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Abstract

This paper presents the effect of the addition of Ti to the zinc bath. Hot-Dip Galvanizing was carried out on a machined ductile cast iron
substrate. The process was carried out at 550°C. Experimental baths A, B and C contained 0.01%, 0.05% and 0.1%Ti, respectively.
Metallographic samples were prepared to reveal the microstructure of the coatings. Thickness measurements of the obtained coatings were
carried out, and graphs of the approximate crystallization kinetics of the zinc coating were prepared. High-temperature galvanization carried
out on the treated surface led to the release of graphite beads from the metal matrix and their diffusion into the coating. This phenomenon
can have an adverse effect on the continuity of the coating and its adhesion to the substrate. Crystallization of the  phase was observed in
the coating, and at longer immersion times — a mixture of two-phase 1 and 1 phases. With increasing Ti content in the bath, a deterioration

in the casting properties of the bath was observed.
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1. Introduction

The process of hot dip galvanizing is a well-known and widely
used way to protect steel products from corrosion. Its low cost, high
availability and long corrosion protection time allows for wide and
mass use of this technique. Obtaining zinc coatings allows to
extend the service life of products and consequently to reduce
operating costs. [1-4]

The final microstructure and properties of the coatings are
influenced by physical factors such as bath temperature (phase
formation in the high-temperature process takes place bypassing
the zeta phase), substrate surface (on a rough substrate thicker
layers grow) or bath incubation time of the sample, and chemical
factors, such as the chemical composition of the zinc bath (the

alloying additives used affect film formation), bath cleanliness, the
chemical composition of the galvanising substrate (thicker films
grow on a high-silicon substrate and spheroidal graphite
precipitates can cause discontinuities in the coatings) and the flux
used in the process. [5, 6] The high-temperature process is usually
carried out above the temperature range where the ‘zinc erosion' of
iron is most intense.

2. Analysis of the phase equilibrium
system of Fe-Zn alloys

In order to properly analyze a zinc coating formed on an Fe-C
alloy substrate, it is necessary to know and understand the Fe-Zn
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phase equilibrium system in detail. This allows us to accurately
interpret the crystallization kinetics of the zinc coating depending
on the chemical composition and the temperature of the
galvanizing process. The most important issue is the equilibrium
states between the liquid phase and the crystallizing intermetallic
phases. Fig. 1 shows the zinc-rich part of the Fe-Zn phase
equilibrium system. It is a system that takes into account changes
that have progressed with subsequent analyses and discoveries in
this area.

Delta phase: 530°C-672°C, zeta phase 419.4°C-530°C. These
are the phases found in the samples studied. However, it should be
taken into account that the phase equilibrium system does not
assume alloying additives. The addition of titanium to the bath can
affect the change in the temperatures of transformations occurring
due to diffusion of atoms. Tab. 1. shows the given names of the
phases along with their sum formulas and crystal lattice structure.
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Fig. 1. Zn-rich part of the phase equilibrium system of Fe-Zn
alloys [9-11]

As a result of the process, a coating is formed in which the zinc
content increases from the substrate boundary to the coating
surface. The various intermetallic phases are characterized by
different morphology, structure, and consequently also by strength
and corrosion properties. [7]

Fig. 2. shows the basic intermetallic phases present in zinc
coating on steel substrates and on ductile cast iron substrates in Fig.
3. We can distinguish 4 Fe-Zn intermetallic phases with different
Fe and Zn contents. They are formed by the diffusion of zinc atoms
toward the substrate and iron atoms toward the bath. The
intermetallic phases in the classical galvanizing process, which is
carried out at a temperature of about 450°C for steel products, are
formed sequentially from the substrate: as the first zeta phase with
the highest Zn content, followed by the delta phase with an iron
content of 7-11.5 wt. %, and finally the gamma phase 17-19 wt. %
Fe. [8] The thickness of the n phase, which contains almost zinc
itself, has a significant effect on Zn consumption in the dip
galvanizing process.

The process was carried out at 550°C, which also allowed the
delta phase in the alloy layer first.
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Fig. 2. Phases present in the zinc coating obtained on a steel
substrate during the galvanizing process at 450°C

Fig. 3. Phases present in the zinc coating obtained by galvanizing
on a ductile cast iron substrate at 450°C in the 600s time
immersion [3]

Fig. 4. shows the effect of the temperature of conducting the
galvanizing process on iron loss in galvanizing baths. Conducting
the galvanizing process in the temperature range from about 470°C
to about 525°C can result in very rapid destruction of the
galvanizing bath. This can be considered a technological limitation,
as the process is safest conducted in non-reactive crucibles with
baths that are limited in size, so there would be a limitation in the
size of the products being galvanized or the need for non-reactive
coated baths, which directly increases the cost of the process. In the
study, the molten bath was in a ceramic crucible, so this was not
relevant, but given the industrial reality, one must be aware of such
phenomena.
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Fig. 4. Effect of zinc bath temperature on coating growth kinetics
and iron loss due to "zinc erosion” [4]
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Tab. 1. summarizes the ranges of Zn concentrations in

intermetallic phases occurring in the Fe-Zn system as determined
experimentally or determined theoretically over several decades of
research by researchers around the world.

Table 1.
Zn concentration ranges in Fe-Zn intermetallic phases recorded in the literature by the authors [9-35]
Phase T'l - FesZnio I'2 - FesZno1 g__ FF:ZZ:ZO C-Fe-Zni3
Budowa krystaliczna
Authors Regl;géf:é'a”y Regular flat-centered Heksagonal Single slant
wt. % Zn
Hansen 0.7199 =+ 0.7903 0.8868 +0.9247 0.9378 +0.9404
Truesdale -
Schramm 0.7302 +0.8004 0.8850 +~0.9370 0.9378 ~ 0.9396
Cigan 0.7320 + 0.8150 0.8957 +0.9352 0.9465 +0.9483
.. . oc 0.8832+0.8921 .
Biihler 0.6669 =+ 0.8059 S0 0.913309238 0.9326 +0.9422
Bastin - 0.7921 +0.8376 - -
Onishi - - - 0.9177
Short, Mackowiak 0.6352 +0.6764 0.7790 =+ 0.7821 0.8520 +0.8913 0.8939 =+ 0.8957
Gellings - - 0.8824 +0.9265 0.9378 +0.9422
Kubaschewski 0.7227 +0.8421 0.7784 + 0.8331 0.8779 = 0.9307 ~0.9396
Burton. Perrot 0.7200 + 0.8500 0.8100 +0. 8300 0.8850 +0.9300 0.9400 + 0.9480
' L+o-Fe—0.7500 - L+I"—88,70 L+5—0.9400
Marder 0.7200 =+ 0.7650 0.8050 +0.8300 0.8850 +0.9300 0.9400 =+ 0.9500
Su L+o(Fe)—0.7618 - L+I'— 0.8859 L+(— 0.9383

3. Preparation of the experiment

Hot-Dip Galvanizing is a process that consists of several steps.
Despite the alloying additives used, the preparatory process for
immersion was carried out as in classical galvanizing of steel
(except for the bath temperature). The raw surface of the iron
specimens was sanded while cutting the samples with an angle
grinder. Ductile iron graded according to EN/GJS/500-7 was used
as the substrate material. Bead graphite separations have a
significant effect on the continuity of the obtained coatings on the
machined surface. The arithmetic mean deviation of the roughness
profile Ra=1.22um and the maximum height of the roughness
profile Rz=8.43um.

Figure 5 shows a schematic of the specimen along with its
dimensions. The specimens were 5mm thick.
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Fig. 5. Diagram of a cast iron specimen immobilised on a steel
wire

The samples prepared in this way should be subjected to
preparatory treatment consisting of several steps:
. degreasing the samples with anhydrous ethanol (ETANOL
99.8%),
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rinsing under a stream of running water,

drying in a stream of warm air blowing in a laboratory dryer,
digestion of samples in 16%HCI,

rinsing under a stream of running water the residual acid
along with the etching products from the surface of the
samples,

re-drying the samples,

treatment of the samples at 70°C in a 35 percent aqueous
solution of a ZnCI2/NHA4CI salt mixture (up to 5 minutes) to
activate the substrate surface before the basic immersion
galvanization process,

final drying of the samples,

R
Samples

=

11 i
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. immersion galvanization in a zinc bath at 550°C for 60, 180
and 360s,

. cooling of the samples in water to quickly stop crystallization
and transformation of the resulting coating.

The zinc baths were prepared using a 50 Hz PET electric
crucible resistance furnace in a ceramic crucible to avoid reacting
the bath with the furnace lining. Fig. 7. shows the bath melting
station. The process was carried out at 550°C + 5°C. This
temperature is marked on the phase equilibrium system in Fig. 1.
The temperature during the process was measured using a
thermocouple, which was connected to the automatic control
system of the digital measurement of the furnace controller to
automatically stabilize and regulate the temperature.

The process diagram is shown in Fig. 6.

—_
Direction of the process

 mmmel e

Degreasing Rinse Digestion Rinse

Fluxing

Drying Dip in the zinc bath Cooling in water

Fig. 6. Steps in conducting the dip galvanizing process

7
9\ /

Fig. 7. Test stand prepared for immersion galvanizing of ductile
cast iron. Figure description: 1 - zinc bath, 2 - crucible, 3 - steel
rod with suspended sample, 4 - resistance heating elements, 5 -
chamotte lining, 6 - insulating material, 7 - steel housing, 8 -
automatic furnace temperature control system, 9 - source of
electric voltage
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3.1. Composition of zinc baths

The composition of the zinc bath is one of the most important
parameters for conducting the galvanizing process. Through the
use of alloying additives, we create the possibility of influencing
coating properties such as corrosion resistance, alloy layer
thickness, as well as the appearance of the outer surface of the
coating. In this study, an alloying additive in the form of titanium
was used at different concentrations. Baths were prepared based on
a metal charge prepared from pure components. The assumed
chemical compositions are shown in Table 2.

Table 2.
Chemical composition of zinc baths
Bath Addition Ti
0 0 wt.%
A 0,01 wt.%
B 0,05 wt.%
C 0,1 wt.%

At the stage of conducting the smelting, difficulties in running
the process were observed. As the Ti content in the zinc bath
increased, the metal mirror oxidized faster, and the resulting
coating made it difficult to run the process properly.

Issue 4/2023, 5-13



T

In addition, the effect of the Ti additive on the leaminess and
surface tension of the bath was noted. At higher Ti contents, when
pulling the sample out of the bath, the excess metal had increasing
difficulty to flow off. This resulted in the formation of droplets at
the end of the sample and, ultimately, the obtaining of thicker zinc
layers.

4. Metallographic analysis of the
microstructure of zinc coatings on ductile
cast iron surfaces

For metallographic analysis, it is necessary to reveal the surface
of the deposit. Samples were cut perpendicular to the galvanizing
surface. The metallographic deposit was then ground on a Roto-Pol
laboratory grinder using magnetic abrasive discs with gradations
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ranging from 80ppm to 600ppm. The surface was then sanded on
a polishing cloth in the presence of a lubricant and diamond slurry.
The samples prepared in this way were etched with Villel's reagent
and then rinsed in ethanol. Samples with higher Ti content required
etching for alonger time to reveal the interfacial boundaries.
Metallographic specimens were observed using a Leica optical
microscope equipped with a Leica Q-Win automated image
analyzer. Figs. 8-11 show the microstructures obtained in zinc
baths with different Ti additions after incubation times of 60, 180
and 360 seconds. The blue color indicates the delta phase layer,
while the red color indicates the mixture of phases 81+ 7.

In addition, Figure 12 shows the SEM microstructure with
marked points for chemical composition analysis. The study was
performed with a repeated, deeper etching with Villel reagent.
Observations were carried out using a JEOL 500LV brand
scanning electron microscope equipped with an X-ray
microanalysis attachment.

o -
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Fig. 8. Microstructure of coatings obtained at times from left: 60, 180, 360, 600, 900s in bath 0

.
o + .

Fig. 9. Microstructure of coatings obtained at times from left: 60, 180, 360s in bath A

i \ A
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Fig. 10. Microstructure of éoatings obtained at timés from left: 60, 180, 360s in bath B
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Fig. 12. Microstructure SEM of coatings obtained at times from left: 60, 180, 360s in bath A

Table 3.
Results of spot chemical composition analysis of coatings obtained in bath A
60s 180s 360s
Si Ti Fe Zn Si Ti Fe Zn Si Ti Fe Zn
1 0.469 0.059 10.66 88.811  0.352 0.137 12.224 87.287 0.342 0.102 10.932 88.624
2 0.148 0.026 4.899 94927  0.139 0.118 8.637 91.105 0.234 0.136 9.049 90.581
3 0.118 0.038 6.377 93.467  0.237 0.058 6.728 92.977 0.123 0.079 7.382 92.416
4 0.269 0.129 7.342 92.26 0.103 0.194 0.175 99.528 0.204 0.051 6.318 93.427
5 1.25 0 98.75 0 1.265 0.084  98.507 0.145 0.059 0.024 0.162 99.755
6 0.145 0.042 0.255 99.558 0.06 0.121 0.625 99.194 1.25 0 98.75 0
7 0.127 0.021 1.503 98.349 0.361 0.109 5.573 93.957
Ti was observed in the alloy layer. It is worth noting that the Ti Table 3.
content in the alloy layer is significantly higher than in the zinc Thickness of the obtained coatings in micrometers
bath. The precipi?ates disper.sed in the_outer Iaye_r of the coating, Immersion 0 A B c
are also characterised by a Ti content higher than in the bath. Time
The microstructure of the sample made in bath A after holding 60s 25 15-25 20 25-30
the sample in the 60s bath is very irregular, it is difficult to Alloy 180s 40 15 55 60-75
distinguish the interfacial boundary, it is very extensive. layer 360s 50 20 62 >200
Increasing the incubation time to 360s resulted in a much more 60s 25 15 20 12
regular structure, it is compact, without extensive hard zinc 5 Phase 180s 25 15 20-25  12-25
precipitates, while maintaining a very small thickness of the alloy 360s 25 20 2530 12
:)a:)c/)ecl;;SSut also the overall layer formed during the galvanization Biphases 60s X 05 X 1225
The resulting coatings have different structures. As the leggi éggz ;g i 33_%5 iszgg

incubation time of the sample in the bath increases, the thickness
of the resulting coatings increases. The thickness of the coatings
has been measured and is shown in the Tab. 3, distinguishing the
alloy layer and the various intermetallic phases.

10 ARCHIVES of FOUNDRY ENGINEERING Volume 23,

The thickness of the alloy layer increases with both the increase
of Ti in the zinc bath and the incubation time of the sample in the
zinc bath. In Figs. 13-15, the thicknesses of the sub-layers of the
alloy layer are illustrated in graphs. It consists of a delta phase layer
from the substrate and a further layer of hard zinc. We can

Issue 4/2023, 5-13



definitely consider the C bath as the most reactive one, since the
alloy layer grows much faster and to an extreme when the
incubation time is increased to 360s.

Thicknesses of coatings obtained in bath A
B 6 phase M Biphasic mixture 81in

= R, NN
o uu O Uuu o un

Thickness of coats [um]

60 . 180 360
Immersion time [s]

Fig. 13. Plot of coating thickness versus incubation time of the
sample in the bath from left: 60, 180, 360s

Thicknesses of coatings obtained in bath B

70 W& phase M Biphasic mixturedlin
60

50
40
30
20
10 I
0
60 180 360

Immersion time [s]

Thickness of coats [um]

Fig. 14. Plot of coating thickness versus incubation time of the
sample in the bath from left: 60, 180, 360s

Thicknesses of coatings obtained in bath C
250 MO phase M Biphasic mixture d1in

=N
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60 180 360
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o

Thickness of coats [um]
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Fig. 15. Plot of coating thickness versus incubation time of the
sample in the bath from left: 60, 180, 360s

A stabilization of the thickness of the delta layer was observed
regardless of the incubation time. Differences in the thickness of
this phase between successive samples were about 5 micrometers.
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The process was carried out at 550°C, so it would not be
probable to first form the zeta phase, as it occurs during immersion
metallization at 450°C would not be likely.

The delta phase increases first at this temperature, and when
the incubation time is extended, diffusion of atoms takes place due
to the concentration difference. [35] Subsequently, a distinct
sublayer composed of 81+ n phases is formed, as confirmed by the
authors in the publication. [36]

In addition, during longer incubation times at this galvanizing
temperature, the probability of the formation of hard zinc
precipitates increases, which is a very unfavorable effect due to
bath wear and waste formation.

On the basis of the measurement of coating thickness, we can
approximate the kinetics of the growth of these phases over time.
In Figs. 16-18, the trend of growth and stabilization of the phases
can be seen.

It is also worth noting the type of graphite precipitates in the
galvanised iron. The presence of these precipitates can cause
discontinuities in the resulting coating, but surface treatments can
be carried out to remove the graphite from the surface so that the
diffusion of Fe atoms from the substrate and Zn atoms from the
bath is not impaired. [37]

Furthermore, the immersion galvanising process is not
indifferent to the substrate matrix. Immersion in the zinc bath leads
to overheating of the sample and can lead to interfacial
transformations in the substrate. [38] On the one hand, a
phenomenon of this kind can be regarded as a threat to the loss of
the beneficial properties of the galvanised component. However,
the potential of combining the hot-dip galvanising process with the
heat treatment of the substrate can be sought in a solution of this

type.

Kinetics of growth of intermetallic phases
of the coating obtained in a bath A

50
—_ W & phase M Biphasic mixture 61in
€
3 40
2
3 30
[S)
“—
[S)
B 20 e Q.-
8 ...... ! YORTSPPTTRRLY PR
X
< 10
s .
[= “e.....

0 gt .
0 100 200 300 400

Immersion time [s]

Fig. 16. Graph of growth kinetics of intermetallic phases of the
coating obtained in bath A
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Kinetics of growth of intermetallic phases
of the coating obtained in a bath B
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Fig. 17. Graph of growth kinetics of intermetallic phases of the
coating obtained in bath B

Kinetics of growth of intermetallic phases
of the coating obtained in a bath C
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Fig. 18. Graph of growth Kinetics of intermetallic phases of the
coating obtained in bath C

5. Conclusions

1. Thedecrease in the funneling and surface tension of the metal
with an increase in Ti in the zinc bath results in the formation
of a thick layer of the n phase containing trace amounts of Fe.
This is definitely an unfavorable effect, as it results in
significantly higher wear of the bath in the galvanizing
process.

2. Conducting the process at 550°C and using Ti additive to the
bath made it possible to obtain thinner alloy layers.

3. The addition of Ti to the zinc bath in the amount of 0.01%
results in the inhibition of the growth of the sub-layer
consisting of a mixture of delta and eta phases, regardless of
the time the sample is kept in the zinc bath.

4.  Coatings obtained in baths B and C after extending the time
of holding in the bath to 360 significantly thicker than in
smelting A.
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5. Increasing the incubation time to 6 minutes for ductile iron
leads to more intense dissolution of the substrate. The
graphite separations thus released can cause discontinuity in
the zinc coatings obtained.
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