inclusion morpho-
logies in the non-defect region are shown in Fig. 11. Such in-
clusions are with granular or irregular shape and are situated
near the steel sheet top. These inclusions are about 1-3 pm in
size, which are smaller than the inclusions of the 3—10 pm in
defect zone. These are Al,O; inclusions containing a small
number of elements of Mn and S. Table 3 illustrates the nor-
malized contents of Al, O, Mn, and S. The Mn and S con-
tents in the non-defect zone inclusions are higher than those
in the defect zone, because the number of inclusions in the
non-defect region is smaller and the same volume of MnS
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Fig. 8. Typical chain-like inclusion morphologies with different electrolytic time: (a) 5 min; (b) 10 min; (c) 15 min; (d) 20 min; (e—j)
extended inclusion morphologies 1-6 in (d).

40t

Proportion / %
— — [\ [\
o W S W

W
T

0-40 40-80 80—-120 120—160160-200 >200
Inclusion spacing / pm

Fig. 9. Distribution of the inclusion spacing in the chain-like
inclusion parts.

Inclusion
\

.200 pm

Fig. 10. Map scanning of the Al element distribution in the
non-defect zone.

Int. J. Miner. Metall. Mater., Vol. 27, No. 11, Nov. 2020

20 pm

20 pm

precipitation shares higher content on these smaller Al,O; in-
clusions. Nevertheless, these small inclusions have little im-
pact on the surface consistency of the slabs.

3.2.5. Comparison of inclusions in the defect and non-de-
fect zone

The distributions of average inclusion area fraction for 30
unit areas in the defect zone of the inclusion aggregation parts
and the non-defect zone are obtained in Fig. 12. The area
fraction of inclusions in the inclusion aggregation parts is
between 0.04%-0.16%, with an average value of 0.08%,
which is higher than that in the non-defect zone with an aver-
age value of 0.0016%. In the non-defect zone, the number
density of inclusions is 1-2 mm 2, which is much less than
that in the defect zone of 40 mm .

To calculate and compare the inclusion spacing in the non-
defect zone and the defect zone of the aggregated and chain-
like inclusion parts easily, the inclusion spacing, L (um), is
estimated according to the following equation:

4
L=\¥= ®)

where N is the inclusion number per unit area (um ). Eq. (5)
is interpreted as being capable of corresponding to an equal
circle of the sample with an area of %, and the radius of the
circle is half the distance between two inclusions. Then Eq.
(5) is deduced from the following formula:

v=rls) ®

Fig. 13 shows the average inclusion size distributions in
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Fig. 11. Inclusions with (a—c) granular and (d—f) irregular shape in the non-defect zone.

Table 3. Compositions of inclusions in the non-defect zone

wt%
Inclusion (@) Al S Mn
1 39.82 54.49 2.13 3.56
2 39.32 50.17 3.75 6.76
3 40.12 51.43 3.13 5.32
4 40.61 48.33 3.69 7.37
5 43.03 4991 2.45 4.61
6 31.83 53.97 4.74 9.46
0.18
0.16 | * M Non-defect zone
2 014 x * % Defect zone
20.12
Z ok Yok
S 0.10 *
B x X 0.0798
20.08-——————*——*———— *
£ 0.06 N * * *
s * Jok
Eo0a K K *
<002} 0.0016
0 Jlllllllllllllllll-llllll--l.ﬂ

Al A} AS A7 A9 All A13 AIS Al7 A19 A2l A23 AZS A27 A29
Different areas

Fig. 12. Area fraction of inclusions for the non-defect and
defect zone in the various areas.

the above three areas for 30 unit areas. The inclusion spacing
of the aggregated and chain-like inclusion parts in the defect
zone is less than 100 um, with an average of 25.13 and 68.66
pum respectively. Nevertheless, the value in the non-defect is
about 402.66 pm, except for some non-inclusive regions. So,
it is believed that the inclusion spacing in the defect zone is
significantly smaller than that in the non-defect zone.
However, inclusions with a size smaller than 1 pm by
SEM-EDS at 100 magnification after electrolysis are diffi-
cult to be observed. Therefore, the IAAS was used for auto-
matic inclusion statistics for 40 mm’ in the defect and non-
defect zone to compare the small inclusions between the
zones. IAAS identified the proportions of inclusions with
varying sizes in the defect and non-defect zone as shown in
Fig. 14. The proportion of inclusions with a size of less than

B ~ 1 / —
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Fig. 13. Inclusion spacing in the non-defect zone and defect
zone containing chain-like inclusion parts and the aggregated
inclusion parts.

100

V) Non-defect zone
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60

Proportion of inclusions / %
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Fig. 14. TAAS analysis result of inclusions in the defect and
non-defect zone.

1 pm in the non-defect zone is higher than that in the defect
zone. The avearge inclusion sizes greater than 1 and 0.2 pm
in the defect zone are 4.45 and 1.61 um, respectively, larger
than 3.20 and 1.12 pm in the non-defect zone. The normal-
ized IAAS inclusion contents of O, Al, S, and Mn in the de-
fect and the non-defect zone are shown in Fig. 15. The con-
tents of S and Mn for inclusions in the defect zone are lower
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than those in the non-defect zone by IAAS. The results of
TAAS obtained as discussed above are identical to the results
of quantitative electrolysis. It is concluded that the inclusions
in the defect zone are mostly pure, large-sized Al,O; inclu-
sions, which are secondary oxidation products containing
less MnS. However, the inclusions in the non-defect zone are
mostly small-sized Al,O; inclusions, which are deoxidation
products that contain more MnS. During solidification, MnS
is easy to precipitate around these small inclusions and form
the complex Al,O;—MnS inclusions, so that the contents of
Mn and S for inclusions in the non-defect zone are higher
than those in the defect zone.

100

80

60

40

Inclusion compositions / wt%

20

Defect zone

Non-defect zone

Fig. 15. Normalized compositions of the inclusions in the
defect and non-defect zone.

3.3. Inclusions on cross-section of the defect zone

Inclusions on the cross-section of samples were also stud-
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ied after the above analysis of inclusions on the sample sur-
face. The defect zone cross-section was observed as shown in
Fig. 16. With a thickness of 7-10 pum, the zinc layer is
slightly fragmented. Besides, at the interface between the
zinc layer and the steel surface, granular and stripped inclu-
sions were observed as shown in Fig. 16(a). The founds of
Al,Os inclusions are indicated by the energy spectrum ana-
lysis in Figs. 16(b)-16(c). The zinc layer and steel sheet are
delaminated by the AL, O; inclusions, leading to some gaps in
the zinc layer. The Al,O; inclusions on the defect zone cross-
section are the same as the Al,Os in the aggregated and chain-
like inclusion parts on the defect zone surface.

3.4. Formation mechanism of sliver defect

There are few previous studies on the detail distribution
characteristics of inclusions in the defects. The results and
analysis described above can provide the basis for the defect
formation mechanism discussed as follows. The schematic
diagram of the sliver defect formation mechanism on the al-
loyed hot-dip galvanized automobile exposed panel surface is
described in Fig. 17, which involves the rolling cycle of the
defect, and the top and cross-section views of the defect are
shown in Fig. 17(a) and Figs. 17(b) and 17(c) in each case.

There are aggregated and chain-like Al,O; inclusion parts
along the rolling direction in the defect zone as revealed in
Fig. 17(b). In the defect area, the area fraction, number dens-
ity, and size of Al,O; are greater than those in the non-defect
zone. As Fig. 17(c) describes, Al,O; inclusions are also
present on the cross-section of the defect region, including
only the inclusions near the steel sheet surface as shown in

* Zinc layer

Granular inclusion —-

“Striped
inclusion
10 pm

Steel substrate

Al (b) Spectrum 1
=S
s| 0O
} 10 um
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Fig. 16.
inclusions in the cross-section of the defect zone.

Schematic diagram (a), EDX point analysis (b), and (c) element map scanning analysis of observed morphology of
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Fig. 17. Schematic diagram of the defect on the automobile exposed panel surface: (a) the formation process, (b) the top view, and

(c) the cross section.

Fig. 17(c) are responsible for the surface defect. The AlL,O;
inclusions in the defect zone are predominantly large, which
may result from secondary oxidation products or clogging of
the nozzle. Most of them are granular, large, or irregular in
form without apparent elongation. It’s because these inclu-
sions are brittle and non-deformable inclusions with a high
melting point and low ductility.

After the rolling process, large-size AL,O; inclusions like
in clustered form near the slab surface are completely
crushed, then discretely dispersed along the rolling direction
and slowly revealed in aggregated or chain-like shape. The
steel surface will be scratched and these inclusions will re-
duce the deformability with high stiffness. The steel sheet in-
tegrity is lost, resulting in accumulation of stress and poor
bonding between the substrate and the inclusions. Accord-
ingly, the surface defect is finally formed when the sheet is
rolled to a certain thickness. In addition, during the process of
alloying and hot-dip galvanizing, these inclusions can easily
interfere with the galvanizing and alloying (GA) reaction, al-
ter the relative proportions of the various Fe—Zn intermetallic
phases, and result in a deviation from the usual matt surface
of the alloyed hot-dip galvanized strip. Consequently, the
sliver defect is more obvious after alloying and hot-dip gal-
vanizing [18,28]. The harmfulness increases as the inclusion

size increases. The frequency of large Al,O; inclusions near
the surface of the IF steel slab (such as within 1/8 of the slab
surface or within 3.5 mm of the slab surface) should be
strictly controlled and the critical size of the harmful inclu-
sions is approximately 100 um [1-2,7,14]. Therefore, the
main countermeasure for controlling surface defects from
Al,O; inclusions is to decrease the large-size Al,O; inclu-
sions near the slab surface.

4. Conclusions

The sliver defect on the cold-rolled alloyed hot-dip gal-
vanized automobile exposed panel was studied to reveal the
specific distribution characteristics of inclusions along with
the sliver defect and to clarify its formation mechanism. The
findings are as follows.

(1) It was discovered that using the quantitative electro-
lysis method, an aggregated or chain-like inclusion pieces
were dispersed in the defect containing Al,O; inclusions
formed in the steelmaking process, which were crushed and
exposed during the rolling process, resulting in the sliver de-
fect on the cold-rolled surface.

(2) The Al O; inclusion aggregation parts were distrib-
uted discretely in the defect zone along the rolling direction
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with a spacing of 3—7 mm, a length of 67 mm, and a width
of approximately 3 mm. The size of Al,O; is mainly 3—10
pm. The inclusion area fraction is 0.04%—-0.16% with an av-
erage value of 0.08%, the number density of inclusions is 40
mm * and the average inclusion spacing is 25.13 pum.

(3) In the defect zone, the inclusion spacing in the chain-
like inclusion parts is largely 40-160 um with an average
value of 68.76 um. AL,O; is also primarily 3—10 pm in size.

(4) The number density and the size of inclusions in the
non-defect zone decreases substantially compared to those in
the defect zone. The average inclusion area fraction, inclu-
sion number density, and inclusion spacing is approximately
0.002%, 1-2 mm 2, and 400 um, respectively, with an ALO;
size of 1-3 um.
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