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Abstract. The goals of the work were to search and systematize the speed limits of the steel strip during hot-dip galvanizing, associated with the threat of
product defects. Since speed can be combined with many other factors, this paper provides an overview of the known causes of common defects. The
causes were grouped taking into account the operations of individual sections of continuous hot-dip galvanizing units. To determine the circumstances
in which defects occur, a method was used that involved step-by-step stratification of retrospective data and comparison of the distribution density of
influencing factors for defective and non-defective products. The method was applied in the analysis of the data on defects at the MMK Metallurgy
plant in Turkey, obtained in 2020-2021. Twenty-one types of acceptable and unacceptable defects that occur during galvanizing of DX51D steel were
selected for analysis. Twenty-two technological parameters were taken as factors, including the strip speed. For each selected type of the defects, a set
of influencing factors is determined, and for some types of defects, the alleged causes of their occurrence are indicated. It is shown that the relationship
observed for many types of defects with the strip speed can actually be caused by other factors. We determined the types of defects, the probability of
which increases with an increase in the speed or the level of its change. The paper proposes measures aimed at preventing the increase in the proportion
of defective products along with the performance gain.
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AnHomayus. LensiMu paOoOThI SIBISUINCH MOUCK M CHCTEMATH3alUsl OTPaHUYCHUI CKOPOCTH JIBMIKEHHUS CTAIBHOW MOJIOCHI P TOPSYEM OLUHKO-
BaHMH, CBSI3aHHBIX C yIp030il BO3HUKHOBEHHs Je(eKToB MpoayKiuu. [T0CKoiIbKy CKOPOCTh MOXKET OKa3bIBaTh COBMECTHOEC BIIMSHHE C MHOXeE-
CTBOM Jpyrux (hakTopoB, B paboTe MPOBEJCH 0030p W3BECTHBIX MPUYMH BO3HUKHOBEHHS PAcHpOCTPaHEHHBIX NedekToB. BrimonHena rpymmu-
POBKa IPUYHUH C YYETOM ONEPALfii CEKIMI arperaTroB HEMPEepHIBHOTO rOPsYEro OMHKOBaHus. J{i1st onpezeeHust 00CTOSTEILCTB BOSHUKHOBEHHUS
NeheKTOB MPUMEHEH CIIOCO0, IPEAIONATAOINIT TOITAHYIO CTPATH(HKAINIO PETPOCIICKTUBHBIX JAHHBIX M COMOCTABICHUE INIOTHOCTH PacIpeie-
JICHUS! BIUSOMNX (aKTopoB Juist AeheKTHOI U He JedeKTHOH mpoaykiun. [IpoBeeH aHanu3 gaHHbIX 0 Jedekrax Ha 3aBoge «MMK Metallurgy»
B Typuun, nomydennsix B 2020 — 2021 rr. [ns aHanuza ObUtM 0TOOpaHBI JOMYCTHMBIC U HE JOIyCTHMbIC Ne(eKThl JBaALaTH OIHOTO BHJA,
BO3HHUKAIOIIKE NpH olHKoBaHuH ctanu DX51D. B kauecTBe (pakTOpOB MPUHSTHI 1BA/IATh ABa TEXHOJIOTHUECKHUX MTApaMeTpa, BKIK0Yas CKOPOCTb
JIBHIKEHUS TTOJIOCKL. J{JIsl Kayk10ro 0ToOpaHHOTO BUa JIeeKTOB OonpeiesieH Habop BIMSIONMX (PAKTOPOB, I HEKOTOPBIX M3 HUX YKa3aHbI Mpe/l-
rosiaraeMble TIPUYMHBI UX BO3HUKHOBEHUs. [loka3aHo, 4To HaOiromaemasi Uil MHOTUX BHUIOB 1e(EKTOB CBsI3b CO CKOPOCTBIO JBHIKECHHUSI TTOJIOCHI
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[ INTRODUCTION

Galvanized sheet steel is a primary product of metal-
lurgical companies. The production from continuous
hot-dip galvanizing units (CHGUSs) has increased signifi-
cantly in recent decades. It is reported [1] that galvanized
rolled steel accounts for approximately 10 % of the global
metal product consumption. In developed countries, this
figure can exceed 15 %. The automotive and construction
sectors are the principal consumers of these products [2].

The efficiency of CHGUs is gauged by the speed
of the steel strip and downtime. The optimal speed is
selected based on the specifics of the automatic control
system employed at various stages of the manufacturing
process. For example, in the strip heat treatment phase,
when fuel usage nears maximum capacity (determined
by burner capabilities), regulating the process can become
challenging [3].

Research highlights the significance of human jud-
gment in selecting the strip speed [4]. It has been found
that different operators may choose varying speeds, leading
to significant discrepancies in CHGU efficiency. To address
this, a consulting system has been suggested to allow staff
to leverage the expertise of the most effective operators.
However, the impact of these choices on product quality has
not been assessed. It is noted [5] that operational complexi-
ties and constraints of the continuous annealing process
play a crucial role, where the human factor often reduces
efficiency. Moreover, there are line speed limits associated
with product quality that lack systematic organization and
are typically determined through empirical means.

-TYPICAL CAUSES OF THE LINE SPEED REDUCTION

Typically, equipment is engineered for a specific maxi-
mum line speed, which may be decreased either tempora-
rily or for extended periods. For example, a study [6] sug-
gests utilizing line speed adjustments to rapidly modify
strip temperature in response to disruptions, such as
changes in the type of steel being processed or alterations
in annealing temperature requirements. Short-term reduc-
tions are often implemented as a regulatory measure.

On the other hand, long-term speed reductions may
stem from the limited capacity of the heating and cooling
systems in the strip heat treatment sections. For example,
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the guidelines from the MMK Metallurgy plant provide
specific line speed recommendations based on the strip’s
thickness, width, and the desired temperatures at the exit
of the direct heating theat, indirect heating ¢, ., and cool-
ing ¢ stages (Fig. 1). According to these guidelines
(Fig. 1), for strips thicker than 1 mm, the advised speed is
considerably less than 180 m/min, which is the maximum.

Enhancing the control of the continuous annealing
process can lead to increased line speeds. Nevertheless,
potential improvements are often constrained by defects
arising from factors other than non-compliance with
annealing specifications.

[ CLASSIFICATION OF DEFECTS AT
MMK METALLURGY PLANT

GOST 14918 — 2020, based on ISO 3575:2016 and
additional standards, outlines allowable defects based
on the type, category, and classification of the coating’s
finish. General acceptable defects include:

— marks from the strip and roller bends;

— scratches and abrasions that do not compromise
the integrity of the coating;

— light and dead spots;

— inconsistent coloring of the passive film.
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Fig. 1. Recommended speeds depending on heat treatment mode:
1-CQ type (4, =720 °C, t, ., =750 °C, ¢, = 460 °C);
2—-EDDQ type (t.. . =750°C, ¢, =850°C,t_ =460 °C)

heat hold cool

Puc. 1. PexomeHyeMble CKOPOCTH B 3aBHCUMOCTH
0T peXHUMa TEPMUYECKOI 00paboTKu:
1 —1un CQ (¢, =720 °C, 1, =750 °C, ¢ =460 °C);
2 —tun EDDQ (¢, =750 °C, t, = 850 °C, ¢t = 460 °C)
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For specific types and categories of coatings, the fol-
lowing imperfections are permitted:

— beads, runs, buildup without cracking;

— localized roughness of the coating;

— dross pimples or inclusions;

— uneven crystallization within the coating;

— dark dots and tracks (streaks).

The presence of cracks on minor beads situated on the
steel substrate’s flaws is prohibited. The standard also
details unacceptable edge imperfections and establishes
limits for the mass of the coating.

According to MMK Metallurgy’s data for 2020 — 2021,
as illustrated in Table 1, certain defects are significantly
more prevalent in defective products (P,..) compared
to quality products (P _ ). The most frequent defects

norm

include uncoated areas (insufficient zinc coating and
delamination) and uneven coating. Common defects
of quality products are presented in Table 2.

[ IDENTIFIED CAUSES OF DEFECTS

The occurrence of defects in the continuous hot-dip
galvanizing process can be attributed to both the tech-
nological aspects of the process and the characteristics
of the initial steel strip being galvanized.

Impact of steel strip properties on defect forma-
tion. The properties of the steel base can be grouped into
several categories:

— structural composition of the steel;

— chemical makeup of the steel;

— mechanical characteristics;

Table 1. Common defects in rejected products

Ta6auya 1. PacnipocTpaneHHbIe 1e()eKTHI 0TOPAKOBAHHOI MPOTYKIUU

Number Designation (English / Turkish) Defect s 70 | Piec s %0
D1 Uncoated Spots / Kaplama Almama Uncoated spots 0.46 25.90
D2 Rough Coating / Pas Kaynakli Puruzlu Kaplama Uneven coating 0.12 22.29
D3 Damage Marks / Markalama Izi (Darbe 1zi) Damage marks 0.29 8.40
D4 Dent / Batik (Batma Boslugu) Dents 0.31 4.88
D5 Edge Roughness / Kenar Puruzlulugu Rough edges 1.06 2.71
D6 Coating Thickness Defect / Kaplama Uygunsuzlugu Coating thickness nonconformity 0.58 1.63
D7 Macro Inclusion / Makro Inkluzyon Macroinclusions 0.36 1.08
D8 Unappropriate Mechanical Test / Mekanik Test Non-conforming_ mechanical 0.10 1.08

Uygunsuzlugu properties
* When probability was calculated, we excluded the defects occurring as the unit stopped/started.
Table 2. Common acceptable defects
Ta6auya 2. PacnipocTpaHeHHbIe 1e()eKThI KAYeCTBEHHOI MPOTYKIUM

Number Designation (English / Turkish) Defect P oY% | Py %
D9 Ridge / Ridge Zinc bright edges 55.61 8.94
D10 Rough Coating / Puruzlu Kaplama Rough coating 52.98 13.55
D11 Snout Marks / Surtunme 1zi Abrasions 49.21 6.23
D12 Sink Roll Marks / Sink Roll Merdane 1zi Roller marks 16.98 2.98
DI3 Ocean Wave ((%‘zg:ﬁ E‘;gi;ll/a‘){“my Alintisi Wavelike coating 1679 | 16.26
D14 Skin pass mill break-marks / SPM Kirigi Marks related to skin-pass rolling 11.05 1.63
D15 Roll Shadow / Merdane Golgesi Dark longitudinal streaks 5.07 0.27
D16 Chromate Stain / Kromat Lekesi Chrome stains 4.45 4.34
D17 Matt Appearence / Mat Goruntu Matte finish 4.39 4.34
D18 Scratch / Cizik Scratches 2.73 4.07
D19 Orange Peel / Portakal Kabugu Olusumu Micro-roughness (orange peel) 2.05 0.54
D20 Break Mark / Kirilma Izi Cracks in the coating 1.67 0.54
D21 Blister / Blister Blisters on the coating 0.79 0
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— surface conditions, including levels of contamina-
tion [7; 8].

Research [9] points out the significant influence
of'steel’s chemical composition on the zinc coating’s devel-
opment. Specifically, the silicon content plays a critical
role. When the silicon concentration ranges between 0.06
and 0.10 %, an abnormal increase in zinc coating thickness
occurs. This can result in a coating that is both fragile and
possesses an unappealing gray hue. Notably, silicon con-
tent tolerances are relatively broad for many steel grades.

Further studies [10] have identified that certain
marks on the coating can stem from the underlying
steel’s characteristics. For instance, small ferrite grains,
approximately 1 — 2 mm in diameter, emerge on the sur-
face. Chemical analyses have detected elevated levels
of Ti and Mn within these grains, alongside thin layers
(up to 150 nm) of Mn and Si oxides at the juncture
between the coating and the base material.

Additionally, a steel phosphorus content exceeding
0.03 % has been linked to the coating’s delamination.

According to [11], shape defects present in cold-rolled
semi-finished products can directly influence the occur-
rence of coating defects. This is due to the abnormal
effect of air knives on similar areas of the strip surface,
leading to issues such as non-flatness, folds, corrugation,
distortion, and scab.

Further research [8] indicates that surfaces marred
by scratches, gouges, or mechanical damage exhibit sig-
nificantly increased reactivity. This heightened reactivity
can foster the growth of Zn—Fe crystallites as protrusions
in the coating layer, resulting in areas with an excessively
thick coating. Additionally, the process of galvanizing sur-
faces that are initially uneven is prone to result in a uneven
coating thickness [12]. In attempts to counteract this,
a thicker application of coating might be employed. How-
ever, such defects may still be inevitable, particularly
when high zinc temperatures are involved or the immer-
sion time in the zinc bath is extended.

The research articles [13 — 15], focusing on the deve-
lopment of steel for automotive body sheets, underscore
the complexity of balancing a set of diverse and often conf-
licting requirements such as strength, ductility, formability,
and corrosion resistance. The authors highlight the chal-
lenge in enhancing the steel’s strength without a compre-
hensive understanding of the kinetics of phase and struc-
tural transformations. For instance, it has been observed
that the presence of Cr, Ni, and Cu in the steel can delay
recrystallization to higher temperatures. As a remedy, it’s
suggested to increase the annealing holding temperature
by 30 — 50 °C to accommodate these effects.

Defects arising from the CHGU process are catego-
rized based on the specific stages of the operation that
lead to their occurrence.

Cleaning section. In the CHGU process, the steel
strip is cleaned through immersion in an alkaline solu-

92

tion, brushed by rotating roller brushes, and subjected
to electrolytic cleaning.

The primary contaminants on the strip include iron
fines, oil, and dirt. As noted in the literature [8], the goal
of the cleaning stage is to reduce the levels of iron fines
and oil on the strip’s surface to below 20 mg/m?. The pre-
sence of fine particles in the bath can lead to reduced zinc
adhesion, resulting in dross formation, material adhe-
rence issues, and uncoated sections.

Research [10] into streaky mark defects, which are
long (tens of meters), narrow (up to 15 mm wide), and run
parallel to the rolling direction, suggests that these marks
arise from a high concentration of oxides at the interface
between the coating and the steel substrate. This condi-
tion suggests that the strip surface was not adequately
cleaned, leading to ineffective removal of contaminants.

Another study [16] highlights that bare spots and coating
delamination primarily result from residual oil on the steel
substrate. This oil, when subjected to heating in direct and
indirect heating furnaces, turns into carbonaceous depo-
sits that manifest as defects. These issues can be mitigated
through effective lubricant removal and appropriate adjust-
ment of the bath’s chemical composition.

Furthermore, the presence of uncoated cavities has
been attributed to air knives failing to remove solid par-
ticles from the surface or to their inability to blow off
particles that were not removed in time or were trapped,
as indicated in [8].

Heating and exposure. The strip heating section
in CHGU is designated for continuous recrystallization
annealing. This section may consist of a furnace that
utilizes indirect heating in an exothermic gas environ-
ment, or it may employ both direct and indirect heating
methods. Reduction reactions occur in a protective atmo-
sphere, aiding in the cleaning of the strip.

Research [8] indicates that inadequate management
of the air/fuel mixture in the CHGU’s direct heating fur-
nace can lead to an excessively high concentration of CO,
which may result in soot accumulation on the strip. These
soot deposits can cause to bare spots in the zinc coating.
In the case of indirect heating furnaces, where the strip is
heated in a protective atmosphere of N, — H, maintain-
ing low dew points and minimal oxygen levels is crucial
for enhancing strip cleanliness. Failure to control these
conditions can lead to contamination issues, such as those
arising from the deterioration of radiant tubes, which
negatively affect the zinc coating’s adherence to the strip.
Additionally, during the galvanization of low carbon
steels, lubricant leaks from the hearth roll bearings can
lead to surface carburization.

Moreover, it has been found [17] that when galvani-
zing dual-phase steels, annealing in environments with
low dew points promotes significant external oxida-
tion of trace alloying elements. This oxidation pro-
cess impedes the molten zinc’s ability to reactively wet
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the steel surface effectively. An increase in the dew point
leads to a reduction in the surface coverage of oxides.

The study [6] highlights that the thermal load
in the heating section rises substantially with the increase
in strip speed. This surge in thermal load amplifies
the thermal crown effect of the rolls, attributed to the tem-
perature variation within the rolls themselves, conse-
quently heightening the likelihood of strip misalignment.
Within the furnace, the strip experiences thermal buck-
ling, a warping effect caused by uneven heat distribu-
tion, exacerbated by the strip’s diminished yield strength
at elevated temperatures.

According to [18], the phenomenon of strip buckling
in the furnace is primarily due to the synergistic effects
of elevated temperatures and tension applied to the strip.
The risk of buckling escalates as the strip widens.
Achieving a more even temperature distribution across
the strip’s width can mitigate buckling risks, but only
within lower temperature ranges. At certain temperatures
along the strip’s length, tension reaching a first critical
level induces buckling. Should the tension further escalate
beyond a second critical threshold, buckling might reduce,
provided deformation processes have not commenced.

The literature [6; 19; 20] underscores the significant
influence of the steel’s heat treatment conditions during
annealing on the mechanical properties of products from
CHGU. To avoid defects amid changes in production assort-
ment or operational modes, it is advised to employ preemp-
tive control models for strip temperature regulation [21].

Closed-circuit cooling. The closed-circuit cooling
section is an integral component of the indirect heating
furnace, where nitrogen-hydrogen gas serves as the cool-
ing medium for the steel strip. This cooling process aims
to reduce the strip’s temperature to near that of the molten
zinc in the bath, preparing it for the galvanizing process.

Research [22] conducted on the occurrence of zinc
bright edges at Sheet-rolling Shop No. 11 of PJSC Mag-
nitogorsk Iron and Steel Works identified the root cause
as the accumulation of zinc dust within the snout of the
CHGU furnace’s outlet trough. This accumulation occurs
when zinc dust particles evaporate from the bath and then
condense on the snout, from where they subsequently
fall onto the strip’s surface, leading to zinc buildup.
To address this issue, modifications to the furnace outlet
trough’s snout were suggested, specifically to enable dew
point measurement and control within the area.

It has been observed [8] that a high strip temperature
at the inlet of the zinc bath, following closed-circuit cool-
ing, combined with a low dew point at the snout, can
lead to zinc vaporization at elevated strip speeds. This
vapor, upon condensing on the strip, may result in coat-
ing defects such as pimples and bulges. The significance
of the strip temperature post-cooling on defect formation
has also been highlighted [23]. To mitigate these issues,
it is recommended [24] to minimize the temperature

difference between the cooled strip and the bath. When
the strip temperature exceeds 470 °C, there is an increased
risk of aluminum capture in the bath, heightened dissolu-
tion of the steel strip, and accelerated dross formation.

The study documented in [17] explores how the cool-
ing rate influences the mechanical properties of dual-
phase steels.

Zinc bath. The study in [9] highlights that the forma-
tion of bottom dross in the zinc bath increases the melt’s
viscosity, leading to uneven coating thickness and
the appearance of bright edges. To mitigate these issues,
the addition of aluminum to the bath is recommended.

Top-dross particles can become embedded in the coa-
ting if the bath’s surface oxide film adheres to the strip, as
noted in [8]. This underscores the necessity of maintain-
ing a clean bath surface. Incorrect levels of aluminum in
the bath, coupled with fluctuations in the melt tempera-
ture, can escalate dross formation. The resultant dross
particles may adhere to both the coating and the rolls,
with larger dross particles potentially causing indenta-
tions in the strip. An excessive iron content in the bath
negatively impacts the fluidity of the molten zinc, leading
to a matte coating finish.

Research in [25] examines how the melt temperature
within a zinc bath affects the coating thickness, demon-
strating that an increase in temperature leads to thinner
coatings, particularly for steels with a high silicon content.

Air knives. After the bath, the strip passes through air
knives that blow excessive zinc back into the bath. This
ensures the required thickness and uniformity of the coa-
ting layer.

However, as [8] reveals, air knives can induce defects
such as runs and folds in the coating. Runs typically occur
on thicker strips with a heavy coating, whereas ripples are
more likely on thinner strips with a light coating. Factors
contributing to these defects include:

— the strip’s overly smooth surface;

— elevated temperatures of either the strip or the zinc
in the bath;

— excessive vibrations and the disruption of the oxide
layer on the molten zinc.

The study in [26] discusses non-uniform coating
issues, specifically check mark stains that create various
patterns. These patterns result from differences in pres-
sure within the air knife’s alternating vortex, with higher
pressure at the edges removing more molten zinc than
the lower-pressure center. The movement of these vor-
tices, driven by jet and pressure instability, influences
the pattern formation, which varies with the strip’s speed.
According to [27], the characteristics of check-mark
stains are affected by the initial distribution of coating
thickness across the strip and the speed of the steel strip.
The presence of such stains reduces the quality, produc-
tivity, and profitability of the final products [28]. Addi-
tionally, [29] demonstrates a significant drop in jet pres-

93



N3BECTUA BY30B. YEPHAA METAJIJIYPIUA. 2024;67(1):89-105.
Ps6yukog M.I0., Pa6uukosa E.C. u dp. i3y4yeHune orpaHH4YeHU I IPOU3BOJUTENBHOCTH arperaToB HelpepbIBHOI'0 FOPSYero OLIMHKOBAHUS ...

sure at the strip’s edges compared to the peak pressure
in the middle, affecting coating uniformity and leading
to a thickening of the strip edge.

The studies referenced in [30; 31] delineate key
variables influencing coating thickness, such as:

— strip speed;

— air knife pressure;

— height of the air knife from the bath;

— proximity of the air knife to the strip;

— opening of the gap;

— angle of air knife inclination.

Research presented in [32] highlights that devia-
tions in coating thickness from the intended specifica-
tion can often be attributed to vibrations of the strip near
the air knives. These vibrations may stem from fluctua-
tions in tension and the movement patterns of rollers
within the zinc bath, suggesting that the effect of air knife
settings on the quality is interlinked with strip speed and
other parameters via strip vibrations. It has been observed
that strip speed plays a significant role in the amplitude
of vibrations near the air knife [33], with increased speeds
making vibration mitigation more challenging. However,
optimizing tension and controlling strip speed can limit
peak vibration amplitudes. The utilization of the EMG
eMASS electromagnetic strip stabilization system, as
noted in [34], significantly reduces variation in coating
thickness by minimizing vibration.

The authors of [11] identify severe strip vibrations, melt
turbulence, and air knives clogging with the melt as causes
for the appearance of zinc bright edges. They recommend
adjusting the tension and strip speed to address these
vibration-induced defects. Furthermore, modifications in
the following areas can correct such defects:

— air knife pressure;

— proximity to the strip;

— jet angle;

— strip temperature and speed.

According to [35], when the strip exits the bath,
the interaction between the molten zinc on the coating’s
outer surface and atmospheric oxygen results in a more
viscous top oxide layer, leading to ripple formation. This
phenomenon is more pronounced with thick coatings and
lower strip speeds, which can be mitigated by increasing
strip speed or employing nitrogen in the air knife process.

The paper [36] explores how air knives affect the flow
of liquid zinc in the bath, showing that air knife jets can
significantly alter the zinc flow around the strip’s exit.
This finding opens avenues for enhancing coating quality
through strategic manipulation of air knife settings.

Skin pass mill and tension leveller. Following
the air knives and deep cooling stages, the strip proceeds
to the skin pass mill, where it undergoes rolling with
a minimal elongation ratio. This process aims to maintain
the steel’s drawability, enhance surface smoothness, and
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mitigate the zinc coating’s texture. A tension leveler is uti-
lized to improve the strip’s flatness. It has been observed
that the interaction between the hard surface of the work
roll and the softer zinc coating leads to zinc transfer onto
the work roll, resulting in dents on the strip’s surface dur-
ing rolling.

Research [37] identifies two distinct mechanisms for
the formation of coating cracks in areas of the sheet that
undergo the most extensive rolling. Macrocracks emerge
from the infiltration of the coating material into the metal,
which subsequently embrittles the grain boundaries.
Microcracks develop during the skin-pass rolling of gal-
vanized sheets under high tangential stress conditions and
at minor strip bends.

The occurrence of the “orange peel” defect during
skin-pass rolling, triggered when the elongation reaches
the yield strength, has also been documented. Applying
the correct annealing method can alleviate this issue [38].

Combined effect of sections. Numerous studies
emphasize that defects often arise from a complex inter-
play of factors.

Research conducted by the authors of [11] delves into
the causes of zinc bright edges, highlighting that opera-
tional downtime presents a significant challenge in miti-
gating such defects. The solidification of zinc at the point
of contact between the strip and the zinc melt complicates
the operation of air knives, which are crucial for achie-
ving a specified coating thickness.

The study [10] identifies the co-occurrence of two spe-
cific conditions as a precursor to the development of cracks
on the coating surface. Initially, flaws in the technologi-
cal process lead to what is described as a “wavy pattern”
of defects, including voids and cracks, primarily located
at the center of the coating and not directly related to the
presence of steel base surface oxides. The second con-
dition involves the nuances of skin-pass rolling, during
which the coating is prone to cracking.

The paper [39] outlines two scenarios frequently lead-
ing to diminished adhesion between the zinc layer and the
steel substrate. The first scenario involves:

— low temperature in the zinc bath;

— reduced temperature in the furnace’s sixth zone
(the last one in the direction of metal flow);

— a sharp decrease in strip speed.

The second scenario includes:

— sudden speed alterations;

— low zinc bath temperature;

— decreased strip temperature at the furnace exit.

The researchers in [40] analyzed how various factors
affect product quality, including:

— average elongation;

— strip speed;

— proximity of the air knives to the strip;

— air knife pressure.
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Quality is defined by the absence of various defects,
such as uneven or insufficient zinc coating due to buildup,
streaks, pits, and dross inclusions. They identified specific
conditions under which the incidence of defects markedly
increases, namely:

— substantial elongation;

— speed over 57 m/min;

— air knife distance exceeding 1226 mm;

— elevated air knife pressure.

This analysis confirms that the strip speed plays a cru-
cial role in the manifestation of various defects, making
it challenging to simultaneously address all these aspects.
Thus, identifying the root causes of defects with consi-
deration of the line speed is crucial.

B INITIAL DATA

The analysis of performance and defects at MMK
Metallurgy plant was conducted through a retrospective
evaluation of data from CHGU subsystem operations and
product defects identified during 2020 — 2021, specifically
focusing on DXS51D steel. The database for this period
contains detailed records for each strip roll, including
the maximum, minimum, and average values of each pro-
cess parameter recorded during the processing of the roll.

- EFFECT OF STOPPAGES ON DEFECT OCCURRENCE

The research highlighted in [11] identifies downtime
as a significant factor influencing the incidence of defects.
Table 3 in the study details the ratio of rolls exhibiting
defects that occurred during instances when the produc-
tion unit was halted.

Out of the defects examined, only three showed a pro-
bable connection to the unit’s stoppages. Among these,
the defect categorized as D1 — uncoated spots — exhi-
bited the most significant correlation with unit downtime.
The analysis suggests that for the range of defects conside-
red, unit stoppages cannot be solely attributed as the cause
for most defect occurrences. Consequently, rolls that expe-
rienced unit stoppages during their processing were sub-
sequently removed from the analysis to maintain accuracy.

The data presented in Table 4 are considered as influ-
encing factors in this context.

Table 3. Proportion of rolls with defects during production
of which there was a stoppage of the unit

Ta6auya 3. J1oyi1 pyJioHOB ¢ AedeKTaMH,
IIPH NPOU3BOACTBE KOTOPLIX BO3HHKAJ/1a 0CTAHOBKA

Defect Proportion, %
D1 — Uncoated Spots 8.84
D3 — Damage Marks 3.47
D4 — Dent 1.50

- METHOD DETERMINING THE CIRCUMSTANCES
UNDER WHICH DEFECTS DEVELOPED

Identifying the precise conditions leading to defects
is challenging due to the multitude of process parameters
that could potentially influence outcomes, along with
the interconnected changes among various signals.

For each specific defect, a particular set of factors
was pinpointed to enable further data stratification. This
approach involved initial assessments to compare the dis-
tribution laws of each parameter for defective versus non-
defective products.

Stratification was employed to mitigate the effects
of confounding factors amidst interdependent signal
variations. Data were organized based on the conditions
of their collection, and then analyzed within these groups
separately to isolate and eliminate the influence of extra-
neous variables. For instance, the emergence of defect
D19 was linked to changes in strip thickness and line
speed. To isolate the impact of speed, data were cat-
egorized by strip thickness. Subsequently, within each
defined category (stratum), the effect of speed on the
occurrence of defects was examined. Fig. 2, a presents
the speed distribution density for products affected by
defect D19 without stratification, while Fig. 2, b shows
the analysis for a specific stratum with stratification
applied, indicating that the likelihood of defect occur-
rence is more closely related to strip thickness than to
line speed.

The process of data stratification involved multiple
stages. Initially, factors such as line speed and strip
thickness were considered potential risk factors. Based
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Fig. 2. Speed distribution density
for products with (2) and without (1) defect D19:
a — without stratification;
b — with stratification (strip heights (0.40 — 0.65 mm))

Puc. 2. I1noTHOCTD pacipeeneHusi CKOpoCTH
ULt mpoykiuu ¢ nedexrom D19 (2) u 6e3 taxoro nedexra (1):
a — 6e3 crparuduKanuy;,
b — ipu crpatudukanuu s crparsl TonmuHoi 0,40 — 0,65 MM
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Table 4. Factors explaining the causes of defects

Tabauya 4. ®akTopsl 1Jisi 00bACHEHUS IPUYUH /1eeKTOB

Number Value
Fl1 Average strip speed
F2 Difference between maximum and minimum speed
F3 Average strip thickness
F4 Difference between maximum and minimum strip thicknesses
F5,F6 Minimum and maximum strip temperatures after the direct heating section
F7,F8 Minimum and maximum strip temperatures after the indirect heating section
F9, F10 Minimum and maximum strip temperatures after closed-circuit cooling
Fl1 Strip width
F12,F13 Minimum and maximum melt temperature in the zinc bath
Fl14, F15 Pressure on front and rear air knives”
Fl16, F17 Minimum and maximum dew point in the indirect heating section
F18, F19 Minimum and maximum dew point in the closed-circuit cooling section
F20 Minimum strip tension at the furnace inlet™
F21 Specified zinc coating thickness (coating mass)
F22 Elongation during rolling™”
" When the coating thickness is stabilized, it characterizes melt viscosity in the zinc bath.
** For some defects, the tension at different sections was considered.
*** It was taken into account for defects D19, D20.

on the outcomes of the initial analysis, these parameters
were then classified as interfering factors if necessary.

- FACTOR SETS FOR FURTHER STRATIFICATION
OF THE DATA

Table 5 presents the variations in distribution density
between defective and non-defective products, correlat-
ing to each defect being investigated.

From the data in Table 5, it is apparent that there is
no discernible link between factors F16 and F19 and
any of the defects studied. Specifically, for defects D16
(Chrome stains) and D17 (Matte finish), the distribution
densities of all factors for defective and non-defective
products are notably similar, suggesting these factors
do not significantly influence the emergence of these
defects. Additionally, the pressures of the front and rear
air knives (Factors F'14 and F'15) exhibit comparable par-
tial distributions across all defects.

However, certain factors are identified as potentially
influencing the occurrence of a broad range of defects:

— strip speed — 17 types of defects;

— strip thickness — 16 types of defects;

— strip tension — 12 types of defects;

— zinc coating thickness — 10 types of defects;

— air knife pressure — 9 types of defects;

— the minimum strip temperature after the direct hea-
ting section — 8§ types of defects.
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- EVALUATION OF THE IMPACT OF FACTORS BASED
ON THE RESULTS OF STRATIFICATION

Table 6 details the factors potentially affecting
the incidence of various defects, with post-stratification
analysis revealing that the relationship between defects
and strip speed is often mediated by the effect of strip
thickness. Beyond thickness, a significant array of defects
can be attributed to several key factors:

— strip speed — 6 types of defects;

— air knife pressure and coating thickness — 5 types
of defects;

— speed fluctuations and strip tension — 3 types
of defects;

— dew point in the closed-circuit cooling section and
strip temperature after this section — 2 types of defects.

Four specific defects were found to occur under con-
ditions uniquely influenced by the distribution of strip
thickness alone (D11 — abrasions, D12 — roller marks,
D18 — scratches, D21 — blisters). Following strip thick-
ness, speed emerges as the second most significant factor
in the prevalence of a wide range of defect types.

[ ALIGNMENT OF THE RESULTS WITH THE KNOWN
CAUSES OF DEFECTS

D1 - Uncoated spots. The findings indicate that varia-
tions in strip speed, in particular, are a probable cause
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Table 5. Factors that can potentially affect the occurrence of a defect

Ta6/1ul4a 5. ‘I’aKTOpbl, KOTOPbI€ MOTCHUHUAJIBHO MOT'YT BJIUATHL HA BOSBHUKHOBECHHE Zle(l)eKTa

Factor number

Defect 01/02]03/04(05|06[07|08|09|10 |11 12|13|14|15|16|17|18 19|20 21|22
D1 + | + + + |+ |+ + +

D2 + + + +
D3 + |+ |+ + + +

D4 + + + | + +

D5 + + + + | + + | +
D6 + + | +

D7 + + + + + | + + | +
D8 + + + | + +

D9 + + + + | + +

D10 | + + + | + + + | +
D11 + + + | +
D12 | + + + | +
D13 + + + | + +
D14 + |+ |+ + + | + + + | +
D15 | + + + + +

D16

D17

D18 + + |+ |+ + + + | + +

D19 | + + + + + | +
D20 + + +
D21 + + + +

N 17/4 (161 823|312 ]1/2[1]9]9]04|2]0/|12/10]1

of uncoated spots (Fig. 3). This observation aligns with
the insights from [39], highlighting the impact of speed
changes on this type of defect. Nevertheless, only a minor
portion of such defects can be attributed to unit stop-
pages, suggesting that uncoated spots are not directly
linked to the unit’s cessation of operation. The connec-
tion with tension suggests that these defects are likely due
to mechanical factors. Contrary to the issues discussed
in [8; 17], no significant effect from either high or low
dew point values in the indirect-heating furnace on this
type of defect was detected.

D2 - Uneven coating. The findings align with obser-
vations from [12], indicating that an elevated melt tem-
perature complicates the achievement of a thick, uniform
coating (Fig. 4). A higher melt temperature correlates with
increased metal throughput in CHGU, presenting chal-
lenges in temperature control. This defect [41], adversely
impacts the surface’s wetting properties could be attribu-
ted to the diffusion of iron through the inhibitory Fe—Al
interfacial layer, which, as reported in inhibiting Fe—Al
interfacial layer, which, according to [41], negatively
affects the surface wetting. When the aluminum content in
the bath is at 0.2 %, the formation of the inhibiting layer is

complete, provided the strip temperature at the bath inlet
is between 440 to 480 °C. Nonetheless [24] points out that
the diffusion of iron through this inhibiting layer escalates
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Fig. 3. Dependence of probability of uncoated spots (D1) on:
a —speed at strip height 2 = 0.80 —0.95 mm;

b — speed difference at 4 = 0.8 mm and an average speed of 50 m/min

Puc. 3. 3aBUCUMOCTb BEepOSTHOCTH MsiTeH 0e3 nmokpeitus (D1) ort:
@ — ckopocTu npu TosuHe nonockt 2, = 0,80 — 0,95 mm;
b — nepenaja cxopoctu ipu k=~ 0,8 MM 1 cpenneit ckopoctu 50 M/MUH
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Table 6. Factors affecting the occurrence of a defect

Tabauya 6. ®akTOpPHI, BIAUSIONINE HA BOSBHUKHOBeHHE ederTa

Impact . . .
Defect Circumstances in which the defect occurred
strong weak
F3. F9 On the strips of small height (%) at low speed (v). Large v differences, especially when strips are
D1 F1,F2, F20 F’l 3 > | thin. Low tension, thin strips. High dew point in the closed-circuit cooling section. Increased strip
temperature after closed-circuit cooling at low v, on the strips with 2, <1 mm.
m F1,F3, None High v, thick strips. High melt temperature in the zinc bath when thin strips are processed at high v
F13, F21 or thick strips are processed at any v. Very thick coating.
D3 Fl1,F2, F3, F17 Thick strips, low v. Thin strips, low v and reduced tension. Considerable v variations, except for
F20 high v. Elevated dew point in the indirect heating furnace.
D4 F1,F2, F17 3 Low v. High Flew point in the 1nd1.recF heating furnace at low speed. Increased v variations, high v.
Increased strip temperature after indirect heating
3. F14-15 High (>2 mm) or low (<0.5 mm) hn}et. Thick coating gt highh_ . Tlllin coating .at high l{me[ wi'Fh
D5 ’ ™1 ’ Fl1 strongly reduced pressure on the knives. The probability of a defect increases with growing strip
width at high 7.
D6 None F10 Increased (490 — 500 °C) strip temperature after closed-circuit cooling.
FLF3 At hm from. 0.6 mm. More often at 4, =2 mm. At hme.t up to 1 mm and high v. At lar.ge I
o no v impact is observed. At z__> 1.8 mm and elevated strip temperatures after direct heating and
D7 Fo, F10, None . . L omet . L . .
closed-circuit cooling section. Thick coating or low pressure on the air knives, the strips with /
F14-15, F21 met
up to Il mmand 4_, >2.5 mm.
D8 Stratification is impossible due to small amount of data.

More oftenat 2, <1.5mm. Ath_ . <1.2 mmand highv. Ath__ >2.4 mm and low knife pressure.

t t t

DY F1,F3 F14-15 When the tension at the inlet of the skin-pass rolling section is reduced.

D10 F3 F20 Ath_ from I to 2 mm and increased tension.

D11 F3 None | Often on the strips with 2 <1.5 mm.

D12 None I3 Very seldom on the strips with 2__ <1 mm.

FLF14-15 When the coating is thick, regardless of & _ . When the coating is thin, increasing v reduces

D13 ’ 1 ’ None | probability of a defect. When the coating is thin, reducing pressure on the knives increases
probability of a defect.

D14 F3, F14-15, F17 Typically at & <0.6 mm with reduced knife pressure and thin coating. At & >1.2 mm, an

F21 ambiguous effect of dew point in the closed-circuit cooling section was observed.

D15 F3. F7 None Occurs at different hmet. If h{net >2 mm, the probabll%ty Qf a defegt is 3 — 4 times higher. Ath_
1.8 —2.2 mm and reduced strip temperature after the indirect heating furnace.

DI F3.F20 None The_probablhty grows with increasing hmet (P = 0.0011exp(1.78564, ) or with decreasing
tension. Defects are rare at &, <1 mm.
At h <1 mm; very low dew point values in the closed-circuit cooling section; 1 % elongation

D19 F3,F18, F22 F5 during rolling; reduced strip temperature after the direct heating furnace. More often at
h = 0.3 mm.
Occurs at different 4_,. More frequent on the thin strips (P = — 0.015In(%__) + 0.0196).

D20 F3, F21 None | Upto#, =0.9 mm, the coating thickness does not affect the likelihood of defects. As i grows,
increasing coating thickness enhances the likelihood of defects.

D21 F1,F3 None | Mostly at 4, <1 mm. The probability dramatically decreases at high v.

as temperatures increase, recommending that strip tem-
peratures should not surpass 470 °C. Given that aluminum
content in the melt up to 0.3 % significantly influences
the duration until Fe—Zn phases develop in a non-linear
manner, the depletion of aluminum content in the bath,
coupled with elevated temperatures of both the strip and
the melt, may lead to the emergence of defects.

D3, D4 - Damage marks, Dents. Defects in rolled
products are commonly the result of mechanical damage.
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The findings imply that such damage can happen directly
on the CHGU line, especially when there are abrupt
changes in speed (Fig. 5, 6). The observation of a high
dew point in products exhibiting dents leads to the sugges-
tion that these defects may be due to contamination. Spe-
cifically, as mentioned in [8], dross particles in the bath
can lead to the formation of dents on the rolled products.
D5 - Rough edges. Typical edge irregularities such as
scab, corrugation, and ripple effect are linked to the char-
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Fig. 4. Dependence of probability of obtaining an uneven coating (D2) on:

a — the temperature of the melt in the zinc bath (/ — &

met

=0.5—-0.6 mm at a speed of 160 m/min; 2 -7,

~ 2 mm at a speed of 60 m/min);
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t

b—speedath  ~2 mm;c—speedath  ~0.5mm

Puc. 4. 3aBUCUMOCTb BEPOSATHOCTH ITOJIyUEHHUs] HEPABHOMEPHOTO MOKpPLITHS (D2) OT:
@ — TEMIIEPaTypbl paciiaBa B IMHKOBOH Banne (/ — A, = 0,5 —0,6 MM npu ckopoctu 160 m/mMun; 2 —h_ = 2 MM npu ckopocTu 60 M/MuR);

b — cxopoctu nipu A1 = 2 MM; ¢ — CKOPOCTH TIpH /1

acteristics of the original strip. The connection between
these irregularities and factors like coating thickness and
air knife pressure remains ambiguous.

D6 - Coating thickness defects. It is postulated
that as the strip temperature at the bath inlet increases,
the absorption of aluminum from the bath also rises. This,
as [24] suggests, can make the melt more viscous under
similar conditions, potentially leading to inconsistencies
in coating thickness, as [9] indicates.

D7 - Macroinclusions. According to [8], these
defects may result from the strip capturing dross parti-
cles alongside the oxide film on the surface of the zinc
bath, with a thicker coating more likely to retain larger
dross particles (Fig. 7, b). It is theorized, based on [36],
that lower air knife pressure has a diminished impact
on the bath’s melt near the strip’s exit, where the oxide
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Fig. 5. Dependences of tail marks probability (D3) on:
a—speedath = 0.8 mm;
b — speed changes at 2 =~ 0.8 mm and a speed of 50 m/min

Puc. 5. 3aBucuMOCTH BEpOSTHOCTH HanaBoB (D3) oT:
a— cxopoctu ipu i = 0,8 Mm;
b — uamenenus cxopocty ipu i = 0,8 MM u ckopocTu 50 M/MuH

= 0,5 MM

met

film forms and gets entrapped. An increase in strip tem-
perature at the bath inlet could facilitate the melt’s con-
tamination with zinc oxides. A thicker strip and strip
speeds surpassing 125 m/min are believed to heighten
the risk of this defect (Fig. 7, a, ¢). This phenomenon
could be attributed to the dynamics of the melt and
a greater influx of dross particles into the region where
they are trapped.

D8 - Non-conforming mechanical properties.
The temperature distribution of the strip at the outlets
of direct and indirect heating furnaces shows variations
between defective and non-defective products. How-
ever, the limited amount of data complicates the verifica-
tion of this difference through stratification. Given that
this type of defect is not visible to the eye, adherence
to the steel heat treatment protocol is imperative.
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Fig. 6. Dependences of probability of imprints (D4) on:
a-speedath = 0.8;0.9 mm;
b — speed changes at 4, ~ 0.8 mm and a speed of 110 m/min

Puc. 6. 3aBHCHMOCTH BEpOSITHOCTH OTIIeyaTkoB (D4) or:
a— cxopocru ipu = 0,8; 0,9 Mm;
b — w3menenus ckopoctu ipu A, = 0,8 Mm 1 ckopoctn 110 M/Mun
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Fig. 7. Dependence of probability of macroinclusions (D7) on:

a—strip speed at A
c—h

met

= 0.9 mm; b — coating mass at h__
at a coating mass of 275 g/m? and a speed of 50 — 80 m/min

. = 2.5;2.8 mm and a speed of 45 m/min;

Puc. 7. 3aBUCHMOCTb BEPOSTHOCTH TTOSIBIICHUSI MAaKpOBKIIIoUeHUH (D7) OT:
@ — CKOPOCTH JIBHKEHUS NOJOCHI ipU /1 = 0,9 MM; b — Macchl NOKpbITHS NpU A, = 2,55 2,8 MM M CKOPOCTH 45 M/MHH;
¢—h, ., TIp¥ Macce NOKpbITUst 275 r/M? u ckopoctu 50 — 80 M/MuH

D9 - Zinc bright edges. Fig. 8, a illustrates the like-
lihood of defect occurrence in relation to strip speed for
strips approximately 0.5 mm thick, indicating a decrease
in defect probability with a reduction in speed. It has been
determined that the occurrence of defects is dependent on
strip thickness (Fig. 8, b) only at speeds below 90 m/min,
while at higher speeds, the chance of defects occurring
remains relatively unchanged. Low air knife pressure
(indicative of low melt viscosity) influences defect for-
mation predominantly at lower speeds for thicker strips,
particularly at the initial stages of defect development.
Increasing the tension at the inlet of the skin-pass section
(Fig. 8, ¢) lowers the probability of defects, suggesting
that vibration might contribute to the formation of bright
edges.

D10 - Rough coating. The defect impacts the protec-
tive qualities, wear resistance, and visual appeal of the

galvanized strip, typically originating from the proper-
ties of the initial strip. The roughness of the base strip
appears to correlate with its thickness. However, the rea-
sons behind tension differences between defective and
non-defective products remain ambiguous.

D11, D12 - Abrasions and roller marks. Abrasions
are solely associated with thickness, aligning with find-
ings from [10] that attribute the original strip’s properties
as the root cause of this defect. The occurrence of abra-
sions consistently diminishes as the thickness increases
(Fig. 9). The probability of encountering roller marks
ranges between 0.25 and 0.30 for most thicknesses, but
the defect is virtually absent in strips thinner than 1 mm,
with the underlying causes yet to be elucidated.

D13 - Wavelike coating. The likelihood of defects
escalates with an increase in coating thickness, irrespec-
tive of the strip’s thickness (Fig. 10, a). This observa-
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Fig. 8. Dependence of probability of bright edges (D9) on:

a — strip speed at i

met

=05mm;b—-h

met
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¢ —tension at the inlet of the skin pass section (/ — thickness 1.8 — 2.0 mm, speed 60 m/min;
2, 3 — thickness 0.8 — 1.5 mm, speeds 100 — 130 m/min and 75 — 80 m/min)
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tion aligns with findings from [35]. Conversely, a higher
speed diminishes the probability of defects, but only for
thinner coatings (up to 140 g/m?), where defects emerge
under reduced air knife pressure (Fig. 10, b). Thus, low
melt viscosity with thin coatings may lead to a wavelike
pattern on the coating.

D14 - Marks related to skin-pass rolling. 1t is
suggested by [8] that such marks result from the coat-
ing adhering to the rollers. The defect manifests when the
coating mass is above 80 g/m? (Fig. 11, a). At the coating
mass of 80 — 140 g/m?, defects appear under diminished
knife pressure (Fig. 11, b), with the wavelike coating
potentially leading to sticking.

D15 - Dark streaks. According to [10], presence
of oxides at the interface between the coating and steel is
a contributing factor to the defect, although the connec-
tion between oxide formation, strip thickness, and tem-
perature remains uncertain.

1.00 0.8

D18 - Scratches. Scratches are attributed to three
potential sources:

— scratches on the original strip;

— the strip sagging educing friction with rollers, com-
monly in the zinc bath;

— dross sticking to the roller in the zinc bath.

It was discovered that the risk of scratches signifi-
cantly increases when the strip thickness is over 2 mm.
In analyzing this defect, the tension of the strip in various
sections was considered as factor F20. For strips thicker
than 2 mm, the defect probability diminishes as tension at
the skin pass section’s inlet increases (Fig. 12).

D19 - Orange peel. The occurrence of the defect is
notably prevalent on thin strips that experience a signifi-
cant reduction in dew point within the closed-circuit cool-
ing section. This observation aligns with findings from [§],
which link the formation of pimples to zinc evaporation
prompted by a low dew point at the snout. The defect is
most likely to manifest at approximately 1 % elongation
(Fig. 13), corroborating the insights provided in [38].

D20 - Cracks. Such defects could originate from
cracks in the original strip or internal stresses within
the steel that annealing failed to resolve. Given the lack
of correlation with annealing parameters, it’s plau-
sible to associate these defects with pre-existing cracks
in the strip, a hypothesis supported by the marked varia-
bility in defect probability across different strip thick-
nesses and the observation that the issue is more pro-
nounced with thicker coatings.

D21 - Blisters. Blisters may be linked to hydrogen
absorbed during the etching process and released during
galvanizing. Alternatively, they could result from dross
particles becoming entrapped when the bath’s bottom
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Fig. 10. Dependence of probability of D13 defect on:
a — coating thickness; b — knives pressure at coating mass
of 100 — 140 g/m?, a speed of 45 m/min and /__ ~ 2.5 mm
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Fig. 11. Dependence of probability of D14 defect on:
a — coating thickness at 4 = 0.45 mm, speed of 150 m/min;
b — knives pressure at coating mass of 100 g/m?,
a speed of 125 m/min and 4 = 0.6 mm

Puc. 11. 3aBucumocts BepostHOCTH AepekTa D14 oT:
@ — Macchl IOKpbITUS Ipu k= 0,45 MM, ckopocTr 150 M/MuH;
b — naBjieHMs Ha HOYKAX IIpU Macce HoKpwiTus 100 /M2,
ckopocty 125 m/mun u A = 0,6 MM
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dross layer is disturbed. The absence of a relationship
with coating thickness suggests the latter explanation
might be more accurate. The dependencies on strip thick-
ness (Fig. 14, a) and line speed (Fig. 14, b) could reflect
the dynamics of strip movement within the zinc bath.

-TYPES OF DEFECTS THAT LIMIT PERFORMANCE

The potential for enhancing the CHGU performance
is primarily linked to increasing the processing speed
of common-grade steel strips. Fig. 2 demonstrates that
only the thinnest strips, with thicknesses up to 0.4 mm, are
currently processed at the unit’s maximum speed. Howe-
ver, these constitute just 4 % of the DX51D steel strip rolls.
In contrast, approximately 60 % of the rolls have a strip
thickness over 1 mm, indicating a significant opportunity
to boost processing speeds for these thicker strips.

Considering this, it’s possible to pinpoint defects that
become more prevalent with increased speeds and could
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Fig. 13. Dependence of probability of D19 defect on extension

during rolling at & = 0.4 mm and a speed of 160 m/min
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constrain performance even when heat treatment stan-
dards are adhered to:

— D2 — Uneven coating;
— D7 — Macroinclusions;
— D9 — Zinc bright edges.

The presence of an uneven coating restricts the ability
to raise processing speeds. Findings suggest that the like-
lihood of this defect could be diminished by more accu-
rately controlling the melt temperature in the zinc bath,
achieved by reducing the temperature disparity between
the strip after closed-circuit cooling and the melt.

Macroinclusions represent another frequent defect,
with their occurrence spiking notably as strip speeds
surpass 125 m/min. The current operational parameters
allow for processing strips thinner than 1 mm at such
speeds, leaving uncertain the impact of increased speeds
on thicker strips in terms of defect prevalence.

At exceedingly high speeds, the emergence of zinc
bright edges on processed strips becomes inevitable,
although this limitation might be less significant since
bright edges are often deemed an acceptable defect. Opti-
mizing the design of air knives could potentially address
this issue.

Moreover, a rise in the speed may also increase
the chances of encountering defects not extensively stu-
died due to their rarity or limited data available. As noted
in [6], an escalation in strip speed may induce corrugation
in the strip.

Experimenting with different strip speeds to optimize
current performance can lead to substantial and frequent
single speed adjustments. However, such changes in
speed significantly influence the likelihood of several
defects:

— D1 — Uncoated spots;
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— D3 — Damage marks;
— D4 — Dents.

The analysis identified similar patterns in how speed
and its fluctuations affect the emergence of these three
defects, suggesting they may share a common cause
related to tension control amid changes in strip speed.
Dents exhibit the least sensitivity to speed variations,
with a high probability of occurrence only when speed
alterations exceed 50 m/min. The chance of all three
types of defects occurring diminishes to a minimal level
as the speed increases.

- CONCLUSIONS

The findings indicate that enhancing the control over
the temperature and chemical composition of the melt in
the zinc bath, along with the temperature of the strip fol-
lowing the closed-circuit cooling section, is essential for
increasing strip speed and, thereby, overall performance.
Given that defects arising from frequent changes in strip
speed are deemed unacceptable, there is a clear need to
scrutinize and potentially refine the strip tension control
systems across various sections of the unit.
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