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Abstract

The local metal-coating interface microstructure and chemistry formed on commercial
magnesium alloys Mg-3Al-1Zn (AZ31B) and Mg-12Zn-0.25Zr-<0.5Nd (ZE10A, ZEK100 type)
were analyzed as-chemical conversion coated with a commercial hexafluoro-titanate/zirconate
type + organic polymer based treatment (Bonderite® 5200) and a commercial hexafluoro-
zirconate type + trivalent chromium Cr** type treatment (Surtec® 650), and after the same
conversion coatings followed by electrocoating with an epoxy based coating, Cathoguard® 525.
Characterization techniques included scanning electron microscopy (SEM), x-ray photoelectron

spectroscopy (XPS), and cross-section scanning transmission electron microscopy (STEM).



Corrosion behavior was assessed in room temperature saturated aqueous Mg(OH), solution with
1 wt.% NaCl. The goal of the effort was to assess the degree to which substrate alloy additions
become enriched in the conversion coating, and how the conversion coating was impacted by
subsequent electrocoating. Key findings included the enrichment of Al from AZ31B and Zr
from ZE10A, respectively, into the conversion coating, with moderate corrosion resistance
benefits for AZ31B when Al was incorporated. Varying degrees of increased porosity and
modification of the initial conversion coating chemistry at the metal-coating interface were
observed after electrocoating.  These changes were postulated to result in degraded
electrocoating protectiveness. These observations highlight the challenges of coating Mg, and
the need to tailor electrocoating in light of potential degradation of the initial as-conversion
coated Mg alloy surface.

Key Words: magnesium; conversion coating; electrocoating; corrosion; transmission electron
microscopy



1.0 Introduction

Magnesium and its alloys are of great interest for engineering applications ranging from
functional uses such as biomedical implants to structural alloys to achieve automotive and
aircraft vehicle light weighting [1-3]. In vehicle light weighting applications, the rapid corrosion
of Mg, particularly when exposed to salt species under aqueous conditions, is a key issue [4-16].
Alloying generally results in only moderate improvement in the aqueous corrosion resistance of
Mg. Therefore, coatings are typically used to provide corrosion protection for Mg components

[17-21].

Coatings for Mg structural components generally utilize a multi-layer strategy, involving an
initial cleaning step; a surface pre-treatment such as chemical or electrochemical conversion
coatings, surface alloying, anodization, etc.; a second coating layer such as electrocoatings,
platings, powder coatings, organic coatings, etc.; frequently followed by a final layer of sealant
and/or paint [17-41]. In single- and multi-layer coating concepts, the interface between the
substrate alloy and the initial coating layer is critical to coating adherence and performance.
Delamination or through attack in this region can allow the environment to access the underlying

alloy and result in local corrosion and coating failure.

Chemical conversion coatings are frequently used industrially as the first coating step after
surface cleaning due to their relatively low cost and ease of implementation [17, 19, 29, 30, 33,
38]. They are primarily used to provide a receptive surface for subsequent coating layer step
adherence, but can also contribute to overall corrosion resistance of the multi-layer coating

system [17, 19, 23, 26]. Chromate conversion coatings provide the basis for good protection of



Mg alloys, but result in significant safety and environmental issues related to hexavalent Cr, Cr®*
[17, 19]. Alternatives to chromate conversion coatings for Mg alloys include phosphate-

permanganates, fluorides, stannates, organics, vanadates, and rare earths [17, 19].

Conversion coatings for Mg alloys have been the subject of intense study [e.g. reviews in
references 17, 19]. Much of this work has emphasized coating processing development and
subsequent corrosion resistance assessment. However, relatively few studies have pursued
advanced microstructural characterization of the local chemistry, morphology, and structure of
the coating and coating/substrate interface, e.g. for Mg substrates [42, 43] and for Al substrates
44-46]. Such understanding is of particular importance for conversion coatings, as the resultant
surface and its corrosion resistance are influenced not only by the coating solution chemistry and
process conditions, but also by the substrate Mg alloy composition and microstructure [17, 19,

40].

The goal of the present work was to characterize the chemistry and morphology of several state-
of-the-art Cr®* free commercial conversion coatings for two representative Mg alloys of different
composition classes using standard process conditions, and then after subsequent application of a
commercial, state-of-the-art electrocoating. Such electrocoatings are one approach under
consideration as the next protective layer above the conversion coating in multi-layered coating
schemes used to protect Mg alloys [e.g. 22, 23]. Conversion coatings and/or electrocoatings have
been developed and successfully used to protect steels and aluminum, but are less well

established for Mg alloys. Detailed knowledge of the chemistry and structure at the metal-



coating interface as-conversion coated and after electrocoating is needed to provide baseline

understanding for future coating development and optimization to protect Mg alloys.

2.0 Materials and Methods

Two substrate alloys relevant to automotive applications were selected for study, AZ31B, a Mg-
3Al-1Zn type, and Elektron® 717 (E717 for brevity), a ZE10A type rare earth and Zr modified
Mg-1Zn-0.25Zr-<0.5Nd. These alloys are both near-single-phase, but do contain second phase
Al-Mn (AZ31B) and Zn-Zr/Nd rich (E717) intermetallic second phases [16, 47-49]. The alloy
test samples were electro-discharged machine (EDM) cut from wrought coil sheet ~1.5 - 1.6 mm
thick obtained from Magnesium Elektron North America (MENA), Madison, IL USA. The
E717 is of particular interest for automotive applications as it was recently demonstrated to be
amenable to warm forming of door panels [50]. Analyzed compositions are shown in Table 1
[16]. (It should be noted that some scatter in the range of Fe impurity level was found in the
E717 sheet material [16]. Data for Fe levels from 2 different measurements for AZ31B and 3
different measurements for E717 are shown in Table 1. Note that the test samples were polished
to remove all residual surface finish prior to compositional analysis, as steel processing rolls can
impart Fe impurities to the sheet surface during manufacture [16]. Such surface contamination
does not appear to be the source of the variation in Fe level detected for the E717 sheet [16]).
Table 1. Alloy chemical composition of AZ31B and E717 sheet determined by inductively

coupled plasma atomic emission spectroscopy (ICP-AES) [after reference 16]. The E717
contains < 0.5 wt.% Nd, the exact level of Nd is considered proprietary.

Allo Composition weight % (wt.%)

Y Mg Al | zn | zr | Mn | Nd Fe Cu | Ni
AZ31B 95.47 3.05 | 1.00 [ <0.001 | 0.46 | <0.001 0.001, 0.001 | 0.001
sheet 0.002
E717 0.0007,
sheet Bal. 0.004 | 1.49 | 031 | 0.008 | <05 0.007. 0.001 | 0.001




| | | 0.008 |

Bare (uncoated) AZ31B and E717 for corrosion studies were prepared as 15 mm diameter disks
to a 1200 grit surface finish by wet grinding with SiC paper (Buehler, 41 Waukegan Road, Lake
Bluff, Illinois 60044 USA), cleaned with acetone and deionized water, and dried with an air
stream. Samples were then stored in a desiccator for at least 24 h prior to the corrosion
exposures. Samples for coating were EDM cut to 15 mm diameter disks or 25 mm x 25 mm
squares from the as-received sheet (no surface grinding). Two commercially available, state-of-
the-art conversion coatings were selected for study: Bonderite® 5200 (chromium free
hexafluoro-titanate/zirconate type + organic polymer based [26, 28, 45, 51], (Henkel
Corporation, North America, One Henkel Way, Rocky Hill, CT 06067 USA) and Surtec® 650
(hexofluoro-zirconate type with addition of trivalent chromium Cr®" [46], (Surtec International,
NeuhofstraBe 9 , 64625 Bensheim Germany). Additional coated samples were made after the
same conversion coating treatments followed by electrocoating with Cathoguard® 525 (epoxy

based) (BASF Corporation 26701 Telegraph Rd.Southfield, M1 48033 USA).

The conversion coatings were processed for AZ31B and E717 substrates by MENA, and by a
commercial vendor for the subsequent electrocoat layer according to standard industry practices.
The test samples for coating were in the as-mill received sheet state. Surfaces for conversion
coating were prepared by cleaning in 10% nitric acid, followed by purified water rinse. The
Bonderite® 5200 treatment was prepared using the commercially procured coating solution,
diluted to 5% as directed, with sample immersion for 2 minutes at ~21°C, purified water rinsed,

and air dried. The Surtec® 650 treatment was prepared using the commercially procured



coating solution, diluted to 20% as directed, with sample immersion for 1 minute 21°C, purified
water rinsed, and air dried. Additional AZ31B and E717 test samples were first conversion
coated in the same manner and then electrocoated with Cathoguard® 525. The Cathoguard®
525 electrocoat was processed by a commercial vendor in the same manner for as-conversion
coated AZ31B and E717 substrates, in the specified process window of bath temperature of 32-
36°C, > 2 minutes coating, 100-400 V, followed by ~175°C curing for ~20 min. For brevity, the
Bonderite® 5200 coatings are referred to as BAZ (on AZ31B) or BE7 (on E717), Surtec® 650 as

SAZ and SE7, and Cathoguard® 525 as electrocoat, e.g. BAZ + electrocoat, etc.

Coated samples were characterized by surface and cross-section scanning electron microscopy
(SEM) with energy dispersive x-ray analysis (EDS), x-ray photoelectron spectroscopy (XPS) (as
conversion coated surfaces only), and cross-section scanning transmission electron microscopy
(STEM). The XPS analysis used a monochromated, micro-focusing, Al Ko X-ray source (1486.6
eV) with a ~400 pum X-ray spot size for maximum signal and to obtain an average surface
composition over the largest possible area [49]. Depth profiling analyses were conducted with a
Thermo Scientific EX06 argon ion gun operated at 1000 eV and rastered over a 2 mm x 4 mm
area [49]. The specimens for STEM analysis were prepared via the focus ion beam (FIB) milling
technique by the in-situ lift-out method using a Hitachi NB5000 FIB-SEM [49]. A tungsten
and/or carbon and tungsten overlayer was deposited to protect the exposed top surface of the film
during ion milling. Further details of the sample preparation and analysis methodology are

provided elsewhere [49].



Corrosion evaluation for bare, as conversion coated, and conversion coated + electrocoated
AZ31B and E717 samples was conducted at room temperature (~21°C) in aqueous saturated
Mg(OH), solution with 1 wt.% NaCl. Test samples were 15 mm diameter disks sealed inside a
polytetrafluoro- ethylene (PTFE) cell with single face exposed through a 1.00 cm?circular
window. The counter electrode was a 2 x 2 cm Pt flag, and the reference electrode was Ag/AgCl
(nominal 4M KCI internal solution). Experiments were conducted with a model PARSTAT
4000, Potentiostat/Galvanostat/EIS Analyzer (Princeton Applied Research). The bare and as-
conversion coated samples were equilibrated in solution for 30 min. before test initiation.
Potentiodynamic polarization scans were taken from ~ -1.8V to ~ -0.9V (approximately -0.3 V
vs open circuit potential (OCP) to +0.6 V vs. OCP) using a scan rate of 0.166 mV/s. The
conversion coated + electrocoated samples were not initially conductive due to the insulating
nature of the epoxy-based electrocoat. They were loaded in the PTFE sample holder and
immersed in the saturated Mg(OH), solution with 1 wt.% NaCl, with electrochemical impedance
spectroscopy (EIS) measurements taken at 0, 8, 16, 24, 32, 40, and 48 h of exposure. After the
final EIS measurement at 48 h, a polarization scan was taken from approximately -1.75 V to ~ -
0.9 V vs Ag/AgCI (start/finish voltage ranges varied sample run to sample run by ~ £ 0.1 V) to

conclude the test. At least two samples were run for each alloy substrate/coating combination.

3.0 Results

3.1 SEM and XPS Analysis of As-Conversion Coated Surfaces

SEM images of as-conversion coated surfaces are shown in Fig. 1. The surfaces formed on the
AZ31B with both conversion coats appeared qualitatively coarser/rougher with more local

surface cracking than on the E717 surfaces. It should be noted that cracking in Mg-based films



has been attributed to Pilling-Bedworth Ratio effects, with Mg/MgO < 1 resulting in local film
cracking; volume expansion cracking from the MgO to Mg(OH), transformation; and artifacts
exacerbated by exposure to vacuum during electron microscopy resulting in dehydration “mud”
cracking [49]. The relative contribution of these effects was not evaluated in the present work,
although the absence of uniform, widespread cracking suggests that vacuum dehydration may

not be the dominant factor.

Analysis by EDS indicated that O, C, and F were detected for all of the conversion coated
surfaces. For BAZ and BE7 surfaces Al, Si, Ti, and Zr were also detected, whereas for SAZ Al,
Si, Cr, and Zr and SE7 Si, Cr, and Zr were detected. Second phase particles rich in Al-Mn were
observed on the conversion coated AZ31B surfaces (Fig. 1 a, c), and Zr-rich particles on the
conversion coated E717 (Fig. 1 b, d), consistent with the reported alloy second phase

microstructures [16, 47-49].

Analysis by XPS (Fig. 2) indicated that the BAZ and BE7 surfaces contained higher levels of C
(consistent with an organic binder, Figs. 2 a, b), that were present to far greater depths on
sputtering than the SAZ and SE7 surfaces. All surfaces were also rich in O and Mg, with F
detected as well at lesser levels. Consistent with their conversion coating additives, the BAZ and
BE7 surfaces were rich in Ti, and to a lesser extent Zr, whereas the SAZ and SE7 surfaces were
rich in Zr, and to a lesser extent Cr. Minor amounts of N (up to a few at.%) were also detected in
the BAZ and BE7 surfaces but not the SAZ and SE7, which instead showed up to 1 at.% range S
(neither N nor S were presented in Fig. 2 profiles because their levels were so low). In the

conversion coated AZ31B surfaces (BAZ and SAZ, Figs. 2 a, c), Al was detected, with



somewhat higher levels for BAZ than for the SAZ (Figs. 2a, c). For the conversion coated E717
surfaces (BE7 and SE7, Figs 2 b, d), the levels of Zr detected were higher than on the AZ31B
(Figs. 2 a, ¢). (Relative XPS measurement values estimated to be within 1-2 at.%). Of relevance

to these observations, the AZ31B alloy contains Al and the E717 contains Zr (Table 1).

3.2 SEM Analysis of As-Conversion Coated and Conversion Coated + Electrocoated Cross-
Sections

Cross-section SEM images of the as-conversion coated AZ31B and E717 are shown in Fig. 3.
The BAZ and BE7 coatings were moderately thicker, ~ 0.6 to 1 microns, than those for the SAZ
and SE7, ~ 0.4 to 0.6 microns, on both substrate alloys. Occasional through-cracks were
observed in the BAZ coating (Fig. 3a). Similar cracks were not observed in the BE7 coating;
however, the BE7 coating appeared more porous (Fig. 3b). Then SAZ and SE7 coatings had a
dense appearance, but with occasional local thin areas where local coverage of the surface was

not as complete.

SEM cross-section images and elemental maps (by EDS) for the conversion coated +
electrocoated AZ31B and E717 are shown in Figs. 4-7. The outer electrocoat layer was on the
order of 10 microns thick on the BAZ, BE7, and SAZ conversion coated surfaces. A thinner
electrocoat layer, on the order of 5 microns thick, was formed on the SE7. Elemental mapping
indicated that the epoxy electrocoat contained irregular sized and shaped oxide particles rich in

Al Si, Mo, and/or Ti.
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The morphology of the original metal-conversion coated interface was impacted by the
electrocoat process employed. For BAZ (Fig. 4) and SE7 (Fig. 7) , thin, distinct, and laminar
interfacial structures were retained from the original metal-conversion coat interface after
electrocoating, although in the case of BAZ through cracks were also observed (more prevalent
than in as-conversion coated, Fig. 3a). In contrast, a thicker and rougher interface was observed
at the original metal-conversion coat interface for BE7 (Fig. 5), where local voiding was also

observed, and, in particular, SAZ which also revealed through cracking at the metal interface

(Fig. 6).

Elemental mapping for the electrocoated BAZ and SE7, which formed the laminar interfacial
structure with the metal substrate (Figs. 4 and 7), revealed element enrichment at the metal-
coating interface as continuous layers. In BAZ + electrocoat, O, F, Mg, and Al were continuous
and suggestive of a Mg-O-F compound intermixed with oxidized Al at the metal interface (Fig.
4). Semi-continuous Zr and Ti associated with oxygen were observed just above the F-rich
layer. Similar continuous O, F, and Mg were observed at the metal interface in SE7 (no Al),
along with Zr, Zn, and P (Fig. 7). (The P observed in SE7+ electrocoat was surprising as it was
not observed in any other electrocoat sample by SEM and STEM, and was not detected in the
initial as-conversion coated surface by XPS. An artifact such as a peak overlap in EDS mapping

IS suspected, Zr being the most likely possibility).

In contrast, the chemistry of the rougher metal-coating interface observed in electrocoated BE7
and SAZ (Figs. 5, 6) showed much less distinct element enrichment. In both cases, the rough

metal interface regions were associated with oxidized Mg (i.e. the electrocoating process

11



attacked the initial as-conversion coated surface). Enrichment of F to the metal-interface region
was much less distinct in BE7 + electrocoat (Fig. 5), and essentially absent in the SAZ +
electrocoat (Fig. 6). Patchy regions of Zr and Ti were observed in BE7+ electrocoat at the metal

interface region, but were absent for SAZ + electrocoat.

3.3 STEM Analysis of As-Conversion Coated and Conversion Coated + Electrocoated Cross-
Sections

To gain further insight into the chemistry of the metal interface as conversion coated, and after
electrocoating, cross-section STEM analysis was pursued. In Figures 8-11, (a) shows as-
conversion coated and (b) shows conversion coated + electrocoat cross-sections for each of the 4

alloy substrate/conversion coating combinations studied before/after electrocoat.

The coating region imaged for BAZ (Fig. 8a) was locally discontinuous with several large voids
(largest dimension on order of 0.5 microns), indicating a local region of poor conversion coating
coverage, but still showed very distinct F and Mg enrichment. Oxygen was observed above the F
layer, but was diffuse, with little evidence of Al, Ti, or Zr enrichment at this location. However,
the sample region imaged after electrocoating (Fig. 8b) showed distinct elemental enrichment at
the metal interface, more consistent with features observed by SEM (Fig. 4). (This suggests that
the as-conversion coated region imaged in Fig. 8a may not have been representative of the
majority of the coating structure). The BAZ + electrocoat region imaged (Fig. 8b) showed a
distinct inner F rich layer associated with Mg, above which a porous oxide layer also associated
with Mg was observed. Aluminum, and to a lesser extent Zn, was present throughout the

interfacial coating region between metal and epoxy electrocoat, both in the inner F-rich layer and

12



outer O-rich zone. Ti was strongly enriched near the interface between the F- and O- rich layers,
possibly associated with N (N map was indistinct). Zr was detected in the O-rich zone, but the

map was quite diffuse.

In contrast, the BE7 (Fig. 9a) showed continuous and distinct elemental enrichment, but that
structure was significantly disrupted after electrocoating (Fig. 9b). As-conversion coated BE7
showed a dense, continuous inner layer composed of O, F, and N, rich in Mg, Ti, and to a lesser
extent Zr and Zn. Consistent with the SEM cross-section (Fig 3b), the outer region of the as-
conversion coated structure (Fig. 9a) was porous with a fibrous-like structure reminiscent in
morphology of outer fiber/platelet Mg(OH), structures typically observed in aqueous corrosion
films formed by Mg alloys [16, 49]. After electrocoating (Fig. 9b), the original conversion
coating region became less laminar and more porous and diffuse, and was extensively intermixed
with the electrocoat, which in some regions (Figs. 5 and 9b) undercut the original conversion
coated layer at the metal interface. Elemental mapping showed a thin, continuous region rich in
Mg, F, and Ti remnant at the coating-metal interface, but with more diffuse distribution of O, Zr,

Mg, and Ti in the prior conversion-coated structure intermixed with the electrocoat.

Figures 10 and 11 show the STEM cross-section images for the SAZ and SE7 conversion
coatings before and after electrocoating. On the AZ31B (Fig. 10a), the SAZ as-conversion coated
structure was thin and relatively dense, with the inner regions near the metal interface rich in Mg,
O, F, and Al, and the outer regions also containing a patchy, semi-continuous Zr and Cr rich
region. After electrocoating (Fig. 10b), consistent with the SEM cross-section (Fig 6), the metal-

coating interfacial region was more diffuse and extensively oxidized. The oxide was rich in Mg,

13



with patchy areas also containing Al and Zn. Distinct regions with Cr, Zr, or F were no longer

observed.

On the E717 (Fig. 11a), the SE7 conversion coating yielded a laminar, duplex structure, with an
inner, continuous, dense region rich in Mg and F, and an outer, more diffusive region with
occasional voids rich in O, Cr, Zr, and Zn. After electrocoating, a continuous, distinct layer
remained at the metal interface; however, it contained a large fraction of fine voids (Fig. 11b).
Elemental mapping indicated this voided layer was rich in Mg, Zn, and O, with diffuse presence

of F and Al also observed.

3.4 Corrosion Behavior

Corrosion behavior of bare and as-conversion coated alloys was evaluated by potentiodynamic
polarization in aqueous saturated Mg(OH), with 1 wt.% NaCl. The bare (uncoated) AZ31B and
E717 alloys exhibited similar, relatively repeatable potentiodynamic polarization behavior (to
simplify Fig. 12, only 1 curve of 2 different samples tested for each alloy is presented). The
primary difference in the response of the two bare alloys was a modestly higher open circuit

potential (OCP) for the AZ31B than for the E717 (~ -1.45V vs. -1.55 V) (Fig. 12).

Some sample-to-sample scatter was observed in the corrosion response for the conversion coated
alloys, consistent with the microstructural and chemical coating variation observed in SEM and
STEM analysis. Therefore, two to three samples were run for each conversion coating-alloy

combination, with the best and worst performing samples shown in Fig. 12. The BAZ

14



conversion coating had a beneficial effect on the AZ31B (Fig. 12a), increasing the OCP from ~-
1.45V to ~ -1.35 to -1.25V, with one run (BAZ-1) also exhibiting a partial degree of passive-like
behavior up to near -1V. On the E717 substrate (BE7, Fig. 12b) only a minor effect (BE7-2
showed a small, local partially passive region) of the conversion coating on the potentiodynamic
polarization behavior relative to bare (uncoated) E717 was observed. With the SAZ conversion
coating there was a minor increase in OCP for AZ31B (~-1.4V vs. -1.45V for the bare alloy)
(Fig. 12c), and essentially no change was observed conversion coated vs. the bare alloy for the
E717 (SE7, Fig. 12d). It should be noted that conversion coatings alone are not sufficient to
afford good corrosion protection for Mg alloys immersed in salt solutions, they primarily provide
a suitable surface for subsequent coating layers [17-19]. However, as-conversion coated alloy
corrosion was studied because the conversion coatings may also contribute to the overall
corrosion resistance of the multi-layer coating system strategies employed to protect Mg alloys

[17,19].

The epoxy-based electrocoatings were insulating, and therefore not amenable for initial study by
potentiodynamic polarization. They were immersed for 48 h in the saturated Mg(OH), with 1
wt.% NaCl test solution (which is an aggressive corrosion screening condition), during which
EIS measurements were taken at 0, 8, 16, 24, 32, 40, and 48 h of immersion, followed by a
single potentiodynamic polarization scan of ~ -1.75 V to ~ -0.9 V vs. Ag/AgCI after the 48 h
immersion. Photographs of the conversion coated + electrocoated test samples after this
corrosion test protocol are shown in Fig.13. The duplicate electrocoated BAZ and BE7 samples
experienced significant variation in electrocoating protectiveness, with near complete loss of the

electrocoating in one of the two duplicate runs made (Fig. 13 a, b). Both electrocoated SAZ

15



samples experienced extensive corrosion, with disintegration of the underlying alloy (Fig 13c).
The electrocoated SE7 exhibited qualitatively better and more consistent corrosion resistance for
the two samples run, although pitting degradation of the electrocoating surface was still observed
(Fig. 13d).  Overall, these findings indicate that all of the electrocoatings contained defects,
which resulted in sample-to-sample corrosion variation of an extent that the associated

electrochemical EIS/potentiodynamic data were not sufficiently reproducible to permit

comparative analysis (and a therefore not presented).

4.0 Discussion
A summary of key findings from SEM, XPS, and STEM analysis for as-conversion coated and

conversion coated + electrocoated microstructures for AZ31B and E717, along with subsequent

corrosion behavior for as-conversion coated alloys is provided in Table 2.

Table 2- Summary of key observations from microstructure analysis and potentiodynamic
polarization studies in saturated Mg(OH), + 1 wt.% NaCl. Corrosion resistance key: “=”
means comparable to bare (uncoated) alloy, “>" means better than bare alloy.

Coating

AZ31B

E717

Bonderite® 5200 (primarily
adds O, C, Ti, F, Zr)

Inner layer: laminar interface,
cracks, Mg-F, minor O enrich
Outer layer: Ti-O, minor Zr
enrich, otherwise dense where
coverage good

Other: Al, C throughout
Corrosion resistance: > bare

Inner layer: laminar interface,
Mg-Ti-F-O, minor Zr, N
enrich

Outer layer: filaments/porous
Zr-Ti-O enrich

Other: C throughout
Corrosion resistance: ~ bare

Bonderite® 5200 +
electrocoat

Inner layer: laminar interface,
cracks, Mg-Ti-F rich

Outer layer: porous, Mg-O,
minor Zr enrich

Other: Al throughout

Inner layer: irregular
interface, thin Mg-Ti-F-O,
Outer layer: intermixed with
electrocoat, diffuse/porous
Mg-Ti-Zr-O enrich

Other: none

Surtec® 650 (primarily adds
O, Zr, F, Cr)

Inner layer: laminar interface,
dense, patchy coverage, Mg-F-O
enrich

Outer layer: patchy Zr-Cr-O

Inner layer: laminar interface,
dense, Mg-F, minor O enrich
Outer layer: some voids, Zr-
Cr-Zn-0O enrich

16




Other: Al throughout Other: none
Corrosion resistance: > bare Corrosion resistance: ~ bare
Surtec® 650 + electrocoat Single layer only: irregular, Inner layer: laminar interface,
rough interface, cracks, Mg-O porous, Mg-F-O rich
rich, patchy Al, Zn Outer layer: diffuse Zr-
Other: none Zn-Al-0 enrich
Other: none

The as-conversion coated structures for all four alloy/conversion coating combinations could be
interpreted as duplex, with an inner, partially oxidized Mg-F rich layer and an outer, oxide-rich
layer, rich in Ti for BAZ and BE7, and rich in Zr for SAZ and SE7 (see XPS data in Fig. 2).
High levels of carbon were also observed throughout the BAZ and BE7 conversion coatings,
consistent with its use of an organic polymer in the coating solution. The observed inner Mg-F
rich layer is consistent with exposure to fluoride conversion coatings yielding MgF, and related

products, which can enhance corrosion resistance of Mg [19, 20, 25, 52].

Aluminum was observed to migrate from the Mg-3Al-1Zn AZ31B alloy substrate throughout the
conversion coated structures for both BAZ and SAZ (Figs. 2, 8, 10). Neither coating solutions
otherwise imparted appreciable Al to the surface, as evidence by lack of Al in the conversion
coatings formed on E717, which does not contain Al. Compared to the bare alloys, the
conversion coatings showed moderate corrosion resistance improvements for AZ31B but not
E717 in the saturated Mg(OH), with 1 wt.% NaCl test solution (Fig. 12), with the strongest
effect with BAZ. This observation suggests that the incorporation of Al from the substrate alloy
into the conversion coating surface provides a degree of corrosion resistance improvement,
whereas Zr from E717 does not. Previous work indicated that Al incorporation into the film

formed by uncoated AZ31B in room-temperature distilled water exposures correlated with
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slower film growth by AZ31B than for E717, for which Zr (primarily as Zn,Zr; nanoparticles)
was present in the aqueous-formed film [e.g. 49]. The greater gains in as-conversion coated
corrosion resistance for BAZ and SAZ may result from the thicker film/greater level of Al
enrichment to the film formed with the BAZ (Figs. 2a, ¢ and 3 a,c). However, the further
introduction of C and/or Ti from the BAZ, than for Zr and Cr introduced for SAZ, may also play

arole.

Zirconium levels were enhanced in the coatings formed on E717 compared to AZ31B (Fig. 2),
again indicating migration of Zr from the substrate alloy during conversion coating (both
conversion coatings also impart Zr to the alloy surface). However, the enhanced Zr levels in the
coating, particularly for SE7, did not significantly impact the potentiodynamic polarization
behavior of the as-conversion coated surface vs. bare alloy in the saturated Mg(OH), with 1

wt.% NaCl test solution (Fig. 12 b,d).

Subsequent electrocoating of the as-conversion coated surfaces significantly modified chemistry
and morphology at the metal-coating interface for all four alloy/conversion coating combinations
(Figs 4-11). Although the same, standard electrocoating processing were used on all samples,
the impact on the metal-coating interface structure varied with the conversion coating/alloy
substrate combination. For all samples, electrocoating resulted in increased porosity and
modified chemistry by dispersal of F, Ti, Zr, Cr additives at the metal-coating interface initially
formed during conversion coating. This indicates a degree of corrosive attack of the conversion
coated substrate alloy resulting from the electrocoating. It could result from the strong cathodic

hydrogen evolution and oxygen reduction occurring at the substrate/conversion coating interface
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during the electrocoating process. Moreover, the migration of OH- from the substrate to the bulk
solution may also bring some elements and compounds that are reactive with hydroxyl from the

inner layer of the conversion coating outward.

Cross-section SEM and STEM analysis suggested that the conversion coated-metal interface was
best retained after electrocoating for BAZ + electrocoat (Figs. 4 and 8) and SE7 + electrocoat
(Figs. 7 and 11). For the BE7 + electrocoat (Figs. 5, 9) and SAZ+ electrocoat (Figs. 6, 10),
extensive disruption and oxidation at the metal-coating interface after electrocoating were
observed. However, corrosion testing in saturated Mg(OH), with 1 wt.% NaCl test solution still
indicated extensive corrosion and variability in electrocoating protectiveness for duplicate
samples among all alloy/coating combinations studied (Fig. 13). Such variability is in part
reflective of the aggressive nature of the 48 h immersion in salt solution used to evaluate the
electrocoatings, as well as the evaluation of conversion coated + electrocoated Mg alloys without

additional top coat layers such as enamels, sealants, or paints [e.g. 23].

However, the variability in electrocoating protectiveness in the present work is also considered
indicative of excessively variable levels of coating defects sample to sample after the
electrocoating employed. The prevalence of coating defects are hypothesized to be impacted, at
least in part, by the degree to which the initial conversion coating was disrupted by the
electrocoating, leading to poor local adherence and/or more vulnerable chemistries. This finding
underlines the challenge of coating Mg alloys, and the need to finely tune electrocoating
processing in light of potential degradation of the initial conversion coating during

electrocoating.
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5.0 Conclusions

The local metal-coating interface microstructure and chemistry formed on AZ31B and E717
(ZE10A) were analyzed by SEM, XPS, and STEM as-conversion coated with a commercial
hexafluoro-titanate/zirconate type + organic polymer based treatment (Bonderite® 5200), BAZ
and BE7 on AZ31B and E717, respectively, and a commercial hexofluoro-zirconate type +
trivalent chromium Cr*® type treatment (Surtec® 650), SAZ and SE7, and after the same
conversion coatings followed by electrocoating with epoxy-based Cathoguard® 525. Corrosion
behavior of bare and coated samples was assessed in aqueous saturated Mg(OH), with 1 wt.%

NaCl, and the observed trends correlated with the coating chemistries and structure.

1) The conversion coatings were submicron and duplex, with inner, partially oxidized Mg-F
rich layers and an outer layer containing oxides of additives of the conversion coating, Ti,
and Zr for BAZ and BE7, and Zr and Cr for SAZ and SE7. The conversion coatings
produced were moderately thicker for BAZ and BE7 than for SAZ and SE7, with C also
introduced throughout the BAZ and BE7 films (the BE7 film, however, was also more
porous).

2) The substrate alloy played a role in the resulting conversion coating chemistry, with Al
from the AZ31B substrate alloy and Zr from the E717 substrate alloy migrating into the
conversion coatings. The incorporation of Al into the conversion coatings formed on
AZ31B moderately enhanced corrosion resistance, particularly for BAZ. In contrast, the
incorporation of Zr into the conversion coatings formed on E717 had little impact on

corrosion resistance.
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3) Electrocoating increased porosity and modified the chemistry of the metal-coating
interface structures initially formed during conversion coating, resulting in dispersal of F,
Ti, Zr, and Cr conversion-coating additives. These changes indicate a degree of corrosive
attack and degradation of the conversion-coated surface by the electrocoat process
employed, and were postulated to contribute to local defects which can compromise the
protectiveness of the electrocoating.  Although the same nominal electrocoating
processing was used on all samples studied, the degree of impact on the metal-coating
interface structure varied with the conversion coating/alloy substrate combination. These
observations highlight the challenges of coating Mg, and the need to tailor electrocoating

in light of potential degradation of the initial as-conversion coated Mg alloy surface.
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Figure Captions

Fig. 1- Backscatter mode SEM images of the as-conversion coated surfaces formed on AZ31B
and E717.

Fig. 2- XPS elemental profiles of the as-conversion coated surfaces formed on AZ31B and E717.
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Fig. 3- Backscatter mode SEM cross-section images of the as-conversion coated surfaces formed
on AZ31B and E717.

Fig. 4 - Backscatter mode SEM cross-section images and elemental maps of BAZ + electrocoat.

Fig. 5 - Backscatter mode SEM cross-section images and elemental maps of the BE7 +
electrocoat.

Fig. 6 - Backscatter mode SEM cross-section images and elemental maps of SAZ + Electrocoat.
Fig. 7 - Backscatter mode SEM cross-section images and elemental maps of SE7 + electrocoat.

Fig. 8 — Cross-Section dark field STEM images and corresponding elemental maps for as-
conversion coated BAZ (a) and the coating-substrate interfacial region after subsequent
application of the BAZ + electrocoat. (b)

Fig. 9 — Cross-Section dark field STEM images and corresponding elemental maps for as-
conversion coated BE7 (a) and the coating-substrate interfacial region after subsequent
application of the BE7Y + electrocoat. (b)

Fig. 10 — Cross-Section dark field STEM images and corresponding elemental maps for as-
conversion coated SAZ (a) and the coating-substrate interfacial region after subsequent
application of SAZ + electrocoat. (b)

Fig. 11 — Cross-Section dark field STEM images and corresponding elemental maps for as-
conversion coated SE7 (a) and the coating-substrate interfacial region after subsequent
application of the SE7 + electrocoat. (b)

Fig. 12 — Potentiodynamic polarization data for AZ31B and E717 bare and as-conversion coated
in saturated Mg(OH), + 1 wt.% NaCl at room temperature.

Fig. 13- Photographs of conversion coated + electrocoated AZ31B and E717 test samples after
corrosion screening of 48 h immersion in Mg(OH), + 1 wt.% NaCl at room temperature followed

by potentiodynamic polarization from ~-1.75 V to ~ -0.9 V vs Ag/AgCI (start/finish voltage
ranges varied sample run to sample run by ~ £ 0.1 V except for SAZ + electrocoat run 2, which
started at -1.45V). Test samples were 15 mm diameter, with exposed area of 10 mm diameter
marked by red dashed line (the as-electrocoated surface was black).
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a) BAZ b) BE7

Fig. 1- Backscatter mode SEM images of the as-conversion coated surfaces formed on AZ31B and E717.
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Fig. 2- 3PS elermnental profiles of the as-conversion coated surtaces formed on AZ31B and E717.
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Fig. 3- Backscatter mode SEM cross-section images of the as-conversion coated surfaces formed on
AZ31B and E717.
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Fig. 4 - Backscatter mode SEM cross-section images and elemental maps of BAZ + electrocoat.
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Fig. 6 - Backscatter mode SEM cross-section images and elemental maps of SAZ + electrocoat.
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Fig. 7 - Backscatter mode SEM cross-section images and elemental maps of SE7 + electrocoat.
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Fig. 8 — Cross-Bection dark field STEM images and corresponding elemental maps for as-conversion coated
BAZ (a) and the coating-substrate interfacial region after subsequent application of
the BAZ + electrocoat. (b)
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Fig. 9 — Cross-Section dark field STEM images and corresponding elemental maps for as-conversion coated
BE7 (a) and the coating-substrate interfacial region after subsequent application of
the BE7 + electrocoat. (b)
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Fig. 10 — Cross-Section dark field STEM images and cotresponding elemental maps for as-conversion coated
3AZ (a) and the coating-substrate interfacial region after subsequent application of
SAZ + electrocoat. (b)
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Fig. 11 — Cross-Section dark field STEM images and corresponding elemnental maps for as-conversion coated
SE7 (a) and the coating-substrate interfacial region after subsequent application of
the SE7 + electrocoat. (b)
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Fig. 12 — Potentiodynamic polarization data for AZ31B and E717 bare and as-conversion coated in saturated
Mg(OH), + 1 wt % NaCl at room temperature.
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a) BAZ +Electrocoat b) BE7 + Electrocoat
Run 1 Run 2 Run 2

c) SAZ +Electrocoat d) SE7 +Electrocoat
Run 1 Run 2 Run 1 Run 2

Fig. 13 —Photographs of conversion coated+ electrocoated AZ31B and E717 test samples after corrosion
screening of 48 h immersion in Mg(OH), + 1 wt.% NaCl at room ternperature followed by
potentiodynamic polarization from~ -1.75 V to ~ -0.9 V vs Ag/AgCl (start/finish voltage ranges varied
sample run to sample run by ~+ 0.1 V except for SAZ + electrocoat run 2, which started at -1.45V). Test
samples were 15 mm diameter, with exposed area of 10 mm diameter marked by red dashed line (the
as-electrocoated surface was black).
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Highlights

STEM characterization of coatings on Mg alloys AZ31B and ZE10A

Al in Mg alloy AZ31B benefits conversion coat chemistry and corrosion resistance

electrocoating can degrade the initial conversion coated surface
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