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Abstract

Modern EAF steelmaking employs scrap as its primary source of raw material. Dif-
ferent sources of scrap have varying levels of residuals, which can negatively influ-
ence product properties, performance, and surface quality. The presence of some
residuals, such as Cu and Ni in controlled quantities, can also positively impact steel
performance for some applications. It is also well known that interactions between
residuals and alloying elements in steel can modify the structure of scale formed
during slab reheating prior to hot rolling. These changes in the scale structure can
influence scale removability. In this study, the effect of varying Cu concentrations in
a low alloyed Mn and Si containing steel was examined to investigate its impact on
scale removability. Laboratory studies were performed with simulated reheating and
descaling conditions that mimic the conditions used in industrial practices. The scale
structure that formed during reheating in the combustion atmosphere was inves-
tigated using SEM/EDX analysis. A special laboratory water jet descaling device
was used to evaluate scale removability at three different hydraulic impact factors.
The results showed that Cu at different levels significantly modified scale structure
that formed, particularly the internal scale layers, which affected scale removability
at different applied descaling impact factors. The effects of Cu level and descaling
impact factor on scale removability is discussed.
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Introduction

Steel production has evolved through the nineteenth century to the twenty-first
century with raw materials increasingly switching from primarily pig iron to scrap
[1-3]. Today in the US, over 70% of the steel is produced in the electric arc furnace
(EAFs) using large proportions of recycled steel scrap as the primary charge mate-
rial due to its economic advantages and environmental friendliness [4, 5]. However,
scrap melting to produce steel has a major challenge due to the accumulation of high
levels of residuals in the continually recycled scrap stream [6, 7]. These residuals
in scrap (Cu, Ni, Sn, Sb, Pb, As) remain in the steel during the steelmaking process
because they cannot be preferentially oxidized and captured in the slag phase during
melting [8]. The presence of these residual causes’ challenges in the downstream
processing of the steel. A commonly known residual is Cu, which has been reported
to be present in the highest amounts and poses significant challenge in steel manu-
facture [6, 7, 9]. Even though some studies have shown that Cu can improve the cor-
rosion resistance and increase the strength of steel [10-13], its presence often causes
problems during mechanical working at high temperatures, a phenomena know as
Cu surface hot shortness in steels [7, 14—16].

The surface hot shortness phenomena have been examined intensively in vari-
ous studies to explain the mechanisms of damage [17-21]. Cu hot short defects
are most commonly observed in downstream processes such as reheating, and hot
rolling of slabs or the forming of steel products. During reheating, the cast slab
surface is exposed to a complex, oxidizing combustion gas atmosphere (CO,, O,,
H,0, N,) at temperatures above 1100 °C. During such reheating, iron Fe read-
ily oxidized to form scale. Cu having a limited solubility in solid iron and a low
affinity for oxide formation gets enriched at the oxide/metal interface as the Fe
oxidizes. The enrichment of Cu at the oxide/metal interface rapidly reaches satu-
ration and forms a liquid phase due its low melting point at 1085 °C. The Cu-
liquid phase then wets and penetrates the austenite grain boundaries, leading to
liquid embrittlement and providing a path for oxygen penetration which causes
cracking during hot rolling [15]. The presence of surface cracks is undesirable
in steelmaking. Different approaches have been adopted to suppress this defects
in steel. Most steel producers’ resort to metallic charge management to control
Cu levels in steel by using low residual scrap and blending with virgin iron units
such as direct reduced iron (DRI) or pig iron to dilute Cu levels in liquid steel.
Another suggested approach is the addition of Ni to increase the melting point
of the precipitated Cu-Ni phase so that it exceeds the reheating temperature and
liquid is avoided. In addition, Ni also increases the solubility of Cu in austenite
[22, 23]. Other studies have reported that, reheating of slabs at extreme tempera-
tures above 1200 °C decreased surface hot shortness [21]. However, it has been
reported that the presence of tramp elements like Sn in low amounts up to 0.04
wt% increases the severity of surface hot shortness by decreasing the solubility
of Cu at reheating temperatures in austenite. This occurs by lowering the melting
temperature of the precipitated Cu-Sn phase [21, 23], thereby decreasing the tem-
perature at which liquid can form and austenite grain boundary wetting can occur.
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Most studies on residual Cu in steel have been focused on reheating, and mechan-
ical deformation by hot rolling to report the mechanisms and effects associated
with Cu residuals in steels. However, a critical intermediate descaling step between
reheating and hot rolling has not been fully investigated. This descaling step involves
the removal of the scale that forms on slabs during reheating, generally by hydraulic
decaling means using water pressures as high as 4000 psi (27.58 MPa). This process
is a critical step which helps to improve surface quality of rolled steel and reduces
defect formations associated with rolled-in scale. The descaling step may be car-
ried out in different stages: primary and secondary with 3 or more descaling steps
in extreme cases for certain steel grades. The major challenge associated with scale
removal by descaling can be grouped into three factors: (i) oxide structure (steel
chemistry), (ii) nozzle design, and (iii) hydraulic parameters [24-28]. In the case
of steel chemistry, reports [29] have shown how different elements present in steel
(C, Mn, Si) influences the structure of the oxide scale, particularly in the subsurface
region, and its corresponding effect on scale removability. Residual elements like Ni
have also been reported to modify the structure of the oxide/steel interface, increas-
ing unevenness, and decreasing scale removability [7, 30]. However, Cu residuals,
known to cause surface hot shortness in steel, has not been investigated in relation
to its effect on scale removability and this knowledge could be important to steel
producers.

The objective of this study was to evaluate the effect of different levels of Cu in a
low carbon steel on the scale structure that forms during reheating and its effect on
scale removal efficiency. Industrial reheating conditions in a combustion gas atmos-
phere was simulated in the laboratory for scale formation, followed by descaling
using a specially designed high precision CNC descaling device that allows descal-
ing with varying impact factor to be performed.

Experimental Procedures

The composition of the steels used in this study are presented in Table 1 with
their average grain size after casting. This set of laboratory cast low carbon steels
varied in Cu content, which were labeled as low, medium, and high Cu. The steel
chemistries after laboratory casting were reported by OES and Leco analysis. The
cast plates were carefully machined to 165 mm X 110 mm X 20 mm rectangular
samples to remove the cast surface. Machined samples were finished using wet
grinding with 60 grit silicon carbide and the surface quality of the ground sample
was measured to have Ra of 0.271 um using 3D optical profiler (Nanovea, Model

Table 1 Lab cast steels used in

X Steel C Si Mn Cu Grain size (um)
this work (wt%)
Low Cu 0.13 0.30 0.36 0.24 66+16
Medium Cu 0.11 0.28 0.34 0.54 62+12
High Cu 0.13 0.29 0.33 0.80 75+23
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Fig. 1 Induction furnace for reheating steel slab in a controlled atmosphere

Table 2 Reheating industrial
conditions, which were

simulated in laboratory tests 8.5 CO,, 17 H,0, 2 0,, N, bal 1200 90

Combustion gas (vol%) Temperature (°C) Time (min)

PS50 Micro Photonic Inc.) [29]. To prevent rusting prior to testing, sample sur-
faces were preserved by cleaning with ethanol and air drying.

To simulate industrial scale formation during reheating, the samples where
reheated in a 35kw induction melting furnace (Model LSZ-35), having a
200 mmXx 130 mmXx25 mm induction chamber, which was embedded in an
enclosure to allow for control of the furnace atmosphere (Fig. 1). The atmos-
phere of the industrial reheating furnace was simulated by mixing gases in pro-
portions that reproduced the natural gas combustion atmosphere in an industrial
furnace (Table 2). An excess oxygen level of 2% was chosen for this study based
on observed industrial reheat furnace operating conditions. The gas flow rate sup-
plied to the heating chamber was 6000 ml/min, which provided approximately
a 2 cm/sec gas velocity in the reaction zone [29]. Calculations confirmed the
absence of gas starvation in the reaction zone at this flowrate. The temperature
during reheating was controlled by a K-type thermocouple inserted into the slab.
The thermocouple enabled adjustment of the furnace power to control the reheat-
ing temperature within + 10 °C. The reheating temperature and time employed for
the test was 1200 °C for 90 min, which is typical for soak zones temperatures and
residence times in industrial reheat furnaces.
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At the end of the reheating period, the sample was carefully removed from the
furnace chamber and quickly transported into a descaling chamber to minimize
cooling prior to descaling. The hot sample was subjected to hydraulic descal-
ing using high pressurized water. A CNC stage setup was used for descaling
(Fig. 2) that allowed the standoff distance from the sample surface to the nozzle
to be varied during the descaling process. A detailed description of the setup
used was provided in a previously published article [29]. This approach allowed
descaling to be conducted at different spray heights which corresponded to dif-
ferent Impact Factors (IF) (N/mm?). The descaling was conducted at a spray lead
angle of 15° at a flowrate of 4 gpm (15.14 Ipm) at 4000 psi (27.58 MPa) and at
a speed of 0.01 m/s. The standoff distance Z between the spray nozzle and the
slab surface was programmed to vary across the length of the slab by decreas-
ing the height of the spray nozzle to cause a corresponding increase in IF. The
experimental IF relating to nozzle position was verified using pressure gauges
at a sponsor’s facility (Spray System Inc.) [29] and designated in this article as
“low IF” for 1 N/mm?, “medium IF” for 1.4 N/mm?, and “high IF” for 2.2 N/
mm?. After descaling, the plate was quenched with cold water to prevent the
development of secondary scale. The three footprint areas formed during descal-
ing with varying IF (Fig. 2c) were coated with epoxy to preserve the surface for
subsequent examination. Due to the hot charged descaling practice used in this
study which required the sample to be descaled immediately after the reheating
cycle, oxidized specimen could not be measured for mass change, but instead
cross-sectional SEM analysis was used to determine scale growth from oxide
thickness measurements.

After the descaling experiment, a Maxiem CNC waterjet with fine abrasive
(Model OMAX 0707) was used to extract rectangular 10 mm X 15 mm X 20 mm
samples from the different footprint zones along the length of the sample. A
sample with the original formed scale was also extracted from the non-descaled
part of the reheated slab for analysis. All extracted samples were cross-sectioned
with high precision wet abrasive cutting slow speed saw, mounted in epoxy,
ground using silicon carbide abrasive papers to 1200 grit and mechanically
polished with 0.1 um diamond paste using low polishing pressure to minimize
scale breakage. The morphology, thickness, microstructure, and chemistry of the
original and residual oxide layers were analyzed with a scanning electron micro-
scope (SEM TESCAN-ASCAT system equipped with Bruker energy disper-
sive spectroscopy (EDX). HORIBA Jobin—Yvon Raman spectroscopy (LabRam
ARAMIS) was also used to identify the oxide phases that were present and com-
pared to reported phases in RRUFF database [31]. A quantitative approach was
used to evaluate the descaling efficiency by classifying the descaled surfaces
into 3 categories of residual scale structures and measuring the percentages of
each structure on cross-sectioned samples extracted from the descaled footprint.
The quantification was done for the entire width of the extracted descaled area
(15 mm) by taking SEM images between 20 and 40 frames at a magnification of
100 pm. ImagelJ software was used as a measuring tool to quantify the 3 differ-
ent surface classes.
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Results and Discussion

Characterization of Scale Formed During Reheating

Low Cu Steel

Figure 3 shows the cross-sectional microstructure of the scale that formed on the
low Cu steel (Table 1) oxidized at 1200 °C for 90 min in a combustion gas atmos-
phere. The scale structure consisted of several distinguishing layers. A dense exter-
nal layer with average thickness of 776 +134 um. This external layer had random
long transverse cracks running on the middle of this layer and also lateral cracks run-
ning through the whole thickness of this layer. Void formation was observed to be

Cross-sectional scale structure

SEM HV: 15.0 kV. 'WD: 13.07 mm SEM HV: 15.0 kV.

View field: 3.26 mm Det: BSE View field: 1.49 mm
SEM MAG: 85 x _ Date(m/dly): 12116/21

SEM HV: 15.0 kV WD: 13.07 mm
View fiet pm Det: BSE
SEM MAG: 868 x  Date(m/dly): 12116121

External outer scale layer

Fig. 3 Cross-sectional BSE image of scale structure for low Cu steel: top-left (low magnification), top-
right (medium magnification), bottom-left (high-magnification), and bottom-right (EDX elemental map)
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predominant at the bottom of the external scale layer, close to what can be described
as complex internal/subsurface layer, which will be referred in this article as the
subsurface layer. The complex subsurface layer was measured to be 50+ 19 um in
average scale thickness. There was significant detachment, separating the external
scale layer from the complex subsurface layer visible in many sections. However,
a strong attachment of these two layers were also observed in some sections. The
interface between the external scale and subsurface structure contained pores and
was structurally uneven.

The subsurface structure contained scattered entrainment of metals having dif-
ferent sizes and orientations. EDX mapping of the scale structure showed the dis-
tribution of elements making up the different oxide phases in the scale structure.
EDX chemistry analysis of the oxide scale (Table 3) revealed that the external scale
layer contained Fe oxide with trace presence of Mn and Ni. The complex subsurface
contained a mixed chemistry of metallic Fe with trace of Cu in entrained islands,
Fe-based oxides and Fe-Si based oxides with trace presence of Mn. Actually, in the
reheated low Cu steel, Cu seemed to stay in solid solution in different oxide phases
rather than to be present as separate high concentration precipitate. A randomly scat-
tered dotted layer in the steel matrix beneath the subsurface layer contained micro
diameter pockets of oxides. These tiny precipitates were formed internally and were
superimposed on the metal substrate, extending about 40 um deep from the oxide/
metal interface. The chemistry of that near spherical precipitates showed a pres-
ence of a mixed Fe—Si—-Mn based oxides with a range of Si presence. Phase identi-
fication using Raman spectroscopy revealed the external scale to contain Fe,O; and
Fe;0, phases, with the Fe,0; located at the outer part of the external scale (about
5 um) and the Fe;0, located just below that layer through to the mid external scale
(Fig. 4). The complex subsurface layer contained mainly a mixture of two phases:
Fe,Si0, and Fe;0,.

Medium Cu Steel
The cross-sectional investigation of the reheated medium Cu steel (Fig. 5) revealed

some similarity and also some detectable differences in scale structure when com-
pared to low Cu steel. In both cases, scale consisted of external layer and a merged

Table 3 Oxide scale

o Point Fe (6] Si Mn Cr Ni Cu
composition of low Cu steel
(Wt%) 1 77.0 222 - 0.4 - 0.4 -
2 93.6 - - - - - 6.4
3 63.2 275 7.9 1.0 - 0.4 -
4 77.2 223 - 0.5 - - -
5 59.9 272 8.4 1.0 - 0.5 3.0
6 56.5 26.0 5.4 11.3 0.8 - -
7 29.6 292 10.3 30.0 0.5 0.4 -

Points are from Fig. 3
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Fig. 4 Phases identified in scale using Raman spectroscopy: a phases in external outer layer, b phases in
external mid-scale layer, and phases in complex subsurface layer: ¢ in point #4, Fig. 3, and d in point #5,
Fig. 3

external/complex subsurface layer. The external scale layer with average thickness
measuring 411 +93 um was dense with few internal defects and had vertical cracks.
Also, a lateral crack separated a portion of the external layer from the merged exter-
nal/complex subsurface scale layer. In many spots, a lower portion of external layer
was merged with subsurface layer forming complex external/subsurface scale layer
which measured between 83+ 16 um in average scale thickness. A few defects in
this complex scale structure contained pores with randomly scattered metal entrain-
ment. The merged external/complex subsurface scale structure appeared to be adher-
ent to the metal substrate with few sections showing partial detachments.

Analysis of the merged external/complex subsurface layer revealed two different
types of oxide formations close to the substrate. The first type of oxide formation
exhibited 3 layered phases: the first was an iron oxide layer followed by a fayalite
layer, and finally by another iron oxide layer. This last bottom iron oxide layer exhib-
ited interfacial separation from the steel matrix in some sections and was bonded to
the steel matrix by an enriched liquid Cu layer in other sections. The second oxide
formation also revealed 3 layered phases: a continuous iron oxide layer about 80 um
in thickness (stemming from the external layer), followed by a eutectic fayalite oxide
phase with precipitates of iron oxide (complex subsurface), and finally an enriched
liquid Cu phase beneath it just on metal matrix boundary. This structure appeared to
be strongly adhered to the metal substrate due to the presence of possibly two liquid
phases (eutectic fayalite and liquid Cu) at the reheating temperature.

EDX chemistry analysis of the oxide scale (Table 4 in points shown in Fig. 5)
revealed that the external scale layer contained iron oxide with trace presence of
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Cross-sectional scale structure External scale la

Dense scale structure

SEM HV: 15.0 kV WD: 13.07 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 15.96 mm VEGA3 TESCAN|
View field: 3.27 mm Det: BSE 1mm View field: 815 ym Det: BSE 200 pm
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Fig.5 Cross-sectional BSE image of scale structure for medium Cu steel: top-left (low magnification),
top-right (medium magnification). Bottom-left and right (high-magnifications) illustrated second oxide
structure bonded to the matrix

Table4 Oxide scale

o . Point Fe (6] Si Mn Cr Ni Cu

composition of medium Cu steel

(Wt%) 1 71.2 22.3 - 0.4 - - -
2 13.9 - - - - - 85.1
3 61.3 28.2 9.0 1.0 - - -
4 6.4 - - - - 0.7 92.4
5 76.4 22.3 - 0.5 0.3 0.3 -
6 6.2 - - - - 0.8 92.7
7 55.8 27.2 7.7 6.6 - 0.4 1.7

Points are from Fig. 5

@ Springer



Oxidation of Metals (2022) 98:363-383 373

Mn. Phase identification revealed the external scale to contain Fe,O; and Fe;0,
phases. The merged external/complex subsurface layer contained a mixed chemistry
of Cu-Fe metal entrainment in the scale structure, Fe-based oxides and Fe-Si based
oxides with trace presence of Mn. Phase identification revealed this layer to be a
mixed phase of Fe,Si0, and Fe;0O,. Possible mechanisms responsible for such com-
plex oxide structural variations and formations are unknown at this point. Further
studies are required to fully understand the mechanisms responsible for this type
of formation. These structural differences in the low and medium Cu alloyed steels
could affect descaling efficiency which will be discussed in the next section of this

paper.
High Cu Steel

The scale formed in reheated high Cu steel (Fig. 6) was characterized by larger
defects in the external scale layers (gaps and voids), transverse cracks and metal-
lic precipitation in the scale structure. The external scale measured between
752493 pm in average scale thickness. The defects were non-uniform throughout
the scale structure, with some sections showing consistent dense morphology. The
external scale layer was laterally separated from the complex subsurface scale layer.
The voids in the external scale layer increased inward the external scale structure,
close to the external/complex subsurface layer boundary. The complex subsurface
scale layer was significantly different compared to the other lower Cu steel samples.
It had a lower average scale thickness (31+ 17 um). The complex subsurface layer
was characterized by massive Cu precipitation and enrichment at the oxide/metal
interface with high unevenness. Few sections were observed to have complex oxides
formations. The massive liquid Cu phase might have restricted the rapid formation
of the complex subsurface oxides when compared to the low and medium Cu steels,
leading to its lower thickness at the metal interface. However, a much deeper pen-
etration of pure Cu-phase, up to about 100 pm along the austenite grains bounda-
ries was observed in the high Cu steel. EDX chemistry analysis (Table 5) of the
oxide scale revealed the external scale layer to contain iron oxide with trace pres-
ence of Mn and entrainment of Cu metal having trace presence of Fe. The complex
subsurface oxide layer contained a mixed chemistry of Cu—Fe metal entrainment in
the scale structure, Fe-based oxides, and Fe—Si based oxides (fayalite) with trace
presence of Mn and Al. Elemental mapping showed the distribution of elements in
the scale structure at the boundary between the external and complex subsurface
(Fig. 6).

Table 6 summarized findings of the thicknesses of the scale layers formed dur-
ing reheating of different Cu-alloyed steels. There was no general trend, which indi-
cated that multiple mechanisms were at play that were affected by Cu addition. Lig-
uid Cu films at the scale/matrix interface appeared to promote the formation of a
thicker and more complex merged internal/subsurface layer in the medium Cu steel.
However, continuous, and deep penetration into the austenite grain boundary by
the liquid Cu film could possibly have suppressed diffusion limited oxidation pro-
cess and decreased the thickness of subsurface layer. More importantly, from the
standpoint of descaling efficiency, a dominant factor could be changes in adhesion
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Cross-sectional scale structure

SEM HV: 15.0 kV WD: 13.03 mm SEM HV: 15.0 kV
View field: 3.24 mm Det: BSE View field: 1.52 mm Det: BSE 200 pm
SEM MAG: 86 x  Date(m/dly): 12/16/21 SEM MAG: 182 x  Date(m/dly): 12/16/21

VEGA3 TESCAN|

Missourl S&T

Fig. 6 Cross-sectional BSE image of scale structure for high Cu steel: top-left (low magnification), top-
right (medium magnification), bottom-left (high-magnification), and bottom-right (elemental map)

Table 5 Oxide scale

o o Point  Fe (0] Si Mn Cr Al Ni Cu

composition of high Cu steel

(wt%) 1 766 223 - () J
2 43 - - - - - - 95.7
3 61.7 280 8.7 1.0 - - - 0.6
4 76.8 223 - 0.3 - - - -
5 59 - - - - - - 94.1
6 344 322 143 178 - 09 - -

Points are from Fig. 6
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Table 6 Comparison of average scale thickness (um) and structure of complex internal/subsurface layer

Steel External ~ Complex subsurface Structure description

Low Cu 776 +134 50+19 Scattered metal entrainment in mixed iron oxide/fayalite
phase

Medium Cu 411+93 83+16 Two layered oxide formation: (i) iron oxide/fayalite/

iron oxide (interfacial separation), and (ii), iron oxide/
fayalite/Cu-enrichment (strong adherence to substrate)

High Cu 752+93  31+17 Massive Cu-enrichment with deep grain boundary pen-
etration, restricted complex oxide formation

between oxide and metal matrix, which will be investigated by varying water jet
impact factor.

Descaling Efficiency
Classification of Descaled Surface Quality

Reheated steels were subjected to water jet descaling with variations in the impact
factor (IF). To obtain quantitative data from these experiments, the quality of the
descaled surfaces was grouped into three surfaces classes (Fig. 7):

class A had a completely removed external and complex subsurface oxides;
class B had a completely removed external layer and partially removed complex
subsurface scale layer, (with presence of the residual Fe,SiO, phase); and

e class C had completely removed external layer and some complex subsurface
(Fe,Si0O,) but contained penetrating oxide with root-like scale structure having
metal entrainment.

Low Cu Steel

After reheating of the low Cu steel, the oxidized sample followed a hot charge
descaling schedule on a CNC stage that was programmed to produce three varied

SEMNZOKY  WD: 1550 mm 3 T = SeMM:mok  woiteoamm | | | ]  VEcATEScaM
Viewfled: 163ym Dot BSE Viwlos 2z3pm | DecBsEsom
SEM MAG: 170 kx_Dstmay: 101120 1. ; SEM MAG: 124k Datsmiayy: 100820 Mssour a7

Fig. 7 Descaled surface quality classification
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standoff distances to cause a corresponding change in applied nozzle impact fac-
tor (IF). After descaling, samples were extracted from the regions with differ-
ent nozzle footprints and analyzed to quantify descaling efficiency. Analysis and
quantification of the surface quality using the criteria described above showed
significant difference in descaling efficiency when the impact factor (IF) was var-
ied from low to high. Figure 8 illustrates a typical residual scale condition after
descaling with different IF and the actual averaged percentage each of the three
categories (A, B, and C) of surface quality. The quantified results showed that, the
low IF condition resulted in complete removal of the external scale (Fe-oxides)
and partial removal of the internal scale (mixed Fe—Si based oxides), accounting
for up to 61% clean surface for class A and 39% residual scale (23% class B and
16% C). The residual scale thickness at the first stage measured 18 +8 um and
12 +2 um for surface class B and C respectively. The residual scales were char-
acterized by deep penetrating oxide roots up to about 40 um into the metal matrix
from the oxide/metal boundary as well as complex orientations for these oxide,
particularly for that of surface class C. When IF was increased to the medium

IF

%

Medium

%

High

%

Fig. 8 Quantified surface quality of low Cu steel after descaling at different IF
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condition, there was a corresponding increasing in the clean surface class A from
initial 61% to 76%, which reflected a decrease in the overall residual scale (class
B plus C) from 39 to 24%. The residual scale class B reported the highest reduc-
tion, from 23 to 6%. The residual scale thickness in class B decreased to 7 +3 um
while class C measured 46+ 12 um. The residual class C scale was character-
ized as oxides with entrained metal as well as oxide formation beneath the cluster
of entrained metal which appeared to be occluded. The original scale analysis
reported higher scale thicknesses in the subsurface sections having higher metal
entrainment due to their larger size. This resulted in the decreasing class B and
some redistribution of residual scale between, classes B and C.

At the highest IF condition, there was no significant effect in total descaling effi-
ciency (class A), while some reversal in different surface classes with residual scale
were observed. At high IF, residual scale totaled 30%, having 18% class B and 12%
class C respectively. These results once again highlight the non-uniformity in the
formed original scale which likely resulted from complex mixed controlled oxida-
tion mechanisms during the reheating process [32-35]. The residual class C scale
was characterized by oxide buried beneath metal that stretched greater than 100 pm
in length. Such scale structural formations may impede descaling since the formed
oxides may not be in direct contact with the impinging water pressure from the noz-
zles during descaling. The residual scale thickness measured 8 +3 um for class B
and 37 +9 um for class C.

Medium Cu Steel

Interestingly, there were no significant changes in descaling efficiency at the lower
applied IF in medium Cu steel when compared to low Cu steel. However, signifi-
cant effect was observed at high IF. In this case, a higher descaling efficiency, above
90% was achieved for the medium and high IF (Fig. 9). Specifically, at the low IF,
only 52% of clean surface quality class A was quantified with 48% residual scale of
both class B and C combined. The predominant residual scale was that of class B,
accounting for 28% with what appeared to be residuals from the first type of oxide
formation in the merged external/complex subsurface layer. The residual scale meas-
ured 15+7 pm for class B and 22+ 6 um for class C which made up 20% of the
total residual. At the medium applied IF, there was a significant increase in clean
surface class A from initial 52% to 94%, with a rapid decrease in residual scale class
B and C. Residual scale observed at the medium IF were mostly oxide penetration
into the matrix from the interface with curved geometry bending down into the sub-
strate. The measured residual scale exhibited a significant reduction in its thickness
(9+5 um). Similar results were achieved at the highest applied IF condition: the
quantified clean surface class A was near the same as for medium IF or about 90%.
The residual scale at this conditions was 5% each for both class B and C surface
quantifications. Strong evidence of Cu-enrichment was observed at this condition.
The measured residual scale thickness was similar to that of the medium IF con-
dition. The residual scale (class B and C) contained mixed phases of iron oxide,
fayalite and iron oxide embedded in fayalite phase.
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Fig. 9 Quantified surface quality of medium Cu steel after descaling at different IF

High Cu Steel

In the high Cu steel, initial characterization of original scale structure prior to
descaling saw a completely different internal scale layer structure, having liquid
Cu-enrichment at the metal boundaries with complex oxide formation occurring
randomly in few spots and sections (Fig. 6). The original complex subsurface
oxide thickness measured 32 +9 pum. At the low IF condition, the descaling was
highly efficient, with class A accounting for 98% (Fig. 10). The residual scale was
less than 5%, having a thickness of 6 +4 um. The residual scale was observed as
penetrating roots at the interface where complex oxides had formed. The clean
surface class A showed a strong presence of Cu-enrichment at the metal bound-
ary. At the medium IF condition, there was no significant change in descaling
efficiency quantified, the clean surface class A measured 97%. The residual scale
class B which measured 1% was seen as complex oxide formations at sections
with no Cu-enrichment (7 +3 pm). The residual scale class C which measured
2% was observed as oxide formations in the Cu-enriched interface with penetra-
tion into the matrix. At the highest IF, the descaling efficiency was still above
90%. There was a small increase in residual scale (7%). The residual scale were
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Fig. 10 Quantified surface quality of high Cu steel after descaling at different IF

formations of fayalite phases (class B) at sections of the complex subsurface scale
layer with little or no Cu-enrichment. These formations were observed as penetra-
tions or superimposed oxides below the substrate interface with complex orienta-
tions and classified as class C. Residual scale thickness measured 8 +3 um for
class B and 10+ 5 pm for class C.

Comparison of Descaling Efficiency in the Different Cu Steels

Comparison of descaling efficiency at varying IF in the different Cu steels is shown
in Fig. 11. It was shown that the effective descaling of low Cu steel requires a higher
IF than the maximum that was applied in this study (2.2 N/mm? IF) because only
70% descaling efficiency was achieved. It was observed that the high IF was just
enough to remove the external layer and some complex subsurface oxide forma-
tions, but a significant amount of the complex oxide remained attached to the matrix
after descaling. The probable cause of this result is related to the high level of metal
entrainment in the complex scale layers of the low Cu steel. The presence of some
entrained metal in the complex subsurface region also served as occlusion regions
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Fig. 11 Effect of IF and Cu in steel chemistry on descaling efficiency

for oxides as they formed within the crevices of metal clusters, which impeded its
removal during descaling.

In the case of the medium Cu steel, the critical IF condition was between the
medium and high levels (1.4-2.2 N/mm?) and it was enough to get a removal effi-
ciency of 90% and above. At this Cu level in the steel, differences in the complex
subsurface scale layer were observed after reheating, as well as a formation of lig-
uid Cu phase. Cu enrichment in sections of the oxide/metal interface was also pre-
dominant in the microstructure. The two types of oxide formations observed could
effect on adhesion to the matrix differently. The first type of layered oxide formation
contained iron oxide/fayalite/iron oxide which might affect scale removability posi-
tively, while the second layered formation (iron oxide/fayalite) might impact scale
removability negatively since it has been reported that scale structures having higher
levels of fayalite presence at the oxide/metal interface respond poorly to descaling
[29]. The Cu enriched liquid layer formed in medium Cu steel at reheating tempera-
ture decreased impact energy and promoted easier descaling at the medium IF. At
the same time, from steel surface quality standpoint, deep Cu penetration into the
austenite grain boundaries from the oxide/metal interface will lead to liquid embrit-
tlement and cracking during hot rolling deformation [15].

The external/internal/subsurface modification in high Cu steel had dramatic
effect on descaling efficiency. The results showed that the complex subsurface
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scale layer was completely modified at this high Cu level. The scale layer con-
tained fewer complex oxides formation at the oxide/metal interface and was occu-
pied by liquid phase Cu-enrichment which impeded the formation of complex
internal oxides as seen in its scale thickness measurements. In the high Cu steel,
only a low critical impact factor (IF) was needed to achieve above 90% of scale
removal.

In general, it was observed that Cu levels of 0.5 wt% and above, combined
with medium IF conditions (1.4 N/mm?) improved scale removal efficiency.
Overall, the high Cu steel showed higher descaling efficiencies at all applied IF
conditions. These results could be related to the decrease in complex subsurface
oxide formation which might have been suppressed by liquefaction of Cu at the
oxide/metal interface at reheating temperatures above the melting point of Cu
(1200 °C> 1085 °C). Another possible explanation may be that the Cu phase was
still liquid prior to descaling, hence enabling easy separation of the external and
internal scale layer which was dominated by the presence of a Cu-enriched layer
at the matrix interface.

Finally, all observations seen in the scale structures and their effect on des-
caling of the low carbon steels with different Cu levels are depicted schemati-
cally in Fig. 12. The phases present in the complex scale structures for the low
carbon steels are identified in top part of this figure. The schematic depicts the
scale structures after reheating and their transformation during descaling at vary-
ing impact factors.

Phases Fe-O Fe-Si-O Entrained metal Cu-rich Steel
— ]
After reheating Low IF Medium IF High IF

Defects

Voids

%

Cracks

/%

Fig. 12 Schematic representation of reheated scale structure of different Cu additions and its structural
change during descaling at different impact factors

@ Springer



382 Oxidation of Metals (2022) 98:363-383

Conclusions

The effect of Cu additions in low carbon steels on scale formation during reheat-
ing and scale removal during descaling was investigated. The investigation was
performed on 3 different Cu addition levels: low (0.2 wt%) medium (0.5 wt%) and
high (0.8 wt%). At these different Cu additions, the oxide scale that formed during
reheating in an oxidizing combustion gas atmosphere exhibited different structural
properties, chemistries, and characteristics in the different scale layers (external and
internal/complex subsurface) that formed. Major differences in the internal/complex
subsurface scale layers close to the metal substrates were observed, which is crit-
ical for scale removal. Low Cu levels (0.2 wt%) exhibited random distribution of
metallic Fe entrainment fused into the subsurface oxide structure which increased
its complexity and strengthened its adhesion to the substrate. For the medium (0.5%
wt%) and high (0.8 wt%) Cu level steels, the subsurface oxide contained less com-
plexity with high Cu-enrichment, particularly the 0.8 wt% Cu steel, which exhib-
ited a restricted complex subsurface development during reheating. The high Cu
level steels (above 0.2 wt%) exhibited classic Cu penetration into the austenite grain
boundaries of the steel from the enriched Cu liquid at the oxide/metal interface. This
deep penetration appeared to suppress diffusion oxidation kinetics at the metal/oxide
interface causing a decrease in subsurface scale growth and development.

The effect of Cu additions on the scale structure (subsurface) was evident dur-
ing scale removal (descaling). The low Cu steel exhibited the lowest efficiency 70%,
at high impact factor (IF) with the residual scale characterized by complex oxides
(metallic Fe entrainment and oxide occlusions) that were strongly adherent to the
metal substrate after descaling. The medium and high Cu steels exhibited improved
descaling efficiency (above 90%) with less retained scale due to fewer complexi-
ties in the original subsurface oxides after reheating. The critical impact factor for
efficient descaling of the low Cu addition was higher than the highest IF condi-
tion applied in this study (>2.2 N/mm?), while the medium and high Cu additions
required between 1.0 and 1.4 N/mm? IF for efficient descaling. This study demon-
strated that increasing Cu additions decreased the complexity of the subsurface scale
formed in low carbon steels which is critical for efficient descaling.
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