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THE MICROSTRUCTURE OF ANNEALED GALFAN COATING ON STEEL SUBSTRATE

MIKROSTRUKTURA WYGRZEWANYCH POKRYC CYNKOWYCH TYPU GALFAN NA PODLOZU STALOWYM

The commercially available Galfan coating containing 5-7wt.% of Al deposited on the low carbon steel substrate by

hot dipping has been examined with respect to the microstructure of the coating/substrate interface area. The application of
several experimental techniques (SEM/EDS, XRD, TEM/AEM/EDS/ED) allowed demonstrating the two-phase structure of the
alloy coating in non-treated, commercially available Galfan samples: Zn-rich pre-eutectoid n phase grains are surrounded by
lamellar eutectics of $-Al and 1-Zn. The transition layer between the alloy coating and steel substrate with the considerably
higher Al content (SEM/EDS, TEM/EDS) has been found in both non-treated and annealed samples (600°C/5 minutes). Only
the monoclinic FeAl;Zn, phase however was revealed in the annealed sample (TEM/electron diffraction) remaining uncertain
the presence of the orthorhombic Fe,AlsZn, phase, reported by several authors.
Keywords: zinc coating, galfan, heat treatment, interface, ternary Fe-Al-Zn compounds

Przeprowadzono badania mikrostruktury pokry¢ cynkowych typu Galfan na podtozu stalowym w obszarze przejscia war-
stwa — podloze. Materialem do badan byly dostgpne na rynku prébki pokrywanych blach otrzymanych metodg zanurzeniowa w
kapieli zawierajacej 5-7% wagowych Al. Zastosowanie szeregu metod analitycznych (SEM/EDS, XRD, TEM/AEM/EDS/ED)
pozwolifo na ujawnienie dwufazowej struktury w prébkach przed obrébka cieplng: bogata w cynk faza eta (1) jest otoczona
mieszaning eutektyczng skladajaca sie z plytek beta () aluminium oraz fazy eta () cynku. Warstwa przejSciowa pomigdzy
pokryciem cynkowym i podlozem stalowym charakteryzujaca si¢ wyzsza zawarto$cig aluminium zostata znaleziona (SEM/EDS,
TEM/EDS) zaréwno w prébkach przed obrébka cieplna, jak i w prébkach przezarzanych (600°C/S minut). Jednak wbrew do-
niesieniom kilku autoréw nie potwierdzono obecno$ci rombowej fazy Fe,AlsZn,, a stwierdzono obecno$¢ jedynie jednosko$ne;j
fazy FeAl;Zn, (TEM/SAED) i to tylko w prébkach przezarzonych.

1. Introduction

One of the main successful application fields of the
Galfan coatings, considered as an anticorrosion protec-
tion, is an automotive industry. But the problem of the
coatings long term stability seems to be still unresolved.
Introduction of certain aluminium amount into the clas-
sic zinc bath plays a dual role. It is believed the Galfan
coatings prevent formation of the brittle binary Fe-Zn in-
termetallic compounds at the zinc coating/steel substrate
interface. Instead of the latter the ternary Fe-Al-Zn inter-
metallics of lower brittleness arise in the transition layer
[1]. Their secondary role is to block at least partially the
Zn diffusion into substrate and the Fe diffusion toward
the zinc coating. From this point of view the microstruc-
ture and composition of the interface between the zinc

coating and steel substrate seems to be essential. In prac-
tice for the Galfan coatings 5-7wt.% aluminium is added
to the zinc bath (this composition is close to the eutectic
point of the Zn-Al equilibrium phase diagram). Several
papers however (for instance [2-3]) report the intermetal-
lic Fe,AlsZn, phase growth between the zinc coating and
the steel substrate (as a modification of the orthorhom-
bic Fe,Als [4]) even for lower Al contents (above 0.15
wt.%). Other sources suggest the interface layer is either
a mixture of several binary and ternary intermetallics
(Fep AlsZn,/FeZn;/FeZn3) [5-6] or it has a bilayered
structure Fe;AlsZn,/FeAl;Zn,, with the outer part next
to the eutectic alloy coating being FeAlsZn, [7]. The
intermediate layer thickness for coatings with lower Al
content was estimated for 200-250 nm [3] whereas for
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the Galfan coatings the thickness is higher (500 nm or
more [8-10, 13]). The thin film (up to 500 nm) of the
ternary Fe-Al-Zn compound(s) should block zinc diffu-
sion toward the steel substrate and iron diffusion toward
the zinc coating. Moreover, the interface structure should
be stable within relatively wide range of temperatures. It
can be interesting to quote some figures concerning zinc
solubility in the Fe-Al intermetallics. They vary from 21
wt.% [7] to 22.87 wt.% [11] for the orthorhombic Fe;Als
phase and achieve 13.92 wt.% for the monoclinic FeAls
(Fe4Alj3) phase [12]. It could be interesting to illustrate a
microstructure evolution of the Galfan coating subjected
to the heat treatment in air (600°C/5 min.) then cooled.

2. Experimental techniques

The subject of examination were samples of com-
mercially available Galfan coating containing 5-7wt.%
of Al, deposited by hot dipping (temperature of bath
450°C) on the low carbon steel substrate. Several tech-
niques were employed in order to study the microstruc-
ture of the coating cross-section after annealing, its
composition and crystallography: scanning electron mi-
croscopy (SEM — HITACHI S-4200), energy disper-
sive X-ray spectroscopy (EDS — NORAN Voyager3500),
X-ray diffraction (XRD — JEOL JDX-7S & PHILIPS
X-PERT), high resolution transmission electron mi-
croscopy (HRTEM - JEOL JEM3010) combined with
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electron diffraction (ED), analytical electron microscopy
and scanning transmission microscopy (AEM/STEM -
PHILIPS CM20 TWIN) combined with energy disper-
sive X-ray spectroscopy (EDS — EDAX Phoenix) and
electron diffraction (ED). The specific software (the EL-
DYF code) has been utilized in order to simulate the
electron diffraction patterns of selected binary inter-
metallics of known crystal structure.

3. Results and discussion

3.1. SEM/EDS examination

SEM examination (HITACHI S-4200) of the Galfan
coating samples (polished and etched cross-section) re-
vealed its expected microstructure: Zn-rich pre-eutectoid
n phase grains were surrounded by lamellar eutectics of
B-Al and n-Zn (Fig. 1). The transition layer between the
alloy coating and steel substrate of the thickness below 1
pm is clearly visible in Figures 1b, 2a, 2b. The average
composition of the Galfan coating determined by the
EDS technique (Noran Voyager 3500) was following:
7.13+£0.14 wt.% Al, 2.93+0.24 wt.% Fe, 89.94+0.70
wt.% Zn (PROZA and ZAF corrections). X-ray line
scans of aluminium content indicate its distinct growth in
the intermediate layer for both non-treated and annealed
samples (Fig. 2).
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Fig. 1. SEM (BSE) micrograph of the Galfan coating microstructure for non-treated (a) and annealed (b) samples. (1) Zn-rich n phase, (2)

eutectics: Al-rich 8 phase (lamellae) +7
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Fig. 2. X-ray aluminium line-scan at the cross-section of the Galfan coating for non-treated (a) and annealed (b) samples. Distinct growth

of Al content at the coating/substrate interface is clearly seen

3.2. AEM/STEM/EDS measurements

Similar results have been achieved by an analytical
electron microscopy/scanning transmission microscopy
techniques (PHILIPS CM20 TWIN) combined with
X-ray analysis (EDAX Phoenix). Thin foils prepared by
a focused ion beam (FIB) technique (FEI Quanta 200
3D DUAL Beam) were examined with respect to their

¢

Fig. 3. Transition layer morphology in the Galfan coating after annealing (TEM bright field image). Visible pyramidal crystals at the
coating/substrate interface

morphology and X-ray elemental distribution. Figures 3
(TEM bright field image), 4a and 4c (STEM Z-contrast,
HAADF - high-angle annular dark field image) demon-
strate the coating/substrate interface as a row of pyrami-
dal crystals containing mainly aluminium and iron (see
corresponding X-ray mappings in Figures 4d, 4f). More-
over, those mappings suggest two different compositions
of Al-Fe compounds.
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Fig. 4. Morphology of the transition layer (STEM/HAADF) in the Galfan coating sample after annealing (a, ¢), EDS X-ray spectra (b) of
the pyramidal crystal (c) and corresponding Al, Zn, Fe X-ray mappings (d, e, f)

3.3. XRD studies

In the next stage the XRD examination of the Gal-
fan coating surface after 4-step gradual grinding should
expose the crystal structure of the zinc eutectic alloy,
of the steel substrate and of the transition layer. X-ray
diffraction patterns obtained with use of two independent
instruments (JEOL JDX-7S — Cu Ka, radiation, Philips
X-PERT - Cu Ka; radiation) for non-treated and an-
nealed samples (Figures 5a and 5b respectively) show
however only the presence of an eutectic zinc alloy and
a steel substrate but neither the orthorhombic Fe, AlsZn,
nor the monoclinic FeAl;Zn, (FesAli3Zn,) have been
revealed (see the respective reference patterns in Fig-
ure 5c simulated upon the data from references [4] and
[12]). Since the transition layer thickness is low (be-
low 1 um) and consequently its volume is much lower
than the alloy coating volume, X-ray diffraction peaks
corresponding to the interface components should have
low intensities. Additionally some interesting peaks (for
instance the Fe,Als reference peak at 43.95° and the
FeAl; reference peak at 43.15°) can overlap with the
a-Fe peak (110), 8-Al peak (200) or n-Zn peak (101).

Energy (Kev)
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From the other hand potential strong reference peaks at
22.5°, 23.2°, 25.13°, 26.7°, 47.5° and 49.3° (Fig. 5c¢)
are not visible. In the light of achieved XRD results
the presence of Fe,AlsZn, and FeAl;Zn, (FesAli3Zn,)
intermetallic compounds in the transition layer can not
be confirmed.
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Fig. 5. X-ray diffraction patterns of the Galfan coating surface after 4-step gradual grinding for non-treated sample (a) and annealed
(600°C/5 min.) sample (b). All diffraction peaks correspond either to the eutectic zinc alloy or to the steel substrate. The reference patterns (c)
corresponding to the orthorhombic Fe,Als and the monoclinic FeAl; phases respectively have been simulated upon data from the references

[4] and [12] respectively

3.4. TEM/AEM electron diffraction studies

In order to find definite answer about presence or
absence of the searched intermetallic compounds at
the zinc alloy/steel substrate interface a transmission
electron microscopy and an electron diffraction tech-
niques (TEM/SAED - selected area electron diffrac-
tion) were employed on thin foils at the transition layer

cross-section, prepared by the FIB technique (two in-
dependent instruments PHILIPS CM20 TWIN and JE-
OL JEM-3010). Additionally the ELDYF software was
applied in order to simulate the reference electron dif-
fraction patterns for the orthorhombic Fe,Als and the
monoclinic FeAl; (FeyAly3) at various zone axes. The
atom coordinates in the unit cell were taken from the
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references [4] and [12] for the orthorhombic Fe,;Als and
the monoclinic FeAl; (FesAl;3) respectively. Results of
the observations (bright and dark field images) and re-
spective electron diffraction patterns (SAED) together
with corresponding ED simulations at various zone ax-
es are shown in Figures 6, 7, 8. The detailed analysis

of several experimental SAED patterns allowed to con-
clude that only the monoclinic FeAl; (FesAl;3) simulat-
ed patterns match the experimental diffraction patterns
(see Figures 6¢c, 6d, 7b, 7c and 8b, 8c). The compari-
son of the orthorhombic Fe,Als simulations to several
measured SAED patterns gave the negative result.

Fig. 6. TEM micrograph of the coating/substrate area. Bright field image (a), dark field image (b) at the ED reflex indicated by white arrow
(c) and corresponding indexed simulation of the FeAl; (FesAl3) diffraction (d). Atoms unit cell coordinates taken from the reference [12]

Alq3Fey [1.00 2.00 0.00]

Fig. 7. TEM micrograph of the coating/substrate area. Bright field image (a), the measured electron diffraction pattern (b) and corresponding
indexed simulation of the FeAl; (FesAl;3) electron diffraction at the zone axis [041] (c). Atoms unit cell coordinates taken from the reference

[12]
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AlsFe, [113]

Fig. 8. TEM micrograph of the coating/substrate area. Bright field image (a), the measured electron diffraction pattern (b) and corresponding
indexed simulation of the FeAl; (Fe,Al;;) electron diffraction at the zone axis [113] (c). Atoms unit cell coordinates taken from the reference

[12]
4. Summary

The commercially available Galfan coating samples
subject to heat treatment (600°C/5 min. in air) appeared
to hold stable microstructure and thickness. The zinc
coating/steel substrate interface (transition layer) satis-
fies its main role and prevents formation of brittle bina-
ry Fe-Zn compounds. From several binary and ternary
compounds reported by other authors only the mono-
clinic FeAlsZn, (FejAlj3Zn,) has been confirmed by
TEM/SAED (electron diffraction) technique in the transi-
tion layer. Disappointing results of our XRD examination
(searching of any of ternary Fe-Al-Zn intermetallics at
the coating/substrate interface) can be produced howev-
er as a consequence of too low volume of the layer in
comparison to the total coating volume.
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