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IN-SITU WETTABILITY ANALYSIS OF Al COATING INFLUENCE ON HOT-DIP GALVANIZING PROPERTIES
OF ADVANCED HIGH-STRENGTH STEELS

We investigated the influence of steel surface properties on the wettability of zinc (Zn). Our main objective is to address the
selective oxidation of solute alloying elements and enhance the wetting behavior of Zn on advanced high strength steel (AHSS)
by employing an aluminum (Al) interlayer through the physical vapor deposition technique. The deposition of an Al interlayer
resulted in a decrease in contact angle and an increase in spread width as the molten Zn interacted with the Al interlay on the steel
substrate. Importantly, the incorporation of an Al interlayer demonstrated a significant improvement in wettability by substantially
increasing the work of adhesion compared to the uncoated AHSS substrate.
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1. Introduction

Advanced high-strength steel (AHSS) has been developed
to reduce the automobile body weight without compromising
strength [1-3]. This contributes to environmental protection by
improving fuel efficiency. Protecting an AHSS, like dual-phase
(DP) steel, by galvanization (i.e., formation of Zn coating) re-
mains challenging because solutes (like Mn and Si) in the steel
could undergo selective oxidation during surface preparation
before hot-dipping in galvanization lines [4-6]. Oxides on the
substrate surface hinder the galvanization reaction, resulting
in the formation of bare spots [5-7]. To avoid this issue, the
DP steels have been precoated with Fe [8], Ni [9], Cu, and Cu-Sn
[10] by electrodeposition or flash coating. In-situ contact angle
measurements enable the analysis of the wettability by validating
the surface preparation procedure and alloy coating parameters,
making them a valuable approach in the hot-dip coating industry.
Contact angle measurements by the sessile drop method are
limited by contact angle deviations caused by the conservation
of energy to vibrational energy [11]. The use of the current
model alleviates the vibration problem. This study develops
a physical vapor deposition (PVD) method to form an Al thin
film interlayer on a DP steel substrate to eliminate the effect of

selective surface oxidation before hot-dip galvanization. For
comparison, a plain cold-rolled commercial quality (CQ) carbon
steel with no/minimal solute effect is also tested. The effect of
the steel surface on the coatability of Zn with and without an Al
coating was investigated by measuring the contact angles during
the coating process.

2. Experimental Methods

Two different substrates were tested in this study: (1) CQ
steel with a composition of C-0.14, Mn-0.30, S-0.01, P-0.015,
Si-0.025, Al-0.03, N-0.004, and Fe-99.476 (in wt%) and (2)
DP steel with a composition of C-0.346, Si-0.25, Mn-1.29, and
Cr-0.14 (in wt%); trace quantities of P, S, Ni, Mo, V, Ti, Al,
Nb, B, and N; and Fe as the remainder. Based on the surface
condition of the tested steel, the substrates were designated
as as-received (CQ and DP) and Al-coated (ACQ and ADP).
In the deposition process, a 99.95% pure Al pellet source was
thermally evaporated (PVD) on to the steel substrates by varying
current through a thermal evaporator (KVE-T400, VACUUM
TECH, Korea). The chamber was maintained at a vacuum
of 107° Torr. The Alpha-Step Stylus Profiler (D-500, KLA, CA,
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US) uses a moving probe to acquire Al-coating thickness with
precision ranging from a few nanometers to several hundreds of
micrometers. The contact angle of Zn with the steel substrates
was measured using a high-temperature Contact Angle Analyzer
(Phoenix HT-10, SEO, Suwon, South Korea). Zn was cut into
cubes of 5 mm x 5 mm X 5 mm. The heating rate was maintained
at 5°C/min until the temperature reached 600°C, in normal
atmospheric conditions. All samples were held at 600°C for
45 min and then cooled to room temperature inside the furnace.
The in-situ images of Zn melting on the steel substrate at differ-
ent instances were captured at 1-s intervals using a high-speed
camera. The spread width and contact angles were measured
from the start of the melting of the Zn cube until the end of the
holding time. Photographs of the substrate surface were used
for visual inspection. The cross-sectional microstructure of the
coated samples was observed using a field-emission scanning
electron microscope (FE-SEM) (SUPRA 40VP, Carl Zeiss, MA,
US) equipped with energy-dispersive X-ray spectroscopy (EDX)
to examine the Zn-steel substrate interface.

3. Results and Discussion

The Al coating was deposited on steel substrates with cur-
rents of 35 A, 45 A, 50 A, and 60 A while keeping the deposition
time constant at 5 min. The thickness of the Al coating was meas-
ured and plotted as shown in Fig. 1(a). A deposition thickness
of approximately 100 nm was chosen (marked in Fig. 1(a)). The
corresponding deposition current and time were kept constant
at 50 A and 5 minutes, respectively, for deposition on CQ and
DP steels. The surface of the Al-coated CQ and DP steel sheets
is shown in Fig. 1(b).

The shapes of the Zn cube at the initial stage, start of melt-
ing, and after the holding time are shown in Fig. 2(a)(i), 2(a)(ii),
and 2(a)(iii), respectively. A comparison of the Al-coated and
bare samples revealed an increase in the spread width of Zn that
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Fig. 1. (a) Thickness measurement of Al coating on steel substrate by
Alpha-step; (b) Al-coated CQ and DP steels (designated as ACQ and
ADP respectively)

continued until the end of the experiment for the former but not
for the latter. Qualitatively, we inferred that the contact angle
of Zn with the substrate changes; specifically, it decreased for
Al-coated samples but hardly changed for bare samples. The sam-
ples were removed after cooling to room temperature. As shown
in Fig. 2(b), solidified Zn adhered to the surface of the Al-coated
sheet, whereas no Zn was detected on the surface of the bare
sheet. The wetting and non-wetting behaviors of the melting Zn
are schematically shown in Fig. 2(c)(i) and 2(c)(ii), respectively.

The wetting behavior was further analyzed by calculating
the spread width and contact angle from the captured experi-
mental images. A comparison of the plots of the spread width
(Fig. 3(a) and contact angle (Fig. 3(b)) indicated that the increase
in the spread width alone does not confirm the wettability. Al-
though the spread width of Zn on CQ and DP steel substrates
initially increased, it became stagnant during the holding time;
simultaneously, no decrease was seen in the contact angle. By
contrast, in the case of ACQ and ADP steel substrates, an increase
in the spread width resulted in a decrease in the contact angle,
indicating their interdependence on the wettability of Zn on the
steel substrate.

Wetted Zn
adhering to
the Al-coated
steel after
cooling

(b)

MAAMN

Non-wetted
steel spot
after cooling
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Fig. 2. (a) Shape of Zn cube: (i) initial, (ii) start of melting, and (iii) end of holding time; (b) photographs of sample surfaces: wetted and non-
wetted steel surfaces after cooling; (c) schematic of wetting and non-wetting samples
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Fig. 3. (a) Spread width of Zn cube with time for different steel sub-
strates. (b) Contact angle of Zn with different steel substrates

The major driving force for increased wetting can be
understood from the following calculations of the interfacial

energy [12]:
Oy =0y (‘ /(1+sin2 9) +cos 0) (1)
oy :o-lg( [(l-i-sin2 9) —cos :9) )
VVa = O-Sg + O-Ig — Oyl (3)

where oy, is the surface energy of the substrate; gy, the surface
energy of molten Zn; W,, the work of adhesion (i.e., energy re-
leased during wetting); and 6, the instantaneous contact angle.
As the molten zinc was maintained at the same temperature for
all samples, the surface energy of the liquid (;,) was considered
constant (07,), and therefore, o, (Eq. (1)) and ¥, (Eq. (3)) were
calculated in terms of o7,. The surface energy is due to the en-
ergy of the incomplete bonds on the material surface [13]. The
interfacial surface energy of the substrate (g,,) for Al-coated
steels (ACQ and ADP) was higher than that for uncoated steels
(CQ and DP). The increased surface energy of the steel substrate
indicated that the Al coating cleaned oxides and Al atoms solidi-
fied on the nascent steel substrate [14]. Owing to the surface
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cleaning provided by Al deposition, the high-energy surface of
the steel substrate readily reacted with Zn, resulting in improved
wetting. Further, owing to the presence of Fe oxide compounds
on CQ and DP steels, the surface energy was low and interactions
with liquid Zn were prevented; thus, no wetting was observed.
The molten Zn-steel substrate interfacial energy (o)
(Eq. (2)) (Fig. 4(b)) and contact angle (Fig. 3(b)) reduced for
Al-coated steels but was almost the same for bare steel substrates.
This indicated that hot molten Zn reaching the steel substrate
through the Al-coating layer might have led to the interdiffusion
of Fe and Zn atoms and thereby improved the wettability. ¥, (in-
set in Fig. 4(a) as it followed similar trend with time) increased
for Al-coated steels as the surface energy of steel (,,) increased
and that of molten Zn (o) decreased [15,16], thereby increasing
the wettability. As almost no energy change occurred in bare CQ
and DP steels, W, was constant, and therefore, no wetting was
observed. The solid_solubility of Al in Zn increases with tem-
perature and simultaneous possible inhibition layer formation
through Fe-Al alloying might have improved the wettability.

a 1.0
1] ® .
[—acqQ
s | B LT e | =
4 < = R
= 08 [— J S o6 ——ADP
S % e —)
g S — N
o — 0.4
% 061 B R
s =
g ime (5) S o2
0.4 0.0

0 500 1000 1500 2000 2500 3000 0 500 1000

Time (s)

1500 2000 2500 3000
Time (s)
Fig. 4. (a) Interfacial surface energy of ACQ, ADP increased with
wetting of zinc; work of adhesion increased with wetting on ACQ and
ADP; (b) interfacial energy between molten zinc and steel substrates
of ACQ, ADP decreased with wetting

As wetting was evident only for ACQ and ADP steel sub-
strates, they were subjected to cross-sectional microstructural
observation using SEM (Fig. 5). Secondary electron images of

Fe (wt. %) Zn (wt. %) Al (wt. %)
1 17.12 82.85 0.02
2 11.21 88.77 0.01
3 791 92.07 0.01
4 24.71 75.26 0.02
5 13.40 86.56 0.03

Fig. 5. (a) ACQ: secondary electron image, respective phase maps with Fe/Zn/Al mixed, EDX analysis and individual phase maps of Zn and Fe.
(b) ADP: secondary electron image, EDX analysis and respective phase maps with Fe/Zn/Al mixed, and individual phase maps of Zn, Fe and Al
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ACQ and ADP revealed an intact interface between the steel
substrate and solidified Zn without crack formation, indicating
metallurgical bond formation. The EDX phase maps show the
distribution of Fe and Zn. Due to the significant time provided
for wetting reactions to occur, no trace of Al was detectable at
the interface, as evidenced by the Al EDX phase map and quan-
titative analysis. The marked EDX locations representative of
different regions where EDX analysis was conducted, and mean
values of the results obtained from each respective region are
presented. Therefore, the provision of an Al-interlayer helped
successfully form a Zn coating on AHSS (i.e., DP steel in the
current study).

4. Conclusions

This study investigated the effect of the steel substrate sur-
face on the wettability of Zn. Zn did not wet the bare steel surface
owing to the presence of oxides. The introduction of a thin Al
coating as an interlayer improved the wettability Zn of both CQ
and DP steels by provision of a nascent steel surface enhanced
reactivity with molten metal, and thereby improved bonding
through increased work of adhesion. The combined influence
possible formation of Fe-Al inhibition layer and increased solid
solubility of Al in Zn might have played a significant role in
improving the wettability.

Acknowledgements

This work was supported by the [National Research Foundation of Korea
(NRF)] grant funded by the Korea Government (Ministry of Science and
ICT) [No. 2022R1A2C1008972]. This work was also supported by the
Technology Innovation Program (20016850) funded by the Ministry of
Trade, Industry & Energy (MOTIE, Korea). This work was also supported
in part by the Technology Development Program (S3160560) funded by
the Ministry of SMEs and Startups (MSS, Korea).

REFERENCES

Y.S. Jin, La Metall. Ital. 6, 43-48 (2011).

J.I. Yoon, H.H. Lee, H.K. Park, K. Ameyama, H.S. Kim, J. Korean
Powder Metall. Inst. 24, 128-132 (2017).

D. Kim, Y. Han, M. Moon, H. Oh, Corros. Sci. Technol. 10, 1-6
(2009).

R. Khondker, a. Mertens, J.R. McDermid, Mater. Sci. Eng. A. 463,
157-165 (2007).

H. Liu, F. Li, W. Shi, S. Swaminathan, Y. He, M. Rohwerder, L. Li,
Surf. Coatings Technol. 206, 3428-3436 (2012).

L. Cho, E.J. Seo, G.S. Jung, D.W. Suh, B.C. De Cooman, Metall.
Mater. Trans. A. 47, 1705-1719 (2016).

S. Alibeigi, R. Kavitha, R.J. Meguerian, J.R. McDermid, Acta
Mater. 59, 3537-3549 (2011).

M.G. Walunj, G.K. Mandal, R.K. Ranjan, R. Pais, S.K. Mishra,
T. Venugopalan, L.C. Pathak, Surf. Coatings Technol. 422, 127573
(2021).

D. Pradhan, M. Dutta, T. Venugopalan, J. Mater. Eng. Perform.
25, 4996-5006 (2016).

M. Manna, M. Dutta, Surf. Coatings Technol. 251, 29-37 (2014).
S. Shimada, Y. Takada, J. Lee, T. Tanaka, ISIJ Int. 48, 1246-1250
(2008).

T. Liu, R. Ma, Y. Fan, A. Du, X. Zhao, M. Wen, X. Cao, Surf.
Coatings Technol. 337, 270-278 (2018).
https://www.ossila.com/pages/a-guide-to-surface-energy

M. Lee, I. Bae, Y. Kwak, K. Moon, Curr. Appl. Phys. 12, S2-S6
(2012).

B.K. Cheng, B. Naccarato, K.J. Kim, A. Kumar, Int. J. Heat Mass
Transf. 102, 154-161 (2016).

M.M.R.M.M. Affandi, M. Tripathy, A.B.A. Majeed, J. Mol. Liq.
240, 340-344 (2017).



	Hee Yeon Jeon￼1, Mijeong Park￼1, Seungheon Han￼1, 
Dong Hoon Lee￼1, Young-In Lee￼1*
	Facile Synthesis of Bumpy-Structured ZnO-ZnS Core-Shell Microspheres 
with Enhanced Photocatalytic Performance

	Minha Park￼1, Gang Ho Lee￼1,2, Hyo-Seong Kim￼1,2, Byoungkoo Kim￼1, 
Sanghoon Noh￼2, Byung Jun Kim￼1*
	Effect of Cooling Rate on Microstructure and Mechanical Properties According 
to Heat Treatment Temperature of Inconel 625

	Minha Park￼1, Gang Ho Lee￼1,2, Gwangjoo Jang￼1, Hyoung-Chan Kim￼1, 
Byoungkoo Kim￼1, Byung Jun Kim￼1*
	The Effects of Post Weld Heat Treatment on Microstructure and Mechanical Properties 
of API X70 Linepipe using Submerged Arc Welding

	Sang-Hyeon Jo￼1, Seong-Hee Lee￼1*
	Changes in Microstructure and Texture of a Multi-Stack Accumulative Roll Bonding Processed Complex Aluminum Alloy with Annealing

	Woo Cheol Kim￼1, Jongmin Byun￼1,2*
	Fabrication of Porous Sintered Body using Shape-Controled 316l Stainless Steel Powder 
by High-Energy Ball Milling

	Hyo-Seong Kim￼1,2,4, Moonseok Kang￼1, Minha Park￼1, Byung Jun Kim￼1, 
Yong-Shin Kim3, Tae Young Lee3, Byoungkoo Kim￼1*, Yong-Sik Ahn￼2*
	Effects of Hot rolling Reduction on Microstructural Evolution 
and Mechanical Properties of 1.25Cr-1Mo-0.5V-0.3C Steel for High-Speed Rail Brake Discs

	Jae-Hyeon Kim1, Jung-Ha Lee2, Seung-Beop Lee2, 
Sung-Jin Kim3*, Min-Suk Oh￼1*
	Improved Thermal Stability of Al-Si Alloy Coated Steel Sheet 
with Cr Thin Film Deposition

	Woo-Chul Jung￼1, Hyunseok Yang￼1, Seon-Jin Choi￼2*, Man-Sik Kong￼1*
	Evaluation of Electropolishing Characteristics of 316L Stainless Steel Tube 
in Contaminated Electrolyte

	Jin Kwang Jang￼1, Jaeyun Moon￼2, Jongmin Byun￼1,3*
	Synthesis of Polycrystalline Bi-Doped Snse by Mechanical Alloying 
and Hydrogen Reduction

	Dohoon Lee￼1, Tae-Yeong So￼1, Ha-Young Yu￼1, Gyunsub Kim￼2, 
Eushin Moon￼2, Se-Hyun Ko￼1*
	Effect of Hot Isostatic Pressing and Solution Heat Treatment 
on the Microstructure and Mechanical Properties of Ti-6Al-4V Alloy Manufactured 
by Selective Laser Melting

	Jae-Yun Kim￼1, Sang-Gyu Kim￼1, Byoungchul Hwang￼1*
	Investigation of Hydrogen Embrittlement of Haynes 617 and Hastelloy X Alloys 
Using Electrochemical Hydrogen Charging

	Junho Lee￼1, Namhyuk Seo￼1, Sang-Hwa Lee￼2, Kwangjun Euh￼2, Singon Kang￼3, 
Seung Bae Son1,4, Seok-Jae Lee￼1,4, Jae-Gil Jung￼1,4*
	Effect of Al–5Ti–1B Addition on Solidification Microstructure 
and Hot Deformation Behavior of DC-Cast Al–Zn–Mg–Cu Alloy

	Ji-A Lee￼1, Bong-Min Jin￼1, Jeong-Whan Han￼1*
	Evaluation of Classification Possibility of Coke Breeze by Drag Force

	Uijun-Ko￼1, Byungjun-Han￼1, Kyoung-Tae Park￼2*, 
Marzieh-Ebrahimian￼1, Jh-Kim￼1*
	Microstructure Evolution Through Cryogenic Rolling 
of Ultra-High Purity Titanium Produced by Electron Beam Melting 

	A. Garbacz-Klempka￼1*, K. Dzięgielewski￼2, M. Wardas-Lasoń￼3
	A Glimpse into Raw Material Management in the Early Iron Age: Bronze Ingots from a Production Settlement in Wicina (Western Poland) in Archaeometallurgical Research

	Qiaoli Wang￼1,2†, Yinan Xiao￼2†, Di Wu￼2, Fang Yang￼3, L.Y. Sheng￼1,2*
	Microstructure, Compressive Properties and Oxidation Behaviors 
of the Nb-Si-Ti-Cr-Al-Ta-Hf Alloy with Minor Holmium Addition


