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Abstract: Steel products are coated with Aluminum (Al) and Zinc (Zn) alloys to improve their
corrosion properties. Bulk steel products are coated in batches; however, steel sheets are coated by a
continuous hot-dip galvanizing process. Steel sheets are guided into and out of the molten Al-Zn-Si
(AZ) bath with the help of stainless-steel rolls, known as guiding, and sink rolls. These rolls are
subjected to excessive surface corrosion with molten AZ bath and, hence, are replaced frequently. The
surface deterioration of the immersed rolls has been a long-standing issue in the galvanizing industry.
In this study, 316L stainless-steel (SS) rods are immersed in the AZ alloy at 600 ◦C. The immersion
time varied from 1 day to 7 days under the static melt conditions in the iron (Fe)-saturated AZ bath.
Microstructural analysis of the immersed SS samples revealed two distinct intermetallic compound
(IMC) layers forming between the SS substrate and AZ alloy. The IMC layer 1 (AL-1) formed between
the SS substrate and IMC layer 2 (AL-2), growing in thickness from 68 µm to 120 µm within 5 days
of immersion. The AL-2, which formed between AL-1 and AZ alloy after 24 h of immersion, then
grew in thickness up to 150 µm with an uneven trend. The AL-1 is composed of Fe2Al5 and that
of AL-2 is composed of FeAl3 that were predicted by the FactSage thermodynamic analysis. Crack
development between AL-1 and AL-2 layers, and disintegration of AL-2 into the AZ bath, are key
findings of this study. A drastic hardness increase was observed because the IMC layers produce a
hard and brittle sink roll surface.

Keywords: IMCs; Al-Zn-Si alloy; stainless steel; sink rolls; galvanizing; coating

1. Introduction

Steel products are coated with Zinc (Zn) and aluminum (Al) alloys for their protection
against corrosion and other severe environmental conditions. Since the invention of the
galvanizing process over 200 years ago, steel has been coated with pure Zn and Zn alloys.
Such coating processes are classified as barrier processes. Service steel is isolated from the
corrosive environment and the coating alloy is scarified or corroded prior to the steel degradation.
For automotive and construction industry applications, Zn-based coatings are alloyed with Al,
Si and Mg to achieve better corrosion properties [1]. Commercially, Zn + < 0.3% Al alloy is
recognized as Galvanized, Zn + 5% Al as Galfan, Zn + 55% Al + 1.6% Si as Galvalume (AZ)
and Zn + 55% Al + 1.6% Si + 2% Mg as Galvalume (AM) [1–3]. Steel is coated with Zn and Al

Crystals 2022, 12, 735. https://doi.org/10.3390/cryst12050735 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12050735
https://doi.org/10.3390/cryst12050735
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-8512-105X
https://orcid.org/0000-0002-3445-0144
https://orcid.org/0000-0003-1570-6471
https://orcid.org/0000-0003-4235-3560
https://orcid.org/0000-0002-3108-0467
https://doi.org/10.3390/cryst12050735
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12050735?type=check_update&version=1


Crystals 2022, 12, 735 2 of 15

alloys by hot-dip galvanizing, thermal spraying and electrodeposition routes. However, hot-dip
galvanizing is the most versatile process and, hence, has been adopted commercially. Batch
and continuous hot-dip galvanizing are the common routes for the coating of industrial
steel products. Generally, thick steel products are coated by batch routes and steel sheets or
coils are coated by continuous hot-dip galvanizing routes [1,4]. A schematic diagram of a
continuous hot-dip galvanizing process is shown in Figure 1.
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Figure 1. A schematic presentation of continuous hot-dip galvanizing process [2].

In a commercial continuous hot-dip galvanizing process involving AZ or AM coating
alloys, a clean and highly activated surface steel strip is immersed into a pot containing alloy
melt. The pot temperature ranges from 595 to 610 ◦C, depending upon the alloy chemistry
and type of the steel strip. The pot temperature is maintained with the support of induction
heaters, which continuously circulate alloy melt and also supply induction stirring. The pot
temperature is maintained precisely by the in-situ thermocouples. However, a temperature
fluctuation of ±1.5 ◦C is unavoidable due to heat losses during the coating process. A
temperature perturbation of ±10 ◦C has also been reported in the literature [5,6]. After
passing through the alloy melt, the steel strip is coated. The thickness of the coating
is maintained by a pair of air knives, which removes extra metal from the surface. A
coated steel strip is composed of the following regions: 1. steel substrate, 2. coating alloy
or the overlay, and 3. interfacial intermetallic layer between the steel substrate and the
overlay. In the AZ coating process, the main framework of the overlay is composed of
about 80% α-Al phase containing Zn, and 20% β-Zn in the interdendritic regions. The
interfacial intermetallic layer is composed of Fe-Al (FeAl3, Fe2Al5) and Fe-Al-Si (Fe5Al20Si2),
with 5–7% Zn known as τ5c that has been reported by a previous researcher [7,8]. Iron
(Fe) dissolution from the steel strip and formation of Fe-based intermetallic compounds
(IMCs) have been reported in the literature [8,9]. Aluminum is highly reactive to steel,
hence, forming Fe-based IMCs during the hot-dip galvanizing processes. Such IMCs are
undesirable as they are a source of the bottom dross build-up in the coating pot and also a
source of metal spot defects in the coated steel products [10,11].

During a continuous hot-dip galvanizing process, a steel strip is guided in and out
of the pot with the help of rolls, known as the guiding and stabilizing rolls. In addition to
that, sink roll is used to immerse the steel strip, as shown in Figure 1. These rolls and other
pot hardware (snout, bolt fixtures and bearings), which continuously remain in contact
with the molten alloy, are exposed to excessive corrosion. Considering significantly higher
reactivity of Al with Fe, plain carbon steel is not suitable for the fabrication of immersed
pot hardware (rolls, snout and bearings) [12–15]. Following are the long-standing issues
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of the galvanizing industry: 1. line stoppage due to excessive bottom dross build in the
coating pot, 2. steel strip defects due to the suspended IMCs particles, which become
part of the overlay, 3. sink, guiding and stabilizing rolls and bearings failure, 4. loss
in surface and mechanical properties of the pot gears materials, 5. IMCs particles build
up on the rolls surface. These challenges are the main cause of the continuous hot-dip
coating lines downtime that result in a significant economic loss to the galvanizing industry.
Therefore, selection of the right materials for the pot gears and their corrosion in the coating
alloy have been recognized as one of the key factors in resolving the challenges faced by
the galvanizing industry [16,17]. Industrially, stainless steel 316L has been used for the
fabrication of rolls (sink, guiding and stabilizing). For bearings, Co-based super alloys have
been adopted by the galvanizers. Other approaches, including rolls surface treatment with
ceramic and WC coatings, have also been reported in the literature [18,19].

This study is dedicated to the corrosion of 316L stainless steel (SS) in the Zn-55%Al-
1.6%Si coating alloy (AZ). Changes in IMCs phases and alloy chemistry were predicted with
the help of FactSage, a thermodynamic software. A static immersion test was conducted
to validate the thermodynamic predictions and also to study the IMCs interfacial layer
morphology with immersion time. The galvanizing pot gear’s (sink and guiding rolls,
snouts) integrity has been a longstanding issue in the industry. Therefore, this study has
been explicitly dedicated to the interaction of pot gears material (316L SS), with Al-Zn-Si
coating alloy under industrial conditions (600 ◦C). Our aim is that the outcomes of this
study shall facilitate the galvanizers to better understand the interaction of pot gears with
molten Al-Zn-Si coating alloy and to plan a well-informed maintenance strategy.

2. Materials and Methods
2.1. Experimental Plan

To study the galvanizing pot gears degradation, static immersion tests were conducted.
Stainless-steel (SS) 316L rods of 10 mm diameter were immersed in the Al-Zn-Si coating
alloy. The 316L SS rods were obtained from a local supplier. Chemical compositions of
the 316L SS rods and the Al-Zn-Si coating alloy are given in Table 1. The Al-Zn-Si coating
alloy contains 0.40% Fe, which is the saturation limit of the alloy at 600 ◦C. This implies
that the alloy is already saturated with Fe, hence there is limited drive for 316L SS rods
dissolution in the alloy. Generally, 316L SS galvanizing pot gears (sink rolls, snout and
guiding rolls) experience significant surface degradation with time during a continuous
galvanizing coating process.

Table 1. Chemical compositions of the 316L SS and Al-Zn-Si coating alloy.

Elements Fe Cr Ni Mn Si Al Zn Minor

316L SS 70.9 17.9 9.4 0.9 0.6 0.1 - Balance
AZ alloy 0.4 - - - 1.6 55 43 Balance

A schematic representation of the experimental set-up is shown in Figure 2. A resistant
heated pot furnace was used in this study. Further, 2 kg of the Al-Zn-Si coating alloy was
melted in the clay-bonded graphite crucible. K-type thermocouple was used to control
melt temperature. Over the period of the entire experiment, 600 ◦C ± 1.5 ◦C temperature
was maintained. The 316L SS rods were immersed in the molten Al-Zn-Si alloy and hanged
with the SS wire, as shown in Figure 2. The 316L SS rods were removed from the alloy melt
at different time intervals, starting from 24 h (1 day) to 168 h (7 days).
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Figure 2. Schematic of the resistant pot furnace used in this study.

The 316L SS rods removed from the alloy melt after regular time intervals were allowed
to cool naturally and were sectioned for further analysis. The dipped section of the rods
was sectioned and hot mounted using a mounting press. The mounted samples are shown
in Figure 3. As-received 316L SS and the statically immersed samples were prepared for
the metallographic investigations.
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Figure 3. 316L SS samples immersed and mounted for further study.

The mounted samples were ground and polished following the Struers metallography
procedure. Grinding was carried out using 220, 400, 800 and 1200 grit SiC emery papers
at 300 rpm under a load of 25 N using water as a lubricant. Polishing was carried out
using 9 µm and 3 µm diamond paste at 150 rpm under a load of 20 N. Final polishing was
performed using alumina suspension at a load of 15 N and 150 rpm up to 5 to 10 min.

2.2. Characterization Techniques

An optical microscope (Leica DM 2500) and scanning electron microscope (FEI Nova,
200 FEGSEM (2007) were used for the investigation of microstructural features of the IMCs
layers formed during the dipping tests. The SEM was equipped with energy dispersive
X-ray spectroscopy (EDS) for compositional analysis of the alloy layers. The microhardness
of the 316L SS and IMCs layers was determined by the Vickers microhardness testing
machine (VLS 3853, Shimadzu, Japan). The hardness testing was performed at the load of
0.05 kgf at a dwelling time of 5 s.
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3. Thermodynamic Assessment of Al, Fe, Si, Cr, V and Si System
3.1. Thermodynamic Modeling

Thermochemical calculations using FactSage 7.2 software package were conducted to
predict the equilibrium products and their compositions in the SS base metal, AZ coating
and at the interface of the base metal and the coating at different processing tempera-
tures. The FactSage pure compound database FactPS and FactSage solution databases
FTstel and FTlite were used in this study. The NIST-JANAF thermochemical tables and
NBS (National Bureau of Standards) tables of chemical thermodynamics were utilized to
source the standard thermodynamic compilation data for the calculations in FactSage. The
‘Equilib’ module was used for the calculations of the concentrations of chemical species
at the equilibrium state using the Gibbs free energy minimization approach [20,21]. The
calculations were carried out considering the most stable phases at various processing
circumstances that were found in the literature. The assumptions made for the calculations
were as follows:

• The reactions are conducted at ambient condition (one atmospheric pressure) but
at different temperatures, which implies that the gaseous species composition has
no influence.

• Unit activity of the elements is considered in the standard state, and all the atoms/molecules
interact freely to attain the lowest energy state.

• The calculations are conducted at equilibrium, assuming that the lowest energy state
is obtained independent of the reaction kinetics.

• The reactions are conducted in a closed system.

Based on the common literature, the data were input in this current thermodynamic
modeling. The list of the equilibrium reaction products predicted from the model are
shown in Table 2.

Table 2. Thermodynamic stable phases (products) that were utilized for FactSage calculations.

Gas Liquid Solid Solid Solid

Zn Zn Zn_BCT Mn_HCP Al12(Fe,Mn) Al3Fe
Mn Cr Zn_DIAMOND Al_BCC AlNi AL8MN5D810/(Al,Si)12Mn4(Al,Fe,Mn)10
Al Al Cr_BCC Al_HCP Al3Ni2 Al13Fe4 (FeAl3)
Cr Solid Cr_HCP Al_CBCC Al5Fe4 Al4Mn
Fe Fe_BCC Cr_CUB Al_CUB Al2Fe FeSi
Ni Fe_FCC Cr_CBCC Al8Cr5 Al5Fe41 (Fe, Mn)3Si
Al2 Fe_HCP Ni_HCP FeZn4 Al5Fe2 Fe5Si3
Si Fe_ORTHORHO Ni_BCC Al4Mn Al5Fe21 Al6Mn
Si2 Fe_TETRAGON Ni_CUB Cr3Si NiZn8 Al11Mn41
Si3 Zn_HCP Ni_FCC Al11Cr2 Ni2Si

Zn_BCC Mn_FCC Ni5Si2 CrZn13

3.2. Equilibrium Products

The equilibrium products in the 316L stainless-steel base, AZ coating and at the
reaction zone of the SS base metal and the AZ coating were modeled using the FactSage
software application. The equilibrium product phases and their composition were studied
at different temperatures, ranging from 200 to 700 ◦C (Figure 4). Figure 4a, shows the
product phases of AZ coating at different temperatures. Below 350 ◦C, only Al_FCC,
Zn_HCP and Si_DIAMOND phases were obtained. Above 350 ◦C, liquid starts to form at
the expense of the solid phases. The initial liquid is rich with Zn and with an increase in
temperature, Al, Si and Fe (from the dissociation of Al14Fe3Si3) gradually diffused to the
liquid. The formation of the liquid phase was completed at 550 ◦C.
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Figure 4. Equilibrium products and their compositions in the (a) AZ coating, (b) SS base metal and
(c) at the interface of the base metal and the coating (optimized for 50% AZ and 50% SS) at different
processing temperatures ranging from 200 to 700 ◦C.

Figure 4b, shows the product phases of 316L stainless-steel base metal at different
temperatures. The solid phases present in the SS base metal at temperatures lower than
450 ◦C are Fe_BCC, Cr_BCC, Ni3Cr, MnNi3, Ni2Cr, Al3Ni5 and AlNi. According to the
FactSage modeling results, liquid starts to form at 450 ◦C and is increased with temperature.
Maximum amount of 33.4% of liquid is obtained at 700 ◦C. Figure 4c shows the product
phases in the reaction zone at different temperatures. The reaction zone was simulated in
the calculation by setting the composition of the equal weightage of the base metal and
the AZ coating composition. Interestingly, in the reaction zone, liquid starts to form at
much higher temperature of 550 ◦C, at the expense of the FeZn4 phase and AL8MN5D810
or (Al,Si)12Mn4(Al,Fe,Mn)10 phase. The fraction of the Al2Fe phase and AlNi was gradually
decreased with increasing temperature from 550 ◦C. However, the liquid amount was not
increased until the process temperature was higher than 650 ◦C. It is also of note that the
amount of solid Al5Fe41 was increased with increasing temperature till 650 ◦C; beyond 650 ◦C,
the amount of Al5Fe41 was significantly decreased, yielding a higher amount of liquid.

The composition of the liquid phases 316L stainless-steel base, AZ coating and at the
reaction zone of the SS base metal and the AZ coating was studied in detail. Figure 5a
shows that the initial liquid phase in the AZ coating was rich with Zn and Fe. Above
450 ◦C, Al started to dissolve from the solid phase, which was completed at 550 ◦C. As
seen in Figure 5b, the initial liquid phase in the stainless-steel base was mainly composed
of Ni, Mn, Fe and Cr.
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Figure 5. Equilibrium compositions of the liquid phase in the (a) AZ coating and (b) SS base metal
(c) at the interface of the base metal and the coating (optimized for 50% AZ and 50% SS) at incremental
processing temperatures to 700 ◦C.

The initial liquid was probably formed by the dissociation of Ni3Si and MnNi3 phases
that reacted with solid iron to form the liquid. With increasing temperature, the content of
Fe and Cr in the liquid was increased while the content of Ni and Mn was decreased. The
increase in temperature promoted the dissolution of Fe and Cr from solid phase and the
dissociation of Ni2Cr phase. In the reaction zone, the initial liquid was found highly rich in
Zn, which came from the AZ coating. The composition of the liquid was almost unchanged
till the temperature was 650 ◦C. Above 650 ◦C, Fe, Al and Cr from the SS base started to
dissolve to the liquid.

4. Results and Discussion
4.1. Microstructural Analysis of the Interface

Figure 6 shows an optical microscope (OM) image of the as-received 316L SS and the
immersed samples in the AZ coating alloy at 600 ◦C from 1 day to 7 days.

The as-received 316L SS cross section mounted in epoxy is shown in Figure 6a. It is
evident from Figure 6b–h that a severe reaction took place at the interface of the SS and AZ
coating alloy during the static immersion at 600 ◦C. As a result, an interfacial intermetallic
(IMC) layer developed over the entire 316L SS substrate. After 1 day of immersion, a
single IMC layer was formed, as shown in Figure 6b. However, with extended immersion
time (2–7 days), a second type of IMC layer was observed, see Figure 6c–h. This suggests
that the initial reaction between 316L SS and AZ is significantly faster, as the IMC layer
was observed even after 1 day of immersion. Moreover, the interfacial reactions evolved
with extended immersion time to develop a second type of the IMC layer. Yet another
key feature of the interfacial IMC layers is the development of a crack within the layers.
This suggests that the 316L SS surface properties will deteriorate entirely with immersion
time. Moreover, the cracked IMC layers will detach from the substrate and fall down in
the coating pot. Such interlayer cracks have also been reported earlier [22]. Ultimately, this
event shall also contribute to the bottom dross formation in the coating pot.
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The interfacial IMC layer, which developed adjacent to the SS substrate, is represented
as IMC layer 1 (AL-1) and that formed between AL-1 and AZ coating overlay is represented
as IMC layer 2 (AL-2). It is clear from Figure 4c–h that the surface morphology of both IMC
layers is distinct and may possess different chemistry, as well as mechanical properties. At
this stage, the type and crystallography of the interfacial IMC layers are not clear.

The SEM-SEI image of the 316L SS sample immersed for 7 days in the AZ coating
alloy at 600 ◦C is shown in Figure 7. In addition to AL-1 and AL-2, the oxidation interface
is also detected between the AL-2 and AZ coating overlay. This suggests 316L SS surface
oxidation during immersion tests. Such oxidation is unavoidable during open-environment
immersion tests, which has already been reported by previous researchers [5]. Special
precautions, including conducting experiments in an ultra-high vacuum, coating steel
surfaces with fluxes or masking tapes, could be beneficial in controlling the initial sur-
face oxidation. However, from the hot-dip galvanizing perspective, the former measures
are not relevant as the process is performed in an open environment. The AZ coating
overlay microstructure has been reported earlier [9] and is shown in Figure 7. The mi-
crostructure includes a grey α-Al matrix with bright β-Zn at interdendritic regions. Si is also
reportedly found in the interdendritic regions. Such coating alloys provide two levels of cor-
rosion protection to the steel products, including first-level Al and second-level interfacial
IMC layers.
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A close observation of the interfacial IMC layers reveals the presence of white submi-
cron particles in the AL-1 interfacial IMC layer. These particles are even smaller in size and
are located close to the 316L SS substrate compared to those found in the region adjacent
to the AL-2. Moreover, these particles are uniformly distributed in the AL-1 matrix. The
accurate type and crystallography of these white particles is not clear from this study. It
is expected that these submicron particles are most likely Al-Cr and Al-Ni intermetallic
particles. During immersion tests, 316L SS dissolved and released Fe, Ni and Cr in the AZ
coating alloy. Considering the extremely low solubility of Ni and Cr in the AZ coating
alloy, these elements will precipitate as intermetallic (Al-Cr), AlNi, as predicted during the
thermodynamic analysis. The precipitation of Al-Cr intermetallic was reported by previous
researchers [23]. Cracks in the inter-IMC layers are evident from Figure 7, suggesting AL-1
and AL-2 possess different thermal and mechanical properties. Such longitudinal cracks
were also studied by previous researchers [24].

The interfacial IMC layers (AL-1 and AL-2) thicknesses change with immersion time,
as shown in Figure 6. The AL-1 thickness increased from ~65 to 120 µm within 6 days of
immersion time. Later, there was a marginal increase in thickness with one further day of
immersion. Overall, there was a gradual increase in the AL-1 thickness with immersion
time. The AL-2 formed after 1 day of immersion and grew up to ~150 µm within days.
Similar to AL-1, there was also a gradual thickness increase until day 5 for AL-2. Later on,
the AL-2 thickness became unstable, which is evident from Figure 8.

4.2. Compositional Analysis of the IMC Layers

Chemical composition of the 316L SS substrate and interfacial IMC layers was de-
termined using EDS analysis. Although this technique is not precisely accurate, it gives
qualitative elemental analysis for the phases. Figure 9 shows point analysis of the 316L SS
substrate obtained by the EDS. The presence of ~18% Cr and ~10% Ni confirm the SS grade
used in this study. This is a typical chemical composition of the 316L SS. The EDS analysis
of the AL-1 is shown in Figure 10. This interfacial IMC layer contains 52.4% Al, 33.4% Fe,
6.2% Cr, 3.7% Ni, 2.7% Zn and 0.6% Si. This composition suggested that the AL-1 is Fe2Al5,
which was also reported by Liu et al. [12]. Small amounts of Cr and Ni dissolved from the
SS substrate, accumulated in the AL-1 IMCs phase, forming Al-Cr and Al-Ni intermetallic
particles. The AL-2 EDS analysis is shown in Figure 11. This interfacial IMC layer is formed
between AL-1 and AZ coating overlay that contains comparatively smaller amounts of Fe.
This IMC layer contains 56.3% Al, 27.8% Fe, 5.1% Cr, 4.2% Ni, 3.8% Si and 2.7% Zn. This
IMC layer is recognized as FeAl3, also reported by previous researchers [8,25].
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Figure 9. EDS analysis of the 316L SS substrate (See Figure 4).

An elemental line scan across the interfacial intermetallic layers was obtained through
EDS analysis and is shown in Figure 12. An SEM-SEI image of the selected area of the SS,
IMC layers and AZ coating alloy is shown in Figure 12a. The line scan started from the SS
region, evident from the higher Fe, Cr and Ni contents until 38 µm, as shown in Figure 12b.
Al increased significantly and Fe decreased in the interfacial intermetallic layers. This
suggests Al mass transfer from the AZ coating alloy into the SS substrate. The IMC layers
(AL-1 and AL-2) had a thickness of ~250 µm, as calculated from Figure 12b. These IMC
layers developed within 7 days of immersion time at 600 ◦C. Al and Zn lines are clear in
the AZ coating regions that started beyond 290 µm in the EDS line scan.
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The corresponding Al, Fe, Zn, Cr, Ni and Si elemental maps were obtained using the
EDS mapping method, shown in Figure 13. The Al-dominated regions include IMC layers
and AZ coating alloy. The Fe contents were higher in the SS and gradually decreased in the
IMC layers. Similarly, Cr and Ni contents dominated in the SS that diffused out into IMC
layers; these are shown as discrete particles in Figure 13d,e. It is suggested that Cr will react
with Al to form Al7Cr and Al4Cr discrete IMC particles, evident in Figure 13d. Such IMC
particles precipitate during the solidification process due to extremely low Cr solubility in
solid Al. Similarly, Ni that diffused out of the SS substrate also reacted with Al and other
elements to form IMC particles that were predicted by the FactSage analysis, discussed in
the earlier section. Figure 13e also suggests the precipitation of AlNi IMC particles in the
interfacial IMC layers. Interestingly, relatively higher Cr contents are observed between the
AL-1 and AL-2 interface, see Figure 13d.
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5. Microhardness Analysis of SS, AL-1 and AL-2

The 316L stainless-steel substrate, AL-1A, AL-1B and AL-2 hardness are shown in
Figure 14. The surface hardness of the SS substrate dramatically increased with immersion
time. AL-1 dissected into AL-1A and AL-1B due to the presence of fine and discrete Al
(Cr, Ni) IMC particles. The average Vicker’s hardness (HV) of the SS substrate was 334 HV.
However, hardness of the AL-1A IMC particle was 877 HV, which is ~2.62-times higher
than the SS substrate. The hardness of the AL-1B IMC particle was 745 HV, which is lower
than AL-1A. It is suggested that the presence of fine discrete Al-Cr/AlNi IMC particles
increased AL-1A hardness. It is suggested that Cr and Ni mass transfer was limited, hence,
their IMCs precipitated in the regions closer to the 316L SS substrate. This resulted in higher
hardness in the AL-1 regions (AL-1A) adjacent to the SS substrate. The AL-2 hardness
was 681 HV, which was lower than AL-1A and AL-1B. However, AL-2 hardness was still
significantly higher compared to the SS substrate. AL-1 and AL-2 should exhibit different
hardness due to individual crystallographic features. However, variation within the AL-1
is associated with the presence of embedded fine AlCr/AlNi IMC particles. The hardness
findings are in agreement with previous work [13].
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6. IMC Layers Formation Mechanism

The intermetallic layers formation mechanism is proposed in this section and a
schematic diagram is shown in Figure 15. The 316L SS pot gears, including sink rolls,
are immersed in the molten Al-Zn-Si alloy at 600 ◦C. Generally, the immersion time varies
from weeks to months, depending on the integrity of the pot gears and coated sheet quality.
An equilibrium is attained between SS and Al-Zn-Si coating alloy with immersion time.
Fundamentally, the SS reaction with molten Al-Zn-Si alloy is a solid–liquid reaction that
exhibits extremely slow kinetics. Stainless-steel pot gears dissolution and mass transfer
of Fe, Ni and Cr into a molten coating alloy is an inevitable process with immersion time.
Simultaneously, Al, Zn and Si atoms shall migrate from bulk melt towards the SS surface.
The migration of Fe, Ni and Cr atoms shall be opposite to that of Al, Zn and Si atoms.
Considering the instant reaction of Al with Fe atoms, the FeAl3 IMC layer is developed as
soon as the SS surface is exposed to the Al-Zn-Si coating alloy. Such IMC layer thickness
grows with immersion time. The second Fe-rich IMC phase (Fe2Al5) is developed with
extended immersion time between the SS substrate and initially developed FeAl3 IMC
layer. It is suggested that Al atoms shall migrate from bulk melt through the FeAl3 IMC
layer and react with Fe to form an Fe2Al3 IMC layer adjacent to the SS substrate. It could be
suggested that an equilibrium is established between SS/Fe2Al5/FeAl3 couples. Moreover,
interlayer cracks are developed due to different mechanical properties in the SS substrate,
Fe2Al5 and FeAl3 layers. Consequently, pot gears (sink rolls, snouts, etc.) surface proper-
ties are compromised with extended immersion time. The cracked FeAl3 layer detached
from certain regions of the sink rolls, hence, depressions are created on the surface, which
stabilize and guide the steel sheet into and out of the coating pot. Therefore, steel sheets
become unstable, which results in a poor coating quality.

Figure 15 illustrates the SS reaction with Al-Zn-Si coating alloy and formation of
the IMCs layer. The Fe2Al5 IMC layer develops between the FeAl3 and SS substrate,
represented as a continuous dark layer. Between the Fe2Al3 and Al-Zn-Si coating alloy
is FeAl3, which was represented as a grey layer. In addition to that, submicron white
particles embedded in the Fe2Al5 layer are Al, Cr, Ni IMC particles that were predicted by
the thermodynamic analysis.
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7. Conclusions

This study investigated the intermetallic compound (IMC) interfacial layer forma-
tion between 316L stainless steel and an Al-Zn-Si coating alloy under industrial coating
conditions. It can be concluded from this study that:

• The 316L SS reacts with the Al-Zn-Si coating alloy at 600 ◦C. As a result, two distinct
IMC layers are developed between the SS substrate and AZ coating alloy.

• Iron diffusion from the SS substrate into AZ melt and Al mass transfer into a solid
SS substrate are inevitable. The chemical reaction between Al and Fe is rapid, which
forms Fe-based IMC layer at the interface.

• The interfacial layer is composed of two distinct intermetallic compounds (IMCs). The
layer adjacent to the SS substrate is Fe2Al5 (AL-1) and that formed adjacent to the AZ
coating alloy is FeAl3 (AL-2). The EDS analysis confirms nature of the IMC layers.
These findings are in agreement with the previous works.

• Cr and Ni diffused out from the SS substrate to form discrete Al7Cr/Al4Cr and
AlNi IMC particles. It is suggested that such IMC particles precipitate during the
solidification process, once Cr and Ni solubility have decreased with temperature.

• The FactSage thermodynamic analysis also predicted the formation of AlCr and AlNi
IMC particles, in addition to Fe2Al5 and FeAl3.

• The 316L SS surface hardness increased significantly during immersion in the AZ coat-
ing alloy at 600 ◦C. The AL-1 and AL-2 hardness was 877 HV and 681 HV, respectively.

• A longitudinal crack developed between the AL-1 and AL-2 IMC layers, which is one
of the key findings of this study.
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