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Abstract:

Plain strain deformation was performed on solid steel samples at 1473 K and semi-solid
steel at 1743 K. The deformation of inclusions under reductions of 10%, 20%, and 30%
was studied. In solid steel deformed at 1473 K, the average aspect ratio of inclusions
increased from 1.23 in the original slab to 2.07, 2.23, and 2.30 under the reduction of
10%, 20%, and 30%. The deformation of inclusions in semi-solid steel was hardly
influenced by reduction. The deformation of inclusions was much more in solid steel
than that in semi-solid steel in the current study. Inclusion deformation was determined
by the difference of hardness between inclusion phase and steel matrix. Stress-strain
curves during deformations indicated that semi-solid steel matrix at 1743 K was much
softer than the solid steel matrix at 1473 K. Compared to the composition of inclusions
in the original slab, the CaS content of inclusions in steel samples deformed at 1473 K
was higher, while it was lower in the sample deformed at 1743 K. The CaO content
changed inversely. Inclusions in steel samples deformed at 1473 K were a little harder
than those in steel samples deformed at 1743 K due to the thicker CaS shell formed in
the outer layer. The composition transformation of inclusions was mainly caused by the
change of the thermodynamic equilibrium between steel matrix and inclusions at
various temperatures. In solid steel at 1473 K, the strain concentrated on the soft
calcium aluminate phase, resulting in higher deformation amount of inclusions. In
semi-solid steel at 1743 K, the soft steel matrix deformed more than inclusions, leading
in turn to a smaller deformation of inclusions.

Keywords:

Reduction, semi-solid steel, inclusion deformation, inclusion transformation, pipeline

steel
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1. Introduction

Inclusion deformation during the rolling process is essential for quality control of rolled
products of pipeline steels. The impact factors of inclusion deformation can be divided
into two categories. The first one is the properties of inclusions. Baker!! obtained the
relationship between relative plasticity and hardness of inclusions through the harness
measurement of inclusion and matrix at different temperatures for a number of real and
artificial inclusion systems. It was found that the relative plasticity of inclusion was
related to the ratio of inclusion hardness to steel hardness. It was reported that Young’s
modulus exhibited a good linear correlation with Vickers hardness at low temperature,
which was used to evaluate the low-temperature deformability of inclusions!>*l,
However, there was no relationship between high-temperature deformation and low-
temperature Young’s modulus of inclusions. Another key factor of inclusion
deformation is the property of steel matrix. Many studies focused on the
recrystallization behavior, crack formation and mechanical properties of solid steel
during rolling process>”.. However, behaviors of steel in the semi-solid state at the
temperature higher than conventional rolling temperature would be quite different but
studied seldomly. Since Spencer’s pioneering work in 197118, semi-solid processing of
metals and alloys was studied mainly on behaviors and phenomena such as
microstructure evolution and segregation formation!® '), The technique has not been
used in commercial production of steel. Soft and heavy reduction technologies were
performed to casting steels with a liquid core in the purpose of eliminating defects such
as center segregation and porosity!!''"!*]. But the soft reduction amount was limited by
the formation of internal cracks!'¥. Heavy reduction technology was applied at the end
location of solidification stage with high solid fraction of 0.8-1.0!'> '], Difficulties in

sampling from steel production and limitation of heating temperature endured by



O J o U b WD

OO OO OO U OO OO DRSS SEDSSEDEWWWWWWWWWWNDNNDMNDNDNDNDNDNMNMNNRRRRRRRRRR
GO WNEFPFOWO-JOHUE WNEFOWOOWJTOHNUE WNRF OWOJIOUPE WNREFPE OWOJIOUdWNE OWOJoU WD E O

experimental furnace impeded the studies on soft and heavy reduction technologies!'!.
Moreover, the preoccupation of these studies has never been inclusions. Though
inclusion transformation during solidification and cooling process of steels were widely
studied"’2%, the effect of semi-solid state at high temperature on inclusion
transformation and deformation was rarely reported. In the current study, inclusion
deformation during the plain strain compression of solid steel and semi-solid steel was
studied using Gleeble HDS-V40 CC-DR and semi-solid simulator. The effect of
compression reduction on inclusion deformation was discussed.

2. Methodology

Steel samples were cut from a slab of pipeline steels with main compositions listed in
Table 1. A Gleeble HDS-V40 thermomechanical simulator was used for direct
resistance heating and plain strain deformation trials. Six tests were carried out in a
vacuum of 5 x103 mbar. Thermocouples were connected to the surface of each steel
sample at the midpoint of length. Steel samples with the size of 160 mm x 10 mm x
25 mm were clamped and water cooled at both ends, while the center part was heated
to the target temperature under the control of thermocouple. The layout is shown in
Figure 1.

Table 1 Main compositions of steel (wt %)
C Si Mn P S Al Ca Mg T.O
0.073 0.18 1.48 | 0.0082 | 0.0014 | 0.021 | 0.0008 | 0.0003 | 0.0019

The experimental scheme is listed in Table 2. Samples were heated to target
temperatures at the rate of 5 K/s, held for a certain time, compressed with set reduction,
and cooled rapidly. When the target temperature was 1473 K, the soaking time was 120
s. The soaking time was reduced to only 1 s under the target temperature of 1743 K to
avoid the leakage of liquid steel. The last sample was heated without reduction to verify

the formation of a semi-liquid zone in steel sample at 1743 K.
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Figure 1 Device layout

Table 2 Experimental scheme

Sample Temperature (K)|Holding time (s)| Reduction (%) | Strain rate (s™)
A 1473 120 10% 5
B 1473 120 20% 5
C 1473 120 30% 5
D 1743 1 10% 5
E 1743 1 20% 5
F 1743 1 30% 5
G 1743 1 0% -

Metallographic samples were cut from the center of samples after deformation, as
shown in Figure 2. Automated scanning electron microscope was used for inclusion
analysis, concentrating on the dash area, which was 3 mm in width. The accelerating
voltage was 15 kV and the minimum size of detected inclusions was set as 2 pm.
Another metallographic sample was cut from the original slab of pipeline steels as the

baseline for the comparison of inclusion deformation.

Length %

|IIII|IIIl|l||||lIll|IIII|IIIIIIIII|IIIl||III|IIII|IIII|IIIIllIII|IIII|IIII|IlII|II|l|ll|||Illl|llll|llll|llllIlIII|IIII|IIII|!|II|IIII]IIIllIlII|llll|I|Il|IlIl|
0 1 23 4 § 6 7 8§ 9 10N 2 B4 45 1

Thickness

Figure 2 Sampling of metallographic sample
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Liquidus and solidus of steel were calculated using FactSage 7.0. Thermodynamic
calculation indicated that the solidus and liquidus of steel were 1730 K and 1796 K
respectively. After plain strain deformation trials, the cross section at the midpoint of
the sample, which was heated up to 1743 K without deformation, was prepared for
metallographic analysis. Shrinkage cavities were observed from the center of the
sample, as shown in Figure 3. It was inferred that there was a semi-solid zone formed
in the center of samples heated up to 1743 K, while steel sample at 1473 K was pure
solid. It should be noticed that the actual temperature in the center of the sample was a
little bit higher than that detected by the thermocouple, which was connected to the

sample surface.

— y

Figure 3 Shrinkage cavities in the center of steel sample heated up to 1743 K without
deformation

3. Inclusion deformation in solid and semi-solid steel

Figure 4 shows the elemental mapping of a typical inclusion in original slabs. The
average composition of inclusions in slabs was 60.41%Al1,03-17.49%CaO-
10.77%Mg0O-11.33%CaS. The inclusion contained a Al,O3-MgO-rich core and a
Al>,03-CaO-CaS outer layer. Inclusions were near-spherical before deformation with an
average aspect ratio of 1.23. The aspect ratio of inclusions was the ratio of the maximum

to minimum diameter of inclusions.
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MgO-Al,O4
CaS

AlLO,:Ca0 Mg

Figure 4 Elemental mapping of inclusions in original slab
The aspect ratio distribution of inclusions in steel samples deformed at 1473 K and
1743 K is shown in Figures 5 and 6. Each dot represented an inclusion particle. The
aspect ratio of each inclusion was denoted by dot size. There was no obvious difference
along thickness or width of each sample. The size of dot in Figure 5 was larger than

that in Figure 6, indicating a larger deformation of inclusions at 1473 K than 1743 K.

Figure 7 shows the average aspect ratio of inclusions in samples deformed at various
temperatures and reductions. The average aspect ratio of inclusions increased from 1.23
in the original slab to 2.07, 2.23 and 2.30 in steel samples deformed at 1473 K with the
reduction of 10%, 20%, and 30%. The corresponding average aspect ratios of inclusions
were 1.26, 1.27 and 1.29 in steel samples deformed at 1743 K. The aspect ratio of
inclusions increased with reduction in the solid steel, while it changed little in the semi-

solid steel during the compression process.
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Figure 5 Aspect ratio distribution of inclusions in steel samples deformed at 1473 K
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Figure 6 Aspect ratio distribution of inclusions in steel samples deformed at 1743 K
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Figure 7 Variation of aspect ratio of inclusions with compression temperature and
reduction

4. Composition of inclusions

Inclusions in steel samples deformed at 1473 K were plotted in CaO-CaS-Al,03-MgO
phase diagrams as shown in Figure 8. Each dot represented an inclusion. If the CaS
content of inclusion was higher than MgO content, it was plotted in the triangle of CaO-
CaS-ALOs, otherwise in the triangle of CaO-Al03-MgO. The average composition of
inclusions in each sample was plotted as a star. The average compositions of inclusions
in steel samples deformed at 1473 K with different reduction were similar. It was
61.43%A1,03-13.38%Ca0-12.34%Mg0O-12.85%CaS under the reduction of 10%.
When reduction increased to 20% and 30%, the average inclusion compositions were
60.59%A1203-13.03%Ca0-12.74%Mg0O-13.69%CaS and 62.73%Al>03-6.96%CaO-
12.64%MgO-17.67%CaS, respectively. Compared to the average inclusion
composition in the original slab, the CaO content of inclusions in steel sample deformed
at 1473 K decreased about 6%, while the CaS content changed inversely. It indicated

the transformation of inclusions from CaO to CaS occurred in the solid steel during the
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heating process.
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Number density: 21.9 #/mm?

Area fraction: 130.0 ppm

25

100 Sty V)
MgO 0 25 50 75 100

mass (%) Al O,

—— Liquidus at 1873k CaQ
Y Average composition 100 75 50 25 0 Cas

Average diameter: 2.8 pm 0 100
Number density: 19.8 #mm?
Area fraction: 135.7 ppm

25 75

MgO 0 25 50 75 100

—— Liquidus at 1873K  CaQO
% Average composition 100 75 50 25 o CaS
Average diameter: 2.8 pm 0

Number density: 22.7 #mm?
Area fraction: 151.4 ppm

25

100 eiss O
MgO0 25 50 75 100
mass (%) ALO,

(©)

Figure 8 Distribution of inclusion composition in steel samples deformed at 1473 K

with the reduction of (a) 10%, (b) 20%, and (c) 30%
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Figure 9 shows the elemental mapping of typical inclusions in steel samples deformed
at 1473 K. There were MgO-Al,O3 phase, Al,03-CaO-MgO phase, and CaS outer layer
in inclusions. The amount of CaS layer in Figure 9 was slightly higher than that in
Figure 4, which was consistent to the transformation of inclusions from CaO to CaS.
Inclusions were elongated during the plain strain deformation at 1473 K. The shape of
inclusions changed from near-spherical before deformation to ellipsoid with the long

axis along the direction of sample length.
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Figure 9 Morphology and elemental mapping of inclusions in steel samples deformed
at 1473 K with the reduction of (a) 10%, (b) 20%, and (c) 30%
The composition of inclusions deformed in the semi-solid steel with a surface
temperature of 1743 K was different from that in steel deformed at 1473 K. Figure 10
shows the distribution of inclusion composition in steel samples deformed at 1743 K.
The red star moved towards the low melting point area in the CaO-CaS-AI1203-MgO
phase diagram. Average compositions of inclusions in steel samples with reduction of
10%, 20%, and 30% were 58.61%Al1,03-22.03%Ca0-12.53%Mg0-6.83%CaS,

59.31%A1203-20.12%Ca0-12.60%Mg0O-7.97%CaS, and 58.63%A103-20.69%Ca0O-
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11.14%Mg0-9.64%CaS, respectively. The CaO contents of inclusions in steel samples
deformed at 1743 K were about 3% and 10% higher than those in the original slab and
steel samples deformed at 1473 K. The CaS content changed inversely by about 3%
and 7% correspondingly. The transformation between CaO and CasS in inclusions in the

semi-solid steel at 1743 K was contrary to that in the solid steel at 1473 K.

—— Liquidusat1873K  CaO

Y Average composition 100 75 50 25 0 CaS
Average diameter: 3.2 um 100

Number density: 14.2 #/mm?
Area fraction: 155.9 ppm

75
mass (%)

(a)

—— Liquidus at 1873K  CaO

% Average composition 100 75 50 25 o CaS
Average diameter: 3.2 ym 100
Number density: 16.6 #/mm?
Area fraction: 149.7 ppm

25 75

0 Y
MgOO0 25 50 75 100
mass (%) Al,O,

(b)
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—— Liquidusat 1873k  CaO

Y Average composition 100 75 50 25 o CaS
Average diameter: 3.4 ym 0 100
Number density: 15.4 #mm?
Area fraction: 158.1 ppm

25

50

75

100 - 5
MgO 0 25 50 75 100

mass (%) Al,O4

(c)
Figure 10 Distribution of inclusion composition in steel samples deformed at 1743 K
with the reduction of (a) 10%, (b) 20%, and (c) 30%
The elemental mapping of typical inclusions in steel samples deformed at 1743 K was
shown in Figure 11. Phases in inclusions were the same as that in inclusions in steel
sample before deformation and deformed at 1473 K. While the amount of CaS outer
layer slightly decreased. After deformation of the semi-solid steel matrix under the

reduction of 10%, 20%, and 30%, inclusions were still near-spherical.
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Figure 11 Morphology and elemental mapping of inclusions in steel samples
deformed at 1743 K with the reduction of (a) 10%, (b) 20%, and (c) 30%

5. Thermodynamics of inclusion transformation

The inclusion transformation during solidification and cooling processes of steel was
calculated by FactSage 7.0 with databases of FactPS, FToxid, and FSstel, as shown in
Figures 12. Inclusions were liquid calcium aluminate and solid spinel in the molten
steel. The liquid phase transformed into solid phases of CaO-2Al1,03, MgO-Al>O3, and
CaS in semi-solid steel. The phase of CaO-2MgO-8Al>O3 precipitated with the further
decrease of temperature, along with the decrease of MgO-Al>O3 phase and increase of
CaS phase. Inclusions changed from AlO;-CaO-MgO to AlO3-CaS-MgO-CaO
through the whole solidification and cooling processes. The equilibrium compositions
of inclusions at 1473 K and 1743 K were 65.06%A1,03-3.80%Ca0-9.22%MgO-
21.91%CaS, and 64.91%A1,03-10.97%Ca0-9.78%Mg0O-14.33%CaS, respectively.
The calculated values were quite different from the detected inclusion compositions,
since the equilibrium was hardly reached during the short soaking time at 1473 K and
1743 K. Another reason was from inaccuracy of detecting temperature. The temperature
in the center of the steel sample was higher than the surface temperature detected by
the thermocouple. As shown in Figure 12, in solid steel, the equilibrium composition
of inclusions was nearly constant under 1704 K without consideration of MnS phase.

However, in liquid or semi-solid steel, the equilibrium content of CaO increased with
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higher temperature, while CaS content decreased and disappeared.
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Figure 12 Inclusion transformation during solidification and cooling process of steel

6. Mechanism of inclusion deformation

The maximum stress obtained from the stress-strain curves of plain strain deformations
was shown in Figure 13. It increased with reduction under the same temperature. For
steel samples deformed at a certain temperature, reduction was a key factor affecting
inclusion deformation, as the steel matrix and inclusions were similar. However, under
the same reduction, the aspect ratio of inclusions after deformation was decided by the
difference of hardness between inclusion phase and steel phase!! 2!!. For the hardness
of steel matrix, Figure 13 also showed that the maximum stress at 1743 K was
significantly smaller than that at 1473 K under the same reduction, indicating a lower

hardness of the semi-solid steel matrix at 1743 K than the solid steel matrix at 1473 K.



O J o U b Wb

OO OO OO U U U OO B BBRSESESEDSDDWWWWWWWWWWNDNNDMNDNDMNDNMNMDNMNNMNNRRRRRRRRRR
GO WNRFPFOWO-JOHNULE WNEFOWOWJOHUEWNRF,F OWOJIOHUE WNREFPFOWOJIOUdWNE OWOOJoyU WPk o

250

—e— 1473 K
{--o-- 1743 K
© 200 °
o
é /
& 150 °
2 —
s )
wn
£ i
£ 100
£
3
S 50
--©
@ e m [5)
0 T T T T T T T T T T T
5 10 15 20 25 30 35

Reduction (%)

Figure 13 Variation of Maximum stress with reduction and temperature
The difference of inclusion deformation in solid steel at 1473 K and semi-solid steel at
1743 K is proposed in Figure 14 by comparing the difference of hardness between
inclusion phases and steel matrix. The sum strain of inclusion phase and steel matrix
was represented by the shaded area in the lower part of Figure 14, which increased with
reduction at the same temperature. The shaded areas were equal among samples
deformed under the same condition of reduction. In terms of inclusions, phases of
inclusions were MgO-Al>03, Al,03-Ca0O-MgO, and CaS in the original slab, as well as
samples deformed at 1473 K and 1743 K. For each case, the content of spinel was nearly
the same, while the content of CaS outer layer was various. The CaS layer in inclusions,
with a melting temperature of 2673 K, was a hard shell wrapped around low melting
point calcium aluminate and the hard spinel core. More stain concentrated on soft phase
than hard phasel??l. Although inclusions in steel samples deformed at 1473 K were
harder than those in steel samples deformed at 1743 K due to the thicker CaS shell.
With consideration of the hardness of steel matrix, the hardness of semi-solid steel was

much lower than solid steel. The smaller difference between soft inclusion phase and
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soft steel matrix resulted in a lower aspect ratio of inclusions in semi-solid steels after
deformation. In Figure 14, though shaded areas were equal, the dark area, which

represented the strain on inclusions was larger in steel samples deformed at 1473 K.

slab 1473 K 1743 K
plane strain deformation
| I

solid steel semi-solid steel
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—

straint

\
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Figure 14 Deformation mechanism of inclusions in solid and semi-solid steel

7. Conclusions

In the current study, deformation of inclusions in both solid and semi-solid steel

samples under various reductions was studied by experiments and thermodynamic

analysis. Following conclusions were derived:

(1) A semi-solid zone was formed in the center of the steel sample heated up to 1743
K. Shrinkage cavities were observed. The maximum stress obtained from stress-
strain curves of plain strain deformations indicated the semi-solid steel matrix at
1743 K was much softer than the solid steel matrix at 1473 K.

(2) The deformation of inclusions was much more in the solid steel deformed at 1473

K than that in the semi-solid steel deformed at 1743 K, when the reduction was
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under 30%. In the solid steel deformed at 1473 K, the aspect ratio of inclusions
increased with reduction, while the deformation of inclusions in the semi-solid
steel changed little with reduction.

The CaO in inclusions transformed into CaS in the solid steel at 1473 K, while the
CaS content of inclusions in the semi-solid steel at 1743 K was lower than that in
the original slab. Thermodynamic calculation showed that inclusions in steel
samples deformed at 1473 K were harder than those in steel samples deformed at
1743 K due to the formation of a thicker CaS shell.

In the semi-solid steel at 1743 K, less strain was concentrated on inclusions due to
smaller hardness difference between the soft steel matrix and inclusions, resulting
in a smaller deformation of inclusions during plain strain compression. Though
there was a thicker CaS layer of inclusions in the solid steel at 1473 K, the amount
of deformation was higher than that in the semi-solid steel at 1743 K due to bigger
hardness difference between soft calcium aluminate in inclusions and hard steel

matrix at 1473 K.
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Figure 11 Morphology and elemental mapping of inclusions in steel samples deformed

at 1743 K with the reduction of (a) 10%, (b) 20%, and (c) 30%

Figure 12 Inclusion transformation during solidification and cooling process of steel

Figure 13 Variation of Maximum stress with reduction and temperature

Figure 14 Deformation mechanism of inclusions in solid and semi-solid steel
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Table 1 Main compositions of steel (wt %)

Si

Mn

P

S

Al

Ca

Mg

T.0

0.073

0.18

1.48

0.0082

0.0014

0.021

0.0008

0.0003

0.0019
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Table 2 Experimental scheme

Sample Temperature (K)|Holding time (s)| Reduction (%) | Strain rate (s™)
A 1473 120 10% 5
B 1473 120 20% 5
C 1473 120 30% 5
D 1743 1 10% 5
E 1743 1 20% 5
F 1743 1 30% 5
G 1743 1 0% -




