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Abstract: Industrial tests and thermodynamic calculations were utilized to investigate the source
and formation of magnetic particle inspection defects identified on the near-surface of the Cr5
back-up roll forged ingot, which was used in large cold rolling mills. The results showed that the
linear aggregating SiO,-MnO-Al,Oj3 liquid inclusions up to 3 mm led to the flaw detection failure.
5i0,-MnO-Al, O3 liquid inclusions were firstly formed in the inductive furnace. Due to its low
contact angle, a huge amount of 5i0,-MnO-Al, O3 liquid inclusions were inherited into the forged
ingot. The formation of SiO,-MnO-Al,O3 liquid inclusions was attributed to the over-oxidation and
relatively low aluminum content in the molten steel, as calculated by Factsage 8.1. Controlling the
amount of aluminum in molten steel during the smelting process could modify the formation of
5i0,-MnO-Al, O3 and CaO-5i0,-Al, O3 liquid oxide into solid Al,O3 type inclusions that were easily
removed. Besides, the CaO-5i0,-Al,O3 liquid oxide could be transformed from CaO-Al,O;3 type
oxide by the significant loss of aluminum content during the VD process or slag entrapment. Certain
content of aluminum in the molten steel could improve the flaw detection caused by the aggregating
5i0,-MnO-Al, O3 inclusions effectively.

Keywords: Cr5; back-up roller; forged ingot; large-size inclusions; SiO»-MnO-Al,Os; contact angle;
aluminum deoxidation; magnetic particle inspection; defects

1. Introduction

In recent years, rolling mills have been making progress to meet the ever-increasing
needs for high-quality steel products, particularly in China. Accordingly, the work roller
and back-up roller are required to exhibit superior performance such as exceptional fatigue
strength under high load and speed service conditions [1-7].

It is widely recognized that increasing Chromium content could reduce wear loss
linearly [8-11]. Therefore, the chromium content of backup rollers has increased from
1.2% up to 3% and 5% in the 1970s [9,12,13]. The appearance of vacuum refining and
electro-slag remelting (ESR) technology guaranteed the goal of high carbon with high alloy
elements content and achieved the low hydrogen content [13,14]. Adding alloy elements
like Mo, V, and W into backup rollers could also promote mechanical properties further
as required. Nowadays, backup rollers were classified into Cr3 series and Cr5 series by
their chromium content [8,9,15]. Non-destructive testing (NDT) technology, e.g., ultrasonic
testing (UT), magnetic particle inspection (MPI), radiographic testing (RT), etc., have been
widely used in the industry [16]. MPI was utilized frequently among these methods owing
to the demanding requirements of surface and near-surface quality in rollers More and
more defects were considered as metallurgical defects, which were caused by inclusions
created in deoxidation, reactions between molten steel, slag and refractory, or even slag
entrapment [17-24]. Jamil et al. [24] found that alumina and oxide types non-metallic
inclusions caused the failure of ultrasonic testing in the sugar mill shaft. Lu et al. [25]
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found that large-sized, long-striped MnS inclusions were the major cause of the magnetic
particle testing failure in the heavy truck crankshaft. Wang et al. [26] also found that the
aggregation of single Al,O3 particles and Al,Oj3 clusters existed on the surface of 80 t
20Cr-8Ni stainless ingot, which failed the penetrating testing.

However, the studies aimed at promoting the properties of rollers were mainly around
the after-casting manufacturing procedure, e.g., obtaining ideal characteristics of carbides,
microstructure by heat treatment, etc. [27-30]. Meanwhile, few studies concerning the
evolution and influence of inclusions in the large forged ingots were found [24]. Conse-
quently, combined the appearance of ultrasonic defects on the post-forging rollers with
the corresponding specimens during the plant steelmaking process, the origin, evolution,
and improvement of defects have been analyzed and clarified. Besides, under the different
deoxidation processes, the corresponding evolution and formation mechanism of oxide
inclusions aided by thermodynamics calculation and plant trials were discussed as follows.

2. Materials and Methods
2.1. Experimental Procedure

The steelmaking process of 50ton Cr5 type backup roller could be briefly described as
“induction furnace (IF) — ladle furnace (LF1) — ladle furnace (LF2) — vacuum degasser
(VD) — ladle furnace (LF3) — vacuum casting (VC)”, as shown in Figure 1 The return
scrap and alloy raw materials were melted in the IF. Then the deoxidation, desulfurization,
and composition adjustment took place in LF1, which served as a pre-refining procedure.
After the LF2 refining process, the vacuum degasser mainly undertook to degas especially
dehydrogenation. Afterward, LF3 was considered to fulfill the final composition adjustment
and superheat degree requirements before vacuum casting. To trace the origin of the defects,
we implemented the tracking and analysis during the whole metallurgical process. And the
original deoxidizer was silicon-aluminum (Si-Al) complex deoxidizer (Si: 65% in mass%,
Al: 25% in mass%).

Lollipop steel specimens quenched by water and slag were sampled at different
smelting stages i.e., the end of IF smelting, the beginning and end of each LF refining
process, the vacuum-breaking of VD, and the beginning of VC, which were named by
their chronological order, respectively. The defective parts sampled after forging and fine
machining were rechecked and illustrated by a magnetic particle flaw detector, which
was processed into 15 mm X 15 mm X 15 mm cubes to achieve the defective location
and characteristics by optical microscope, as shown in Figure 2. All the specimens in
the smelting process were machined to 10 mm x 10 mm x 10 mm cubes for testing and
analysis. Schematic illustrations of the metallurgical process and sampling were shown in
Figure 1.
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Figure 1. Schematic illustration of original metallurgical process and sampling.
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Figure 2. Sampling and defective part characteristics on the roller.

2.2. Analysis Method of Composition and Micro-Inspection

The [Si], [Mn], [Al], [Ca] contents in molten steel were determined by inductively
coupled plasma optical emission spectrometer method (ICP-OES). (ThermoFisher, Waltham,
MA, USA) The total oxygen contents were analyzed by the inert gas fusion-infrared ab-
sorptiometry method with an accuracy of £0.0001%. The compositions of slag specimens
that corresponded with steel specimens, respectively, were determined by X-ray fluores-
cence spectrometer (XRF). (PANalytical B.V., Almelo, The Netherlands) Additionally, the
steel specimens were all well-ground and polished for the following micro-inspection.
Scanning electron microscopy (SEM) (FEI, Hillsboro, OR, USA) and energy-dispersive
X-ray spectroscopy (EDS) (Bruker, Billerica, MA, USA) for the micro-inspection. The maxi-
mum diameter of inclusions was considered as the size of the inclusions. Afterward, the
composition of steel and slag specimens is shown in Tables 1 and 2, respectively.

Table 1. Main chemical composition of steel specimens in mass %.

Specimen No. Stage C/% Si/% Mn/% P/% S/% Cr/% Al/% Cal% O/%
Al IF-end 0.407 0.23 0.29 0.0095 0.0034 3.32 0.0018 0.0003 0.0242
A2 LF1-initial 0.422 0.22 0.29 0.0092 0.0034 3.27 0.0015 0.0008 0.0285
A3 LF1-end 0.433 0.19 0.32 0.0098 0.0025 3.30 0.0036 0.0003 0.0045
A4 LF2-initial 0.423 0.17 0.32 0.0098 0.003 3.24 0.0032 0.0003 0.0067
A5 LF2-end 0.519 0.49 0.60 0.0113 0.0005 5.20 0.0076 0.0062 0.0021
A6 VD-end 0.539 0.46 0.60 0.0112 0.0004 5.20 0.0063 0.0012 0.0022
A7 LF3-end 0.538 047 0.60 0.0113 0.0004 5.25 0.0067 0.0017 0.0017
A8 VC- initial 0.536 047 0.60 0.0117 0.0006 5.27 0.0062 0.0006 0.002
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Table 2. Main chemical composition of slag specimens in mass %.
Specimen No. Stage CaO SiO, Al,O3 MnO Cr O3 FeO CaF,

Al [F-end 591 46.30 19.90 13.30 6.08 3.51 0.17
A2 LF1-initial 6.62 42.20 19.10 11.70 7.19 3.63 0.32
A3 LF1l-end 63.17 19.40 6.48 0.16 0.14 0.48 3.86
A4 LF2-initial — — — — — — —
A5 LF2-end 61.69 19.30 4.55 0.03 0.04 0.25 8.07
A6 VD-end 58.91 20.80 6.51 0.02 0.03 0.16 7.06
A7 LF3-end 58.25 19.10 6.99 0.04 0.05 0.38 7.98
A8 VC- initial 57.83 19.10 6.50 2.30 0.05 0.35 7.59

3. Results

3.1. Analysis of Defective Part on the Ingot

The defective parts that failed the magnetic particle inspection test were investigated
through SEM and EDS analysis method, which is shown in Figure 3. A linear and aggre-
gating defect up to 3 mm was observed, which could lead to the failure of flaw detection
directly, as shown in Figure 3a. Based on the element mapping of defects, the linear and
aggregating defect is composed of single SiO,-MnO-Al, O3 inclusion, which presented
irregular in shape and uneven in size, as shown in Figure 3b. The morphology and element
mapping of single and large-size inclusions are shown in Figure 3c,d, respectively. The
large Si0O,-MnO-Al,Oj3 inclusion that demonstrated in irregular plate strip is up to nearly
372 um. In general, the SiO,-MnO-Al,O3 type inclusions considered as easily deformable
have a low liquidus temperature and contact angle, which could increase difficulties of
the removal by its floatation [31-33]. Besides, large-size inclusions, e.g., SiO;-MnO-Al, O3,
CaO-5i0;-Al, 05 inclusions with low contact angles were also considered to have a poor
tendency of agglomeration [34]. However, Vantilt et al. [32] found the cluster and agglom-
eration of liquid, spherical SiO,-MnO-Al,Oj3 inclusions driven by the capillary depression
forces. The morphological difference of SiOp-MnO-Al, O3 inclusions from spherical to
irregular was suggested as the result of forging. In summary, it could be suggested that
the formation of the large-size and aggregating SiO,-MnO-Al,Oj3 type inclusions led to the
failure in the previous MPI test.

3.2. Characteristics of the Inclusions during the Metallurgical Process

To clarify the origin and formation of large-size SiO-MnO-Al, O3 type inclusions in
molten steel, the evolution of inclusions during the metallurgical process was investigated
through SEM and EDS analysis, especially for the large-size inclusions. Morphology and
composition of typical large-size inclusions at different stages were shown in Table 3.
Typical inclusions in specimen Al (IF-end before tapping) were large-size spherical SiO,-
MnO-Al,O3 inclusions up to 30 um, which were even-distributed in the composition
based on the micrograph. After the tapping, the main inclusion type remained as SiO,-
MnO-Al,Os3. In the meanwhile, a few CaO content appeared in some SiO;-MnO-Al,O3
inclusions, and the shapes changed from sphere to non-smooth and irregular sphere. After
the addition of Si-Al complex deoxidizer during the following LF1 and LF2 refining process,
the main inclusions converted into CaO-5i0,-Al,O3 type with a low liquidus temperature
and contact angle as well [31,34]. Additionally, only a few SiO;-MnO-Al,O3 inclusions
with decreasing sizes were found at the end of the LF2 refining process. After the breaking
of VD, the CaO- SiO,- Al,Os inclusions were observed as a minor part. The main inclusion
changed from CaO-5i0,-Al; O3 to SiO,-MnO-Aly O3 type. In the following LF3 refining and
VC casting process, the main inclusion remained still as CaO-5i0;-Al,O3. In the meanwhile,
5i0,-MnO-Al, O3 type became minor with decreasing sizes gradually.



Metals 2022, 12, 295 50f19

Si0,: 35.6%
MnO: 23.1% !
AL O;: 34.5% (in mass%)

372pm
(S Y.
y~
i
SiO,: 38.2%

MnO: 26.2% @
ALL,O;: 32.4% (in mass%)

Figure 3. Morphology and element mapping of the defective area on the near surface of ingot.

(a) morphology of defects in overall; (b) clusters of SiO»-MnO-Al, O3 inclusions; (c,d) large-size single
Si0,-MnO-Al, O3 inclusion.
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Table 3. Morphology and composition (in mass%) of typical large-size inclusions at different stages
(Specimen A1-AS8).
Main Inclusions Minor Inclusions
S le No. St
ampie No age Morphology Type wt.% Morphology Type wt.%
Si0,-(48.0%) Si0,-(72.4%)
Al IF-end MnO-(22.3%) MnO-(18.6%)
Al,03-(29.6%) Al,03-(0.09%)
E/L?cz)((ﬁzz//)) 5i0,-(58.1%)
A2 LF1-intial iy MnO-(12.3%)
Al,O3-(46.5%) Al O3-(29.6%)
CaO-(10.5%) 23T
Ca0-(11.2%) Ca0-(50.7%)
A3 LFl-end Si0,-(49.3%) Si0,-(33.6%)
Al,03-(39.5%) Al,O3-(15.7%)
CaO-(24.4%) | Ca0-(36.2%)
A4 LF2- initial Si0,-(24.4%) Si0,-(26.9%)
Al,03-(51.2%) Al,03-(36.9%)
Ca0-(79.0%) Si0,-(42.0%)
A5 LF2-end Si0,-(10.0%) MnO-(22.5%)
Al,O3-(11%) Al,03-(35.0%)
Si0,-(72.5%) CaO-(75.7%)
A6 VD-end MnO-(22.3%) Si0,-(18.5%)

AL O3-(5.1%)

AL O3-(5.9%)
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Table 3. Cont.

Main Inclusions Minor Inclusions
S le No. St
ample No ase Morphology Type wt.% Morphology Type wt.%

Ca0-(63.8%) Si0,-(25.0%)

A7 LE3-end Si0,-(18.2%) MnO-(22.3%)
Al,O3-(18.0%) Aly,O3-(54.2%)

Ca0-(52.6%) Si0,-(15.0%)

A8 VC-initial Si0;-(12.6%) MnO-(12.3%)

AlLO3-(34.8%) AL O3-(72.5%)

Spm

Spm

To illustrate the evolution of large-size inclusions at a different stage, the composition
and size of inclusions found in specimen A1-A8 were marked in the ternary diagram
of CaO-5i0,-Al,03 and SiO,-MnO-Al, O3 system utilizing Factsage 8.1 thermodynamics
software, (version 8.1, CRCT, Montreal, Canada) as shown in Figure 4a—d, respectively. The
isothermal temperature of each diagram was set as 1873 K. The red line represented the
liquid oxide phase region. During the smelting process, a few inclusions are located in
the liquid oxide phase. Inclusions were mainly distributed around CaO and SiO, corners
in the CaO-5i0,-Al, O3 ternary diagram shown in Figure 4a. At the end of the IF melting
process, the composition of inclusions was mainly located in the 5iO, corner with a certain
amount of Al,O3. During the LF1 refining process, the inclusions were going to own higher
Al,O3 and CaO contents gradually. Then, most inclusions found in the LF2-initial stage
were mainly liquid oxide. However, the CaO content in the inclusions compared with
the initial stage has risen rapidly till the end of LF2-end. Despite the slight decrease of
CaO content in a few inclusions, however, the main inclusions with larger sizes were still
found around the corner of SiO,. Afterward, the composition of inclusions stayed roughly
stable in the following process. Due to the limits of the ternary diagram, the composition
of inclusions was also projected into the SiO,-MnO-Al,O3 system to clarify the evolution
of 5i0,-MnO-Al, O3 type inclusions, which were shown in Figure 4b,d. SiO,-MnO-Al,O3
type inclusions were mainly found at the initial stage before the LF1 refining process.
Meanwhile, the composition of SiO;-MnO-Al,O; inclusions found after the breaking of
VD were similar to the ones at the IF-end. Moreover, the composition of SiO,-MnO-Al,O3
in the defective area marked in Figure 4b was located in the liquid oxide phase.

The size of inclusions was represented by the diameter of circles in the diagram
as shown in Figure 4c,d, respectively, which were mainly spherical both in the CaO-
5i0,-Al,03 and SiO;-MnO-Al,O3 system. During the latter half of LF1 and the whole
LF2 refining process, the sizes of inclusions were up to 30 um owing to the collision,
agglomeration, floatation, and absorption by high basicity slag. Super large-size inclusion
up to 100 um was only observed at the breaking of VD. The rest of the large-size inclusions
were mainly located in dual-phase regions, which were around the corner of CaO and SiO,.
However, the sizes of inclusions found in the LF3-end and VC-initial were mostly rather
smaller compared with VD-end ones. In addition, the sizes of pure liquid inclusions were
relatively smaller. The SiO,-MnO-Al,O3 inclusions were firstly observed at the stage of
IF-end, then grew up bigger during the stage of the LF refining process. A huge amount
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of large-sized S5iO;-MnO-Al,Os inclusions that were unabsorbed and undissolved in the
refining slag were found after the breaking of VD, which could lead to the failure of flaw
detection directly.

Sio defects composition
(a) i) @ IF-end (b) 08i0, ol ’
) @ LFl-initial ) 100 @ IF-end
@ LFl-end $i0,+L, @ LFl-initial
@ LF2-initial & LFl-end
@ LF2-end 25 @ LF2-initial
@ VD-end @ LF2-end
Q@ [LF3-end @ VD-end
| @ VC-initial @ LF3-end
@ VC-initial |

00 g% -a0+L X 100 Spinel+L.
y - —— 90 ¥ - - 1]
Ca0 25 50 75 100 ALO, MnOjg 25 50 " 100 ALO,
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120 o "

(C) 120 = (d) 0Si0, - IF-end
- 100 I L1 -initial
| Ll’:niniliu] BlCHe I LF1-end
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in mass fraction/% in mass fraction/%

Figure 4. Composition and size distribution of inclusions during the metallurgical process in CaO-
5i0;-Al, 03 and SiO0;-MnO-Al, O3 ternary phase diagram at 1873 K. (a) Composition of inclusions
in CaO-SiO,-Al,O3 diagram, (b) composition of inclusions in 5i0;-MnO-Al,O3 diagram, (c) size
distribution of inclusions in CaO-5i0,-Al,O3 diagram, (d) size distribution of inclusions in SiO;-
MnO-Al,O3 diagram.

The type and the average size of all type inclusions at each stage was shown in Figure 5.
The Si0,-MnO-Al, O3 inclusions were found during the whole metallurgical process. The
occurrence of Al,O3 and CaO-5i0,-Al,O3 inclusions were presented as complementary.
Owing to the incomplete deoxidation in the molten steel and stirring between slag and
molten steel during the avoiding of the top slag process, the Al,O3 inclusions were found
mostly before the LF2 refining process. Then the Al,Oj3 inclusions were modified into
the MgO-Al,O3 spinel inclusions due to the dissolution of MgO-based refractory. The
Ca0-5i0;-Al,05 inclusions remained as the majority till the VC-initial stage. The average
size of inclusions at the breaking of VD was much higher than the other stages owing to
the appearance of the large amount, large-sized S5iO,-MnO-Al;Oj3 inclusions.
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Figure 5. Type and average size distribution of all inclusions at different stages.

4. Discussion
4.1. Formation Mechanism of the SiOy-MnO-Al,O3 Type Inclusions

Based on observation and analysis for the inclusions found in the metallurgical process,
it could be inferred that the SiO,-MnQO-Al, O3 inclusions were formed at the end of IF, and
remained in the following stages. To clarify the formation mechanism of the SiO,-MnO-
Al,O3 inclusion, the stability phase diagrams of the Si-Mn-O system in the Fe-5Cr back-up
roller system were calculated through Factsage 8.1 software at different aluminum content
(0, 0.003%, 0.007%, 0.01%, 0.015%). The colored dotted line represented different oxygen
content in the molten steel, which was shown in Figure 6a—e, respectively. As shown in
Figure 6a, at the 0 aluminum content, it could be found that liquid oxide, SiO,, spinel (MnO-
Cr;03), and MnO phases in the molten steel with the content of silicon and manganese
ranging from 1 ppm to 10% and 100 ppm to 10%, respectively. Besides, the regions of SiO,,
MnO, and liquid oxide phase became larger with the increasing oxygen content in the
molten steel, which also indicated that the increasing degree of over-oxidation extended
the formation scale of liquid oxide. The spinel and SiO; phase-field were modified into
Al,O3 and mullite phase fields. The Al,Os+liquid oxide dual-phase field was formed in
the previous pure liquid oxide phase-field region when the aluminum content increased
to 30 ppm. Due to the similar aluminum content, the composition of A3 and A4, A5,
and A6 were located in the dual-phase of Al,O3+liquid oxide and marked in Figure 6b,c,
respectively. It could be indicated that the endogenous inclusions of each stage should
be Al,O3+liquid oxide type, which was verified above. Due to the strong stirring of the
VD process and the similar SiO»-MnO-Al,O3 inclusions composition between IF-end and
VD-end, as shown in Figure 5b, the SiO,-MnO-Al,Oj3 inclusions found in the A6(VD-end)
could be suggested as the result of slag entrapment containing unabsorbed or undissolved,
large-sized SiO;-MnO-Al, O3 inclusions. At a certain oxygen content in the molten steel,
the region related to the liquid oxide became smaller with the increasing aluminum content.
Consequently, it could be inferred that the aluminum content could promote the decrease
of liquid oxide effectively.



Metals 2022, 12, 295 10 of 19

(a) 10 Fe-5Cr-0Al

2
O e

mass fraction of [Mn]/%

0.01 .
1E-4 1E-3
mass fraction of [Si]/%
(b) , FesCr-0.00A1 * Sample  (€) || FeSCr0.007A1 Liquid Oxide
’ - ~w VU Liquid
pinel ~ \ |

i it 2
| Fopm O‘yude

0.1 AL, 0.1

mass fraction of [Mn]/%
mass fraction of [Mn]/%

|
ullite'’ !
o 1’|
h L]
" W
1 L]
h ity
A

s e

0.01 T T T T ;
1E-4 1E-3 0.01 0.1 1 10 1E-4 1E-3 0.01 0.1 1 10

mass fraction of [Si]/% mass fraction of [Si]/%

0.14

mass fraction of [Mn]/%
$
g

mass fraction of [Mn]/%

ALO,

0.01 r . . : : g . . 0.01 . . .
1E-4 1E-3 0.01 0.1 I 10 1E-4 1E-3 0.01 0.1 1 10

mass fraction of [Si]/% mass fraction of [Si]/%

Figure 6. Calculated oxide stability diagrams of Si-Mn-O system with iso-oxygen contours (in ppm)
in Fe-5Cr back-up roller at 1873 K: (a) with 0 Al (b) with 30 ppm Al (c) with 70 ppm Al (d) with
0.01% Al (e) with 0.015% AL

4.2. Modification of the Liquid Oxide Inclusions

To obtain the quantitative relationship between the aluminum content and the for-
mation of liquid oxide, the evolution of oxide inclusions in Fe-5Cr-0.55C-0.555i-0.6Mn-6
ppm Ca containing different aluminum contents was calculated with the aid of Factsage
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8.1 software, as shown in Figure 7. The FactIPS, FImisc, and FToxide databases were used
for calculation. The soluble oxygen contents in the molten steel ranged from 20 ppm to
200 ppm were shown in Figure 7a,c,e,g, respectively, which corresponded to the differ-
ent stages in the smelting process. The upper and lower aluminum contents during the
smelting process were marked in a blue dotted line. As shown in Figure 7g, at the oxygen
content of 200 ppm in molten steel, the SiO,, liquid oxide, and Al,O3 phase existed when
the aluminum content was below 100 ppm corresponded to the actual value. The liquid
oxide phase disappeared completely, which was replaced by the CA¢ (CaO-6Al,O3) phase
till the aluminum content reached roughly 0.024%. Besides, the SiO;, Al,O3, and MnO
contents in the liquid oxide stayed as the dominating part, and the CaO content in liquid
oxide stayed as a minor part. Then, the liquid oxide formed at 200 ppm oxygen content
was determined as 5i0,-MnO-Al,O; type inclusions which corresponded to the observed
results above. Consequently, it could be inferred that a minimum of 0.024% aluminum
content in the molten steel was required to convert the SiO,-MnO-Al, O3 type liquid oxide
into the high melting point Al,O3 inclusions, which were widely recognized as easier to
remove by their floatation and slag absorption than liquid oxides did [34-37]. Generally,
the contact angles of liquid oxide and solid oxide are below 90° and beyond 90° at 1873 K,
respectively, which could reflect the difficulties of slag absorption. The liquid film was
formed between the liquid inclusions and slag interface when the liquid inclusions were
about to go through the slag-steel interface. Then the slow discharge of liquid film would
take rather longer to get absorbed than the solid ones, in which no liquid film has been
formed during the process. Then, it could be concluded that reducing of liquid oxide
(510,-MnO-Al,O3 and CaO-5i0,-Al,03 type) and modification to the Al,Os type solid
inclusions could promote the cleanness of molten steel effectively. The aluminum content
required for the complete modification of solid Al,O3 type inclusions reduced from 0.024%
to 0.01% when the oxygen level declined from 200 ppm to 50 ppm, which corresponded
to the process of IF melting to LF refining, as shown in Figure 7c,d,e,f. However, in the
meanwhile, the CaO content in liquid oxide has risen higher than MnO at the 50 ppm
oxygen content in molten steel, which meant the newly formed liquid oxide transformed
from SiO,-MnO-AlL,O3 type to CaO-5i0;,-Al,03 type corresponding to the analysis in
the LF2-refining process. In addition, the newly formed stable phases were converted to
CA; (Ca0-2A1,03) and CA6 (CaO-6Al,03) phases by the effect of high basicity slag. The
required aluminum content for the complete modification rose to 0.02% at the 20 ppm
oxygen content in molten steel, which represented the end of the LF refining process in
the plant trial. Due to the modification of the high basicity slag and complete oxidation in
molten steel, the solid inclusions were converted into pure CA; inclusion. The content of
CaO in liquid oxide has risen higher than SiO, gradually, as shown in Figure 7a,b. Above
all, it could be suggested that a minimum of 0.024% aluminum content could minimize the
formation of SiO,-MnO-Al,O3 liquid oxide before the tapping. Besides, maintaining the
aluminum content beyond 0.02% in the whole refining process could also minimize the
formation of CaO-5i0;-Al, O3 liquid oxide.

4.3. Optimization and Verification of Plant Trials

Based on the results and analysis above, the authors brought the aluminum control
over the whole smelting process into effect to solve the flaw detection issues caused by
5i0,-MnO-Al, O3 type inclusions, as shown in Figure 8. Meanwhile, the composition of
slag was redesigned to match both the high aluminum content in molten steel and the
refining function. Then, the steel specimens corresponding to the previous stages were
also sampled and analyzed as above. Specific details of sampling in the optimized plant
trial are shown in Figure 8. The composition of slag specimens in the optimized process is
shown in Table 4.



Metals 2022, 12, 295 12 0of 19

Fe-5Cr-0.55C-0.558i-0.6Mn-6ppmCa-20ppmO in mass% Fe-5Cr-0.55C-0.555i-0.6Mn-6ppmCa-20ppmO in mass%
(a)0.004 1— : (b)ooos = = -
2
2 12 E 1= = - -Liquid Oxide Compostion
= = ' V' il L s |
18 ‘& X & 3
- & 1§ 2 2 12
% k3 =
= 1= IS CA s '
= | | -Ay 2 !
2 | | ] 1
4 ! : 2 0.0024 I
Z - '
= ! = !
= | | = 1
s 0.0024 ! : = |
= 1 1 =~
.g W/ L] /'
' Liquid 1 = '
{4 Oxide ! 2 / |
& | £ 0.001 4 i
@ | 1 = 1
E 1 1 &= / f-———-
= ! 2 i
1 | = ¥
| 1 > ad
1 1 7 (4
! i, MnO ! e
0.000 L L T T 0.000 2 T a T ——=
0.00 0.01 0.02 0.03 0.04 0.000 0.005 0.010 0.015 0.020
Mass fraction of [Al]/% Mass fraction of [Al]/%
(C) 0010 Fe-5Cr-0.55C-0.55Si-0.6Mn-6ppmCa-50ppmO in mass% (d)o.(ms Fe-5Cr-0.55C-0.558i-0.6Mn-6ppmCa-50ppmO in mass%
: . 1 [ Liquid Oxide Composiion} 2
12 = 1§
F g N Z 1§
1 & 1 & CA, B =1 1~
S 12 I £ 0004+ £
] i / E 2} Liquid Oxide
z ! ! £
— 1 1
g ' ' = 0.003 4
S ' Y ES
© 00054 ! =
= ' ' =
=] 1 1 e
-] i i = 0.002
g | 2
= -]
- 1 1 g
g I | &
= 1 | 2 0.001
/ Liquid\j s
I Oxide A~ o
! ' & MnO % -
0.000 e ' - 0.000 . r r
0.00 0.01 0.02 0.03 0.04 0.0000 0.0025 0.0050 0.0075 0.0100
Mass fraction of [Al]/% Mass fraction of [Al]/%
Fe-5Cr-0.55C-0.555i-0.6Mn-6ppmCa-100ppmO in mass% Fe-5Cr-0.55C-0.558i-0.6Mn-6ppmCa-100ppmO in mass%
(e)oois— - (f)oois ,
= e = = -Liquid Oxide ('nmpmmnl
1< 1=
= = S
B 1= = 2
= 1 1 ]
S | \ | %
2 0.010 4 1 0.010
2 \ ALO, £
= \ CA, 2
': o\ h =
] /|I,u|||ul | =3
= ide/\ 1 -~
£ / IK)\nIt ! s
< 1 =
] / 1 £
& 00054 i £ 0.005 4
@ | ' «
g 1 1 "‘:
- ! ! 2
1 =
1 E
1 1
1 1 \ ~
a0 "
0.000 + — : : 0.000 . S
0.00 0.01 0.02 0.03 0.04 0.000 0.005 0.010 0.015
Mass fraction of [Al]/% Mass fraction of [Al]/%
Fe-5Cr-0.55C-0.555i-0.6Mn-6ppmCa-200ppmO in mass% Fe-5Cr-0.55C-0.558i-0.6Mn-6ppmCa-200ppmO in mass%
(I L =
1= 1= ——Liauid Oxide Compostion]
1 15 N
& N 1=
Iﬁ E -
2 | ! 2 |
20034 1 20034
2 1 ' ALO, s .
g | o = [
= Liquid ! o=
g Oxide | z
= ' e
S 0.02 : = 0.02
= ! o
S ! e
b 54 =
2 | 2
«': 1 ‘5
@ | ]
% 0.01 ! el 0.01 4
| |
= , CA, g
S10;: ! =
1
b
0.00 — f T 0.00 T T T
0.00 0.01 0.02 0.03 0.04 0.000 0.005 0.010 0.015 0.020 0.025
Mass fraction of [Al]/% Mass fraction of [Al]/%

Figure 7. Equilibrium formation of inclusions during different soluble oxygen content stages at
1873 K in Fe-5Cr-0.55C-0.555i-0.6Mn-6 ppm Ca-Al in mass % (a,b) with 20 ppm (c,d) with 50 ppm
(e,f) with 100 ppm (g,h) with 200 ppm (a,c,e,g) present the formation of all inclusions at different
oxygen content (b,d,f,h) present the actual composition of liquid oxide inclusions corresponding to
the previous one, respectively.
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Figure 8. Schematic illustration of optimized metallurgical process and sampling.

Table 4. Main chemical composition of slag specimens in the optimization process in mass%.

Specimen No. Stage CaO SiO, Al,O3 MnO Cr,03 FeO CaF,
B1 IF-end 0.99 41.00 19.00 20.40 10.00 3.82 0.00
B2 LF1-initial 2.36 31.80 36.50 13.60 6.51 3.90 0.08
B3 LFl-end 62.79 16.70 10.60 0.20 0.15 0.57 4.19
B4 LF2-initial — — — — — — —
B5 LF2-end 54.39 12.00 23.20 0.15 0.20 1.07 2.24
B6 VD-end 53.07 11.30 24.50 0.05 0.10 047 2.13
B7 LF3-end 53.33 11.10 24.80 0.05 0.10 0.46 1.97
B8 VC- initial 52.88 11.00 25.20 0.07 0.12 0.80 2.01

Morphology and composition of improved typical inclusions at different stages were
shown in Table 5. Only aggregating and irregular Al,O3 particles were found before the
LF1 refining process. Then, pure Al,O3 particles were modified into small-sized and quasi-
spherical CaO-Al,Os type inclusions in the LF refining process. However, the CaO-Al,O3
type inclusions were modified into CaO-5iO,-Al,O3 type inclusions after the breaking of
the VD process. The CaO-5i0,-Al,O5 type inclusions remained as the main inclusions till
the casting of the VC process. To illustrate the optimized evolution of large-size inclusions
at different stages, the composition and size of inclusions found in specimens B1-B8 were
marked in the ternary diagram of the CaO-5i0,-Al,O3 system, as shown in Figure 9.
During the whole smelting process, a few inclusions were located at the line of SiO,-Al, O3,
which meant few SiO,-MnO-Al;O3 type inclusions were found. Large-sized inclusions
were mostly located in the liquid oxide and liquid oxide+CaO dual-phase field, which
was relatively smaller than the SiO,-MnO-Al,O3 type ones. Besides, large-sized inclusions
were CaO-AlyOj3 type at the end of LF2 refining. However, the liquid oxides were mostly
converted to CaO-5i0,-Al,O3, which were formed after the breaking of VD. It could be
suggested that the inclusions with the tendency of high Al,O3 content usually owned small
sizes. On the contrary, the inclusions with the tendency of high CaO content or a certain
5i0; content owned larger sizes generally in this study. Fewer inclusions were found than
the original process especially the SiO,-MnO-Al,O5 type, which caused the failure of the
MPI test. It showed that the modification of aluminum in the over-oxidation environment
before the tapping was effective in a certain degree. In addition, the amount and sizes of
inclusions in the optimized process were smaller than the previous ones.

Table 5. Morphology and composition (in mass %) of typical inclusions at different stages (Speci-
men B1-B8).

Main Inclusions

Specimen No. Stage
Morphology Type wt.%

Bl [F-end ' A12 O3

3pm
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Table 5. Cont.

Main Inclusions

Specimen No. Stage
Morphology Type wt.%

B2 LF1-initial 4

AlLO;

CaO-(11.2%)
B3 . . o
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\. i CaO-(66.5%)
B6 VD-end Si0,-(8.6%)
Al,03-(25.9%)
Ca0O-(55.8%)
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AL O3-(36.0%)
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Table 5. Cont.

Main Inclusions

Specimen No. Stage
Morphology Type wt.%
Ca0O-(40.9%)
B8 VC-initial 5i0,-(6.4%)

AL O3-(52.7%)

inclusions diameter

= 0 S_102 150
100 B L5 1-initial
P LF1-end
B 1 F2-initial
B LF2-end
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B Lr3-end
I VC-initial

25
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4 7 T
CaO 0 25 50 75 100 Al1,0,

in mass fraction/%

Figure 9. Composition and size distribution of large-size inclusions during the optimized metallurgi-
cal process in CaO-5i0,-Al, O3 ternary phase diagram at 1873 K.

The type and the average size of all type inclusions at each stage was shown in
Figure 10. Si0,;-MnO-Al, O3 inclusions were found after the LF2-initial stage, which could
be entrapped from the slag during the avoiding slag process. Owing to the optimized
control of aluminum content, Al,O3 inclusions dominated in inclusions before LF-2 refining,
which were modified by the calcium content in the high basicity slag. Besides, the inclusion
found at the breaking of VD owned larger sizes than other stages. The appearance of Al,O3
and CaO-5i0,-Al,03 inclusions was also presented as complementary, which matched the
previous results. However, more CaO-5iO,-Al,O3 inclusions were found after the breaking
of the VD process than the previous ones. Therefore, the relationship between SiO,, Al,O3
content in the inclusions, and the aluminum content in the molten steel was illustrated
and shown in Figure 11. The SiO, contents in the inclusions and the aluminum content
in the molten steel presented a negative correlation. At the end of LF2 refining, the SiO,
contents in the inclusions were almost none. However, the Al,O3 contents of the inclusions
decreased rapidly when the smaller SiO, contents increased. The SiO; contents decreased
gradually after adding in the aluminum wire (aluminum 99%). Consequently, it could be
inferred that the aluminum contents in the molten steel could suppress the formation of
5i0O; contents in the CaO-5i0;-Al,O3 inclusions to a certain degree. However, the precise
inner mechanism requires further investigation [38].
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plant trial.
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Figure 11. Mass fraction of SiO, and Al,Os3 contents in the inclusions and the corresponding
aluminum content during LF2-end, VD-end, LF3-end stage.

According to the experimental results and thermodynamic calculation, the formation
and evolution mechanism of typical inclusions during the original and optimized met-
allurgical process were illustrated and shown in Figure 12. The scarps and alloys were
melted by IF under the atmosphere. Then there would be a huge amount of FeO, MnO,
and Cr, O3 oxide formed and entered into the top slag, which provided the oxygen content
into the molten steel. If there were insufficient aluminum content in the molten steel,
the huge number of SiO,-MnO-Al, O3 inclusions would be formed by the joint control of
silicon, manganese, and aluminum over the oxygen content in the molten steel, which
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was not easy to remove by its floatation and the absorption of the slag. In the refining
stage, the CaO content would emerge in both the SiOp-MnO-Al,O3 and Al,Oj3 inclusions
by the modification of the high basicity slag. Besides, the CaO-Al,O3 type inclusions were
converted into CaO-5i0,-Al, O3 inclusions owing to the insufficient aluminum content
caused the aluminum loss during the VD process and the slag entrapment [39-41]. The
precise and inner mechanism of these requires further investigation in the next stage.

(FeO) , (MnO) ,(Cr,0;) in slag

Original /\ Optimized

Si-Al alloy [O] [O] [O] [0] [O] [O] Al ingot
N ¢

[Al]—
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[Mn]
Melting stage o
$i0,-MnO-AlL0; /

[Sl]/ﬂ (CaO) in slag
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Refining stage
| $i0,-Mn0-AL,0,-C20 |
Insufficient [Al]
Ca0-Si0,-AlL0,
(Slag entrapment)
Spm

Vacuum stage

 C—

CaO0-AlLO; type

Ca0-Si0,-Al,0,

Figure 12. Schematic of formation and evolution of typical inclusions during the original and
optimized metallurgical process.

5. Conclusions

In the current study, the source and formation of the defects that failed in the MPI
test in forged backup rollers were investigated and the corresponding optimized process
in the plant trials was conducted. Based on the analysis of inclusions characteristics and
thermodynamic calculations, the conclusions were obtained as follows:

(1) The linear and aggregating distribution of SiO,-MnO-AL, O3 inclusions up to 3 mm
was the cause of the failure in flaw detection. The sizes of SiO,-MnO-Al,O3 were
rather uneven. Besides, SiO,-MnO-Al,;O3 inclusions with irregular plate strip shapes
were uniformly distributed in composition.

(2) Si0,-MnO-Al,O3 type inclusions were mainly formed in the over-oxidation envi-
ronment during the IF melting. Owing to its low contact angles, large-size SiO;-
MnO-Al, O3 inclusions in the defective area were inherited from the initial smelting
process. CaO-5i0,-Al; 03 inclusions formed during the LF refining process were the
dominating inclusions in the whole process.

(3) The content of aluminum in the molten steel over 0.024% in Fe-5Cr back-up roller
steel could suppress the formation of SiO,-MnO-Al,O3 liquid oxide during an over-
oxidation environment. CaO-5i0;-Al,03 liquid oxide inclusions could be completely
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modified as solid CaO-Al,O; type inclusions over 0.02% aluminum content during
the refining process. After the optimization, the amount and sizes of large-size liquid
inclusions (>50 pm) decreased significantly before the VD refining.
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