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Аннотация. Целями работы являлись поиск и систематизация ограничений скорости движения стальной полосы при горячем оцинко-

вании, связанных с угрозой возникновения дефектов продукции. Поскольку скорость может оказывать совместное влияние с множе-
ством других факторов, в работе проведен обзор известных причин возникновения распространенных дефектов. Выполнена группи-
ровка причин с учетом операций секций агрегатов непрерывного горячего оцинкования. Для определения обстоятельств возникновения 
дефектов применен способ, предполагающий поэтапную стратификацию ретроспективных данных и сопоставление плотности распреде-
ления влияющих факторов для дефектной и не дефектной продукции. Проведен анализ данных о дефектах на заводе «MMK Metallurgy» 
в Турции, полученных в 2020 – 2021 гг. Для анализа были отобраны допустимые и не допустимые дефекты двадцати одного вида, 
возникающие при оцинковании стали DX51D. В качестве факторов приняты двадцать два технологических параметра, включая скорость 
движения полосы. Для каждого отобранного вида дефектов определен набор влияющих факторов, для некоторых из них указаны пред-
полагаемые причины их возникновения. Показано, что наблюдаемая для многих видов дефектов связь со скоростью движения полосы 
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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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 Introduction

Galvanized sheet steel is a primary product of metal-
lurgical companies. The production from continuous 
hot-dip galvanizing units (CHGUs) 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 modi fy 
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, 

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 thold , and cool-
ing tcool 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. 

Fig. 1. Recommended speeds depending on heat treatment mode: 
1 – CQ type (theat = 720 °C, thold = 750 °C, tcool = 460 °C); 

2 – EDDQ type (theat = 750 °C, thold = 850 °C, tcool = 460 °C) 

Рис. 1. Рекомендуемые скорости в зависимости 
от режима термической обработки: 

1 – тип CQ (tн = 720 °C, tв = 750 °C, tохл = 460 °C); 
2 – тип EDDQ (tн = 750 °C, tв = 850 °C, tохл = 460 °C)

в действительности может быть вызвана иными факторами. Определены виды дефектов, вероятность возникновения которых увеличива-
ется с ростом скорости или уровнем ее изменения. Предложены мероприятия, направленные на предотвращение роста доли продукции 
с дефектами при увеличении производительности. 
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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 (Pdef ) compared 
to quality products (Pnorm ). The most frequent defects 

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

Таблица 1. Распространенные дефекты отбракованной продукции

Number Designation (English / Turkish) Defect Pnorm , % Pdef
*, %

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 Izi) 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 
Uygunsuzlugu

Non-conforming mechanical 
properties 0.10 1.08

* When probability was calculated, we excluded the defects occurring as the unit stopped/started.

Table 2.  Common acceptable defects

Таблица 2. Распространенные дефекты качественной продукции

Number Designation (English / Turkish) Defect Pnorm , % Pdef , %
D9 Ridge / Ridge Zinc bright edges 55.61 8.94
D10 Rough Coating / Puruzlu Kaplama Rough сoating 52.98 13.55
D11 Snout Marks / Surtunme Izi Abrasions 49.21 6.23
D12 Sink Roll Marks / Sink Roll Merdane Izi Roller marks 16.98 2.98

D13 Ocean Wave (Coating ripple) / Yuzey Akintisi 
(Dalgali Kaplama) Wavelike coating 16.79 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 cri tical 
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 cha racteristics. 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 layer s 
(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 inevi table, 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, forma bility, 
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 re medy, 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-

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/m2. 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 N2 – H2 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. 
Achie ving 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 recom mended [24] to minimize the temperature 

diffe rence 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-
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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 
variab les 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 recom mend 
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 

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.

 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 DX51D 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. 

 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 
varia tions. 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 cate gory (stratum), the effect of speed on the 
occurrence of defects was examined. Fig. 2, а 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 

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

Таблица 3. Доли рулонов c дефектами,  
при производстве которых возникала остановка

Defect Proportion, % 
D1 – Uncoated Spots 8.84
D3 – Damage Marks 3.47

D4 – Dent 1.50

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))

Рис. 2. Плотность распределения скорости 
для продукции с дефектом D19 (2) и без такого дефекта (1): 

а – без стратификации; 
b – при стратификации для страты толщиной 0,40 – 0,65 мм
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Table 4.  Factors explaining the causes of defects

Таблица 4. Факторы для объяснения причин дефектов

Number Value
F1 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

F11 Strip width
F12, F13 Minimum and maximum melt temperature in the zinc bath
F14, F15 Pressure on front and rear air knives*

F16, 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 F14 and F15) 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.

 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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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 

Table 5.  Factors that can potentially affect the occurrence of a defect

Таблица 5. Факторы, которые потенциально могут влиять на возникновение дефекта

Defect
Factor number

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 16 1 8 2 3 3 1 2 1 2 1 9 9 0 4 2 0 12 10 1

Fig. 3. Dependence of probability of uncoated spots (D1) on: 
a – speed at strip height hmet = 0.80 – 0.95 mm; 

b – speed difference at hmet ≈ 0.8 mm and an average speed of 50 m/min

Рис. 3. Зависимость вероятности пятен без покрытия (D1) от: 
а – скорости при толщине полосы hм = 0,80 – 0,95 мм; 

b – перепада скорости при hм ≈ 0,8 мм и средней скорости 50 м/мин
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Table 6.  Factors affecting the occurrence of a defect

Таблица 6. Факторы, влияющие на возникновение дефекта

Defect
Impact

Circumstances in which the defect occurred
strong weak

D1 F1, F2, F20 F3, F9, 
F18 

On the strips of small height (hmet ) at low speed (v). Large v differences, especially when strips are 
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 hmet < 1 mm.

D2 F1, F3, 
F13, F21 None High v, thick strips. High melt temperature in the zinc bath when thin strips are processed at high v 

or thick strips are processed at any v. Very thick coating.

D3 F1, F2, F3, 
F20 F17 Thick strips, low v. Thin strips, low v and reduced tension. Considerable v variations, except for 

high v. Elevated dew point in the indirect heating furnace.

D4 F1, F2, F17 F8 Low v. High dew point in the indirect heating furnace at low speed. Increased v variations, high v. 
Increased strip temperature after indirect heating

D5 F3, F14–15, 
F21 F11

High (>2 mm) or low (<0.5 mm) hmet . Thick coating at high hmet . Thin coating at high hmet with 
strongly reduced pressure on the knives. The probability of a defect increases with growing strip 
width at high hmet .

D6 None F10 Increased (490 – 500 °C) strip temperature after closed-circuit cooling.

D7
F1, F3, 
F6, F10,  

F14–15, F21
None

At hmet from 0.6 mm. More often at hmet = 2 mm. At hmet up to 1 mm and high v. At large hmet 
no v impact is observed. At hmet > 1.8 mm and elevated strip temperatures after direct heating and 
closed-circuit cooling section. Thick coating or low pressure on the air knives, the strips with hmet 
up to 1 mm and hmet >2.5 mm.

D8 Stratification is impossible due to small amount of data.

D9 F1, F3 F14–15 More often at hmet <1.5 mm. At hmet <1.2 mm and high v. At hmet >2.4 mm and low knife pressure. 
When the tension at the inlet of the skin-pass rolling section is reduced.

D10 F3 F20 At hmet from 1 to 2 mm and increased tension.
D11 F3 None Often on the strips with hmet <1.5 mm. 
D12 None F3 Very seldom on the strips with hmet <1 mm.

D13 F1, F14–15, 
F21 None

When the coating is thick, regardless of hmet . When the coating is thin, increasing v reduces 
probability of a defect. When the coating is thin, reducing pressure on the knives increases 
probability of a defect.

D14 F3, F14–15, 
F21 F17 Typically at hmet <0.6 mm with reduced knife pressure and thin coating. At hmet >1.2 mm, an 

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

D15 F3, F7 None Occurs at different hmet. If hmet >2 mm, the probability of a defect is 3 – 4 times higher. At hmet 
1.8 – 2.2 mm and reduced strip temperature after the indirect heating furnace.

D18 F3, F20 None The probability grows with increasing hmet (P = 0.0011exp(1.7856hmet )) or with decreasing 
tension. Defects are rare at hmet <1 mm.

D19 F3, F18, F22 F5
At hmet <1 mm; very low dew point values in the closed-circuit cooling section; 1 % elongation 
during rolling; reduced strip temperature after the direct heating furnace. More often at 
hmet ≈ 0.3 mm.

D20 F3, F21 None
Occurs at different hmet. More frequent on the thin strips (P = – 0.015ln(hmet ) + 0.0196). 
Up to hmet = 0.9 mm, the coating thickness does not affect the likelihood of defects. As hmet grows, 
increasing coating thickness enhances the likelihood of defects.

D21 F1, F3 None Mostly at hmet <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. 

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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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 

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, а, c). 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.

Fig. 4. Dependence of probability of obtaining an uneven coating (D2) on: 
a – the temperature of the melt in the zinc bath (1 – hmet  = 0.5 – 0.6 mm at a speed of 160 m/min; 2 – hmet ≈ 2 mm at a speed of 60 m/min); 

b – speed at hmet ≈ 2 mm; c – speed at hmet ≈ 0.5 mm 

Рис. 4. Зависимость вероятности получения неравномерного покрытия (D2) от: 
а – температуры расплава в цинковой ванне (1 – hmet = 0,5 – 0,6 мм при скорости 160 м/мин; 2 – hmet ≈ 2 мм при скорости 60 м/мин); 

b – скорости при hmet ≈ 2 мм; c – скорости при hmet ≈ 0,5 мм 

Fig. 5. Dependences of tail marks probability (D3) on: 
a – speed at hmet ≈ 0.8 mm; 

b – speed changes at hmet ≈ 0.8 mm and a speed of 50 m/min

Рис. 5. Зависимости вероятности надавов (D3) от: 
а – скорости при hmet ≈ 0,8 мм; 

b – изменения скорости при hmet ≈ 0,8 мм и скорости 50 м/мин

Fig. 6. Dependences of probability of imprints (D4) on: 
a – speed at hmet = 0.8; 0.9 mm; 

b – speed changes at hmet ≈ 0.8 mm and a speed of 110 m/min

Рис. 6. Зависимости вероятности отпечатков (D4) от: 
а – скорости при hmet = 0,8; 0,9 мм; 

b – изменения скорости при hmet ≈ 0,8 мм и скорости 110 м/мин
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D9 – Zinc bright edges. Fig. 8, а 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, c) 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-

Fig. 7. Dependence of probability of macroinclusions (D7) on: 
a – strip speed at hmet ≈ 0.9 mm; b – coating mass at hmet  = 2.5; 2.8 mm and a speed of 45 m/min; 

c – hmet at a coating mass of 275 g/m2 and a speed of 50 – 80 m/min

Рис. 7. Зависимость вероятности появления макровключений (D7) от: 
а – скорости движения полосы при hmet ≈ 0,9 мм; b – массы покрытия при hmet = 2,5; 2,8 мм и скорости 45 м/мин; 

c – hmet при массе покрытия 275 г/м2 и скорости 50 – 80 м/мин

Fig. 8. Dependence of probability of bright edges (D9) on: 
a – strip speed at hmet ≈ 0.5 mm; b – hmet at speed: 1 – 45 m/min; 2 – 75 m/min; 

c – tension at the inlet of the skin pass section (1 – 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) 

Рис. 8. Зависимость вероятности появления наплывов (D9) от: 
а – скорости движения полосы при hmet ≈ 0,5 мм; b – hм при скорости: 1 – 45 м/мин; 2 – 75 м/мин; 

c – натяжения на входе секции дрессировки (1 – толщина 1,8 – 2,0 мм, скорость 60 м/мин; 
2, 3 – толщина 0,8 – 1,5 мм, скорость соответственно 100 – 130 и 75 – 80 м/мин)
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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/m2), 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. It 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/m2 (Fig. 11, а). At the coating 
mass of 80 – 140 g/m2, 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.

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 [8], 
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 

Fig. 9. Dependence of probability of abrasions (D11) on hmet

Рис. 9. Зависимость вероятности появления потертостей (D11) от hmet

Fig. 10. Dependence of probability of D13 defect on: 
a – coating thickness; b – knives pressure at coating mass 
of 100 – 140 g/m2, a speed of 45 m/min and hmet ≈ 2.5 mm

Рис. 10. Зависимость вероятности дефекта D13 от: 
а – толщины покрытия; b – давления на ножах при массе покрытия 

100 – 140 г/м2, скорости 45 м/мин и hmet ≈ 2,5 мм

Fig. 11. Dependence of probability of D14 defect on: 
a – coating thickness at hmet ≈ 0.45 mm, speed of 150 m/min; 

b – knives pressure at coating mass of 100 g/m2, 
a speed of 125 m/min and hmet ≈ 0.6 mm

Рис. 11. Зависимость вероятности дефекта D14 от: 
а – массы покрытия при hmet ≈ 0,45 мм, скорости 150 м/мин; 

b – давления на ножах при массе покрытия 100 г/м2, 
скорости 125 м/мин и hmet ≈ 0,6 мм
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Fig. 12. Dependence of probability of D18 defect 
on tension before tempering at hmet = 2.5; 3.0 mm

Рис. 12. Зависимость вероятности дефекта D18 
от натяжения перед дрессировкой при hmet = 2,5; 3,0 мм

Fig. 13. Dependence of probability of D19 defect on extension 
during rolling at hmet ≈ 0.4 mm and a speed of 160 m/min

Рис. 13. Зависимость вероятности D19 от удлинения 
при прокатке при hmet ≈ 0,4 мм и скорости 160 м/мин

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, а) 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 

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;

Fig. 14. Dependence of probability of D21 effect on: 
a – hmet ; b – speed (at hmet : 1 – 0.4 mm; 2 – 0.5 mm) 

Рис. 14. Зависимость вероятности D21 от: 
а – hmet ; b – скорости при hmet (1 – 0,4 мм; 2 – 0,5 мм)
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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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