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Abstract

Small angle neutron scattering (SANS) and scanning transmission electron microscopy (STEM)
were used to study film formation by magnesium alloys AZ31B (Mg-3Al-1Zn base) and ZE10A
(Elektron®717, E717: Mg-1Zn + Nd, Zr) in H,O and D,0O with and without 1 or 5 wt.% NaCl.
No SANS scattering changes were observed after 24 h D,O or H,O exposures compared with as-
received (unreacted) alloy, consistent with relatively dense MgO-base film formation. However,
exposure to 5 wt.% NaCl resulted in accelerated corrosion, with resultant SANS scattering
changes detected. The SANS data indicated both particle and rough surface (internal and
external) scattering, but with no preferential size features. The films formed in 5 wt.% NaCl
consisted of a thin, inner MgO-base layer, and a nano-porous and filamentous Mg(OH), outer
region tens of microns thick. Chlorine was detected extending to the inner MgO-base film
region, with segregation of select alloying elements also observed in the inner MgO, but not the
outer Mg(OH),. Modeling of the SANS data suggested that the outer Mg(OH), films had very
high surface areas, consistent with loss of film protectiveness. Implications for the NaCl

corrosion mechanism, and the potential utility of SANS for Mg corrosion, are discussed.



Introduction

Magnesium and its alloys are of great interest for a wide range of structural and functional
applications, including lightweight automotive and aircraft structural materials, biomedical
implants, fuel cells and hydrogen storage, batteries, etc. [1-7]. However, the high reactivity and
rapid corrosion of Mg in many aqueous and humid environments is a key issue [8-11]. Of
particular challenge and interest is the acceleration of Mg corrosion in the presence of salt
species. Mechanisms of accelerated attack in salt solutions include enhanced local micro-
galvanic coupling at alloy second phases and/or impurities (e.g. Fe, Ni, Cu etc.) and disruption of
the MgO and/or Mg(OH), base surface films by Cl- [3, 9, 12-26]. Film formation by Mg alloys
under aqueous conditions can be quite complex, involving MgO, Mg(OH),, and MgCOs base
phases, as well as complexes of those phases when alloy additions (e.g. Al) or environmental
species (e.g. Cl-) become incorporated into parts or all of the film structure [ 15-17, 21, 27-34].
In some cases, porous and even filiform-like corrosion films have been reported on bare or

surface-modified Mg alloys [11, 14, 16,18, 24, 35-38].

Small angle neutron scattering (SANS) has emerged as a powerful technique to assess structural
and morphological features in the ~1 to up to ~200-300 nm feature size range (specific range
accessed depends on the instrument capabilities and settings, as well as the nature of neutron
scattering from the test samples) [39, 40]. Information can be obtained regarding size,
morphology, and number density of scatterers (e.g. 2" phase precipitates, phase separation, grain
structure, voids, pores, etc.), as well as surface area and roughness [e.g. 7, 41-43]. Small angle
neutron scattering can also be used to gain insights into the incorporation of light elements such
as H into structures, including the potential to use isotopic labeling contrast with species such as
D, as well as magnetic moments. To date, SANS has not been widely applied to alloy oxidation
and corrosion phenomena [e.g. 42, 43], and no papers applying it to corrosion of Mg alloys could
be located. A key advantage of SANS for corrosion phenomena is the ability to obtain data over
an entire sample volume due the penetrating power of neutrons, including the potential for in-situ

study. A more detailed description of the SANS technique is provided in Appendix A.



The goal of the present work was to apply advanced characterization techniques to better
understand the nano and microstructure features of aqueous film formation by Mg alloys in the
presence of NaCl. Of particular interest was evaluation of the potential utility of SANS coupled
with cross-section scanning transmission electron microscopy (STEM) to provide new insights
into the corrosion films formed by Mg. The corrosion products formed on two commercial Mg
alloys after exposure in H,O or D,O with and without 5 wt.% NaCl was assessed by SANS and
STEM. Films formed in 5 wt.% NaCl solutions, particularly when D,O was used, were found to
result in significant changes in SANS data that were correlated with the formation of thick,

nanoporous Mg(OH), films.

Experimental

Two commercial Mg alloys representative of the major Mg-Al-Zn class and rare-earth and Zr
modified class of Mg alloys were selected for study: AZ31B (Mg-3Al-1Zn base, H24 temper,
“half hard” strain hardened) and Elektron® 717 (ZE10A type alloy of Mg-1Zn + Nd/Zr, F
temper, as-fabricated, referred to in this paper as E717 for convenience). The alloy test samples
were electro-discharged machine (EDM) cut from wrought coil sheet ~1.5 to 1.6 mm thick
obtained from Magnesium Elektron North America (MENA), Madison, IL USA. The E717
alloy has recently been shown to be amenable to formation of door panels by warm forming
techniques, making it of particular interest to automotive applications [44]. Analyzed
compositions are shown in Table 1. The AZ31B and E717 sheet material was used for SANS
study as nominal ~25 mm x 25 mm x 1.5 mm rectangular test samples prepared to a 1200 grit
surface finish wet ground with SiC paper, 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.

The corrosion exposures for ex-situ SANS and cross-section STEM study were conducted by
immersion for 24 h in a plastic beaker with loosely fitted lid, filled with 10 ml of D,O, H,0, D,O
+ 5 wt.% NaCl, and H,O + 5 wt.% NaCl. The D,O was obtained as 99.96 at.% isotope purity
from Cambridge Isotope Laboratories, Inc., Andover, MA USA. The H,O was high purity
deionized water, trade name OmniSolv® Water from VWR, Radnor, PA USA. One edge of the



test sample face was lifted to permit ready access of the test solution to both major faces of the

test samples.

To gain further insight into the effects of NaCl on early stage film formation, an additional set of
AZ31B and E717 test samples was also studied by TEM. This material was EDM cut as test
samples ~9 mm in diameter and ~1 to 1.5mm thick from AZ31B and E717 plate material of
similar composition, but different materials batches, to the sheet material used for SANS study
(Table 1). Exposures were conducted for 4 h in 5 ml of H,O + 1 wt.% NaCl in an attempt to
capture the earlier stages of film growth effects by NaCl. The alloy test samples were EDM cut
from the same AZ31B and E717 batches as used in our recent TEM study [32] of film formation
by these alloys in pure deionized water (no NaCl additions), with a 1200 grit surface finish and

the same preparation methodology as with the SANS test samples and earlier TEM work.

Small-angle neutron scattering measurements were performed at the General Purpose SANS
(CG2) instrument at Oak Ridge National Laboratory’s High Flux Isotope Reactor (HFIR)
facility. The neutron wavelength was 4.75 A, with a wavelength distribution AA/A=0.15. A
sample aperture of 8§ mm and sample-to-detector distances of 2 m and 6 m were utilized.
Scattering patterns were recorded for 20 minutes at each instrument configuration. The data were
corrected for neutron transmission, dark current, empty beam scattering and detector efficiency,
and normalized to absolute intensities using the empty beam intensity normalization technique.
The corrected 2D data showed no scattering intensity asymmetries and were thus radially
averaged to give scattering intensity I(Q) vs. momentum transfer (Q) curves. All corrections and
normalizations were performed using the ORNL KCL routines. Modeling of the SANS data was
pursued using the polydisperse hard sphere (PDHS) model implemented in the PRINSAS
software package in order to calculate surface area/roughness of the porous films formed in 5

wt.% NaCl solutions [45-47].

Surface porosity of a duplicate set of 25 mm x 25 mm x 1.5 mm AZ31B and E717 test samples
immersed for 24 h in H,O + 5 wt.% NaCl was also characterized by gas adsorption of N, at 77 K
using a Quantachrome Autosorb 1 C instrument with ASiQwin 2.0 data processing software for
comparison with the SANS PDHS model results. Strips ~7.5 mm wide x 25 mm long were cut

from the corroded AZ31B and E717 test samples using a low speed diamond saw in order to fit
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into the instrument’s sample holder. The strip samples were outgassed under vacuum at 200°C
for ~2-3 hours to remove any adsorbed moisture prior to the N, adsorption. The results were

fitted with the Brunauer-Emmett—Teller (BET) equation to calculate the surface area [48].

Microstructural characterization of the test samples was pursued by x-ray diffraction (XRD),
scanning electron microscopy (SEM) with energy dispersive x-ray analysis (EDS), and STEM.
The specimens for TEM analysis were prepared via the focus ion beam (FIB) milling technique
by the in-situ lift-out method using a Hitachi NB5000 FIB-SEM. A carbon and tungsten
overlayer was deposited to protect the exposed top surface of the film during ion milling
(evaporating carbon first preserves the surface before using ion beam induced deposition of W).

Further details of the sample preparation and analysis methodology are provided in reference 32.

Table 1. Alloy chemical composition of AZ31B and E717 sheet and plate samples determined
by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Plate sample alloys of
AZ31B and E717 were from the same materials batches as used in references 32, 33. 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 0.001,
sheet 95.47 3.05 | 1.00 | <0.001 | 0.46 |<0.001 0.002 0.001 | 0.001
E717 0.0007,
Bal. 0.004 | 1.49 | 031 | 0.008 | <0.5 | 0.007, | 0.001 | 0.001
sheet
0.008
AZ3IB 95.64 3.03 | 1.06 | 0.001 | 0.25 |<0.001 0.006, 0.001 | 0.001
plate 0.007
E717 0.004,
plate Bal. |<0.001 | 1.18 | 0.25 | 0.007 | <0.5 0.004 <0.001 | 0.001

*Some scatter in the range of Fe impurity level was found in the E717 sheet material. Data for Fe
levels from 2 different measurements for AZ31B sheet, AZ31B plate, and E717 plate; and 3
different measurements for E717 sheet are shown in the table. 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. Such surface
contamination does not appear to be the source of the variation in Fe level detected for E717
sheet.

Results
SANS Data



Figures 1 a,b show SANS scattering intensity I(Q) vs. momentum transfer (Q) curves obtained
for AZ31B and E717 as-received (1200 grit surface finish) and after 24 h immersion in H,O,
D,0, H,O + 5 wt.% NaCl, and D,O + 5 wt.% NaCl. At small Q values, forward scattering
occurs, which contains information about the scattering contrast and number density or volume
fraction of scatterers. At high Q values, surface scattering is found, giving information about the
surface area and its roughness. Porod representation plots of the SANS data are shown in Figs. 1
c,d for AZ31B and E717, respectively. The Porod representation, 1(Q)*Q* vs. Q, normalizes
regions of scattering from smooth surfaces to a zero slope. Peaks that may appear in the Porod
representation originate from a predominance of scattering objects in a preferential, narrow size

range [39, 40, 43].

The SANS dataset for both AZ31B and E717 assessed potential features in the range of ~2 nm
(large Q values) to ~100 nm (small Q values). Features larger than ~100 nm were not resolved
due to strong and multiple scattering from these AZ31B and E717 samples. No significant
scattering changes were observed in as-received (unreacted) AZ31B and E717 metal vs. 24 h
exposure in H,O or D,0 (the respective scattering curves overlap each other in the Fig. 1 plots).
This indicates that the 24 h exposure to water (water-formed films) did not result in sufficient
nanoscale porosity or other feature changes in the ~2-100 nm range for SANS to detect.
However, significant scattering changes were observed on exposure in H,O or D,O containing 5
wt.% NaCl. Further, scattering intensity from the D,O + 5 wt.% NaCl exposed AZ31B and

E717 was ~ to 1 order of magnitude greater than from H,O + 5 wt.% NaCl.

The slopes of the SANS curves contain statistical information about the dominant structural
features at the respective length scales. No extended regions of constant slope were found in the
scattering curves for either alloy (Fig. 1). The SANS data curves exhibited continuous, gradual
slope changes. At small values of momentum transfer Q, i.e. roughly Q < 0.01 A, negative
slopes of the scattering curves between 2 and 3 were observed, and indicate dominance of
particle scattering. All samples showed a gradual transition to negative slopes from 3 to 4

beginning at roughly Q > ~0.01 A™', which is indicative of scattering from rough interfaces.



These findings indicate that no preferred feature sizes resulted from exposure of AZ31B and
E717 to the salt solutions, with a wide distribution of features in the ~30-100 nm size range

evident in the particle scattering up to Q ~ 0.01 A™', and rough internal surfaces at Q > =~ 0.01
A,

SEM Surface and Cross-Section Characterization

Figure 2 shows SEM surface images for the AZ31B and E717 SANS samples after 24 h in D,O
and D,O + 5 wt.% NaCl. Similar results were also observed for H,O exposures (not shown in Fig
2). In D0, little surface corrosion was evident, with the as-prepared 1200 grit surface finish still
visible on the sample surfaces (vertical scratch lines in Figs. 2 a, ¢). In contrast, exposure to D,O
+ 5 wt.% NaCl resulted in extensive corrosion and surface film formation. Loose corrosion
products were observed on the test samples and remaining in the beaker after removal from the 5
wt.% NaCl solutions. The corrosion products formed in 5 wt.% NaCl solution for both AZ31B
and E717 were highly heterogeneous and non-uniform, with local evidence of surface cracking,
film spallation, and loosely adherent surface corrosion products. Higher magnification SEM
surface images are shown in Fig. 3, which indicate a wide range of surface morphologies was
formed, including cellular, needle-like, filamentous, and rough appearing structures. Analysis by
XRD indicated that the primary corrosion product formed in the 5 wt.% NaCl solutions was
Mg(OH), (only peaks for Mg(OH), and Mg metal were observed). Note that Mg(OD), was
likely formed in D,O + 5 wt.% NacCl solutions, for simplicity Mg hydroxide formed in both H,O
and D,0 salt solutions will be referred to as Mg(OH), in the presentation and discussion of the

film microstructure.

The films formed by AZ31B and E717 after 24 h in D,O and H,O were considered too thin for
SEM cross-section analysis. Scanning electron microscopy sample cross-sections of 5 wt.%
NaCl exposed AZ31B and E717 are shown in Fig 4. The extent of attack was nonuniform, with
film regions varying locally from only a few microns to over ~100 microns thick (Figs 4 a,b). It
should be noted that the surface film was loosely adherent, and it is likely that local loss of

surface film in some sample regions occurred during handling and/or cross-section preparation.



Higher magnification SEM images of the film cross-sections suggested a highly irregular duplex
film, with the outer film regions generally appearing porous and loosely adherent, and the inner
film regions more dense in appearance but frequently with cracks (Fig 4 c¢,d). Based on XRD
data, the outer film regions are Mg(OH),. The inner film regions were consistent in
morphological appearance with MgO or MgO-Mg(OH), mixtures (based on previous work on
these alloys in reference 32). Analysis of the film cross-sections by SEM/EDS revealed the
presence of minor amounts of Cl, and in some cases Na, in both the outer and inner film regions

(Cl and Na peaks were generally higher at inner film regions than outer).

TEM Analysis of SANS test sample 24 h D,O Formed Films

High angle annular dark field (HAADF) images of the film cross-sections formed on AZ31B and
E717 after 24 h in D,O are shown in Fig. 5. The film on AZ31B (Fig. 5a) was relatively uniform
and on the order of 100 nm thick in the imaged region. Some pore areas (dark circular regions)
were apparent in the film, although it is not clear if those are inherent to the structure or the result
of local beam damage in the STEM imaging [32]. The film structure was similar to that reported
for 24 H,O exposed AZ31B in earlier work by the present authors and consistent with a partially
hydrated, MgO-base film [32, 33]. (Secondary ion mass spectroscopy analysis in the previous
work [32, 33] indicated that the 24 h water-formed films on AZ31B and E717 contained H
throughout, with higher levels of H at the film-liquid surface, decreasing into the film toward the
metal-film interface. The form of this partial hydration was not determined, and could be either
from locally intermixed Mg(OH), in the MgO or some other type of H species incorporation).
Bright nanoscale metal particles were also observed in the AZ31B, both in the underlying alloy
and incorporated in the surface MgO-base film (indicative of an inward film growth mechanism).
EDS analysis indicated that these particles were Al-Mn rich, consistent with recent TEM study
of AZ31B H24 alloy and films [38].

The film region imaged on E717 after 24 h in D,O (Fig. 5b) was duplex, with an inner,
somewhat uniform region ~50 nm thick, consistent with partially-hydrated MgO, and an outer
region of a filamentous morphology extending up to an additional several hundred nm outward

in some locations, consistent with Mg(OH), based on previous STEM study of 24 h H,O
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exposed E717 [32]. Bright nanoscale metal particles were again evident in the underlying alloy.
Previous work identified this phase as Zn,Zr; [32]. It should be noted that outer surface
Mg(OH), was not consistently observed in our previous study of film formation by AZ31B and
E717 in H,O when imaged in cross-section STEM [32]. This is considered a consequence of the
local nature of TEM imaging, and the generally heterogeneous and varied nature of film
formation across the surface of Mg alloys. The tendency of Mg(OH), to form as a loosely
adherent surface structure also makes it challenging to fully retain it during sample handling and
preparation. In x-ray photoelectron spectroscopy analysis (~400 micron spot size) of the films
formed on AZ31B and E717 in water, Mg(OH), (along with MgO and MgCOs) was always
detected at the film outer surface [32]. Therefore, the absence of surface Mg(OH), observable in
the 24 h D,O AZ31B cross-section STEM image of the present work (Fig 5a) vs. E717 (Fig. 5b)
is likely simply a local effect of the particular region imaged, and not necessarily evidence of a

difference in Mg(OH), formation tendency in water for these two alloys.

TEM Analysis of SANS test sample 24 h D,O+ 5 wt.% NaCl Formed Films

The film formed on AZ31B after 24 h in D,O + 5 wt.% NaCl was orders of magnitude thicker
than that formed in D,O (e.g. Figs. 2,4, and 6a vs. Fig. 5a). The region imaged (Fig. 6) consisted
of a several micron thick, dense inner layer consistent with MgO at the metal-film interface,
which transitioned to a filamentous, porous and thick outer Mg(OH), (identification based on
morphology and bulk XRD analysis). It should be noted that the films formed in both D,O and
H,O with 5 wt.% NaCl were quite heterogeneous, with others regions imaged for AZ31B
indicating an inner MgO-base layer only on the order of 50-100 nm, although again transitioning
to a thick, outer, filamentous and porous Mg(OH),. The size and morphology of the filamentous
Mg(OH), varied from quite fine near the inner MgO-base layer interface, with irregular shaped
pores as small as ~20-40 nm dimensions in some locations, to outer fibers at the Mg(OH),-liquid

interface on the order of micron diameters (Figs. 6 b-d).

Figure 7 shows a dark field (DF) STEM image of the film cross-section and corresponding EDS
maps for a region of the film formed on AZ31B from Fig. 6a. Aluminum was detected

throughout the inner MgO-base layer, with a degree of Zn enrichment at the metal-film interface.
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Similar segregation was observed in AZ31B H,O formed MgO-base films from previous work
[32], although the degree of Zn enrichment appeared qualitatively less continuous in the NaCl
solution exposed AZ31B. The porous Mg(OH), adjacent to the inner MgO-base layer appeared
to be composed solely of Mg and O (H cannot be mapped by EDS), with no Al or other AZ31B

alloy elements detected.

DF STEM images of the film cross-section formed on E717 after 24 h in HO and D,0 + 5 wt.%
NaCl are shown in Fig. 8. Similar to the AZ31B, the structure was consistent with an inner
MgO-base film and a thick, outer, porous Mg(OH), with irregular pore sizes well below 100 nm
dimensions in some areas. Figure 8c shows a region of the metal-film interface with a lesser
extent of outer Mg(OH), formation (or retention) in the FiB section imaged. The inner MgO-
base layer was ~50-100 nm thick and somewhat irregular at the film-metal interface. Overlying
the inner MgO was a laminar appearing, several hundred nm thick region consistent in imaging
with Mg(OH),, from which filamentous Mg(OH), appeared to branch irregularly outward.
Elemental EDS maps of this region are shown in Fig. 9. A Zn-Nd rich particle was observed in
the underlying metal, with a modest degree of Zn segregation to the metal-film interface and no
evidence of Zr incorporation in the film. (H,O-formed films on E717 in previous work showed a
qualitatively stronger, better delineated Zn segregation at the metal-film interface, as well as
Zn,Zr; nanoparticle incorporation into MgO-base film [32]). For both 24 h NaCl solution
exposed AZ31B and E717 of the present work, occasional Cl, and in one case, Na were detected

in the film regions by STEM mapping.

In order to gain additional insight into the effects of NaCl on the earlier stages of film formation,
an additional exposure set was conducted for 4 h in H,O + 1 wt.% NaCl, with the shorter
exposure time and lesser concentration of NaCl selected in an attempt to capture the film
structure prior to the onset of extensive porous outer Mg(OH), formation. Film cross-sections
acquired by TEM and elemental maps are shown in Figs. 10 and 11. In the case of AZ31B (Fig.
10), the region imaged had already transitioned to porous Mg(OH), formation. The structure
was consistent with an inner, relatively planar and dense MgO-base layer on the order of 50 nm
thick, which transitioned to outer branched, filamentous Mg(OH), formation. The EDS maps
indicated both Al in the inner MgO-base layer, but not the outer Mg(OH),, and segregation of Zn
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to the metal-film interface. Chlorine was detected extending into the inner MgO-base film

regions, to the vicinity of the film-metal interface.

Similar Cl penetration to the inner MgO-base film and the film-metal interface was also observed
for the E717 (Fig. 11). The STEM image region for the E717 was consistent with a primarily
MgO-base film, in the early stages of transition to an outer, laminar Mg(OH),. Features
suggestive of pores in the inner MgO-base layer were also observed, but it was again not
possible to definitively determine if these were inherent to the film structure or the result of beam
damage. (Previous work noted that E717 H,O formed films were particularly susceptible to
beam damage [32]). The presence of Zn enrichment was detected at the film-metal interface
region in the 4 h, 1wt.% NaCl exposed E717. Additionally, particles consistent with Zn,Zr;
were detected in the underlying alloy, and in some local areas were also present in the MgO-base

film, again consistent with an inward film growth mechanism [32, 33].

Discussion

The SANS data showed no significant scattering changes for test samples of as-received metal
AZ31B and E717 vs. after 24 h exposure in DO or H,O. This finding is consistent with the
relatively smooth surfaces evident by SEM surface analysis and the thin, relatively dense and
protective MgO-base films evident in film cross-sections acquired by STEM (Figs. 2 a,c and 5).
In contrast, significant changes in SANS scattering from both alloys resulted from exposure in 5
wt.% NaCl solution (Fig. 1). Based on the SEM and TEM analysis (Figs 2. b, d, 3, 6, and 8), the
SANS data changes are attributed primarily to the thick, outer porous Mg(OH), structures
formed in the 5 wt.% NaCl solution by both alloys.

The intensities of the SANS scattering changes were ~0.5 to 1 order of magnitude higher in D,O
+ 5 wt.% NaCl than H,O + 5 wt.% NaCl for both alloys (Fig. 1). The neutron coherent
scattering length density (SLD) for hydrogenated Mg(OH), is ¢ =2.3*10° A and the SLD for
deuterated Mg(OD), is o =7.33*10° A assuming the same molar volumes for Mg(OH), and
Mg(OD),. With a zero SLD for the pore volumes, the contrasts between Mg(OH), and Mg(OD),
matrix and embedded nanopores are proportional to the Mg hydroxides SLD squared. For

protonated and deuterated Mg hydroxide, the difference in pore scattering contrast is close to 1
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order of magnitude, and consistent with the enhanced scattering intensity observed for the
sample reacted in D,O + 5 wt.% NaCl as compared to the sample reacted in H,O + 5 wt.%. This
finding strongly suggests that the reaction layers formed in NaCl solutions responsible for the

scattering changes detected in SANS consisted predominantly of Mg hydroxide.

The SEM and TEM analysis revealed the formation of porous Mg(OH), with irregular thickness
and structures over a wide range of length scales. To gain more insight into the hydroxide film
nanoscale structure, modeling of the SANS data from the AZ31B and E717 exposed in H,O + 5
wt.% NaCl and D,O + 5 wt.% NaCl was pursued using the polydisperse hard sphere (PDHS)
model implemented in the PRINSAS software package [45-47]. This model provides a
quantitative representation of nanoscale porosity, and was developed to describe pore systems in
coal, weathered rocks, and soils [46, 47, 49, 50]. It is based on fitting scattering data by a hard
sphere model as a fractal assemblage of spheres to assess pore size distribution and surface

roughness/surface area inside pores.

For this analysis, the SANS scattering data from the as-received (unreacted) metal samples were
subtracted from the 5 wt.% NaCl solution metal sample scattering data, yielding scattering
curves representing only the corrosion films formed on the front and back surfaces of the test
samples. The analysis assumed all scattering was derived from the porous Mg(OH),, although it
is certainly possible that some scattering also resulted from the roughened film-metal interface
resulting from corrosion in NaCl solution. For intensity normalization, the combined average
thickness of Mg(OH), for both AZ31B and E717 was estimated to be 100 microns total (i.e, 50
microns each face), which was based on sample surface and cross-section images and the extent

of corrosion observed.

Nanoscale porosities of ~ 40% in the Mg(OH), formed in NaCl solutions for both AZ31B and
E717 were indicated from the fitting of the data. Specific surface area distribution vs. fitted
feature radius size plots from the PDHS modeling of the Mg hydroxide film SANS data is shown
in Fig. 12. Specific surface areas (effectively internal roughness of the porous structure) on the

order of ~100 m*/cm® were calculated for AZ31B and E717 in both D,0O + 5 wt.% NaCl and H,O
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+ 5 wt.% NaCl. The modeled data indicate that more than 90% of the roughness surface area

was located in structures fit with hard sphere radii smaller than 300 A (Fig. 12).

Note that the PDHS approach models the porosity network and internal surface area/roughness
as a function of a fractal assemblage of sphere feature radius size, i.e. the smaller the fitted
sphere feature size, the more surface area/roughness that is registered. It does not explicitly
assume that the pores in the Mg(OH), of the present work were spherical, or that the actual
Mg(OH), pore sizes extended to A size range. As evident in the STEM images (Figs 6, 8), the
pores varied in both size and shape, with the smallest pore sizes in the ~20-40 nm range,
effectively formed by the voids between filamentous Mg(OH), morphologies. This pore size
range was consistent with the negative slopes of the scattering curves between 2 and 3 at Q
values < 0.01 A" (which covered the size range of ~30-100 nm) where particle (pores in this

case) dominated scattering was observed (Fig. 1).

The high surface areas estimated by the PDHS model are therefore best interpreted in the present
work as an assessment of internal roughness within the porous Mg(OH),. Negative slopes
between 3 and 4, indicative of scattering from rough interfaces (internal and external), were
found beginning around Q > 0.01 A™' (the transition was gradual, not sharp) in the SANS
scattering curves (Fig. 1). Assuming that all scattering resulted from porous Mg(OH),, using a
density of 2.34 g/em’® for Mg(OH),, a specific surface area of 100 m*/cm’ from the SANS PDHS
model translates to ~43 m?*g. This is a surprisingly high surface area for a film formed by a

corrosion process, and approaches the range exhibited by catalysts.

As an independent check on this high surface area derived by PDHS, a duplicate set of H,O + 5
wt.% NaCl AZ31B and E717 test samples was evaluated for surface area by the BET method
[48] using gas adsorption of N, at 77 K (i.e. the original SANS measured samples were not re-
measured by BET). The surface area of the 1200 grit polished as-received metal test samples (no
corrosion exposure) was too low to measure by BET. The nominal surface area per gram for the
unreacted Mg alloys was ~9 x 10 m?g (based on test sample length, width, thickness
dimensions and assuming a smooth surface with little added surface area). The BET

measurement for an E717 test sample exposed for 24 h in 5 wt.% NacCl solution yielded a value
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of ~2 m?/g surface area, and ~0.2 m*/g for a NaCl-exposed AZ31B test sample. These values are
~200-2000x higher than the nominal, unexposed metal surface area/g. (Note that XRD and
surface SEM analysis of pre- and post- BET measurement samples did not indicate any
significant film changes as a result of the 200°C vacuum exposure needed for outgassing prior to

BET measurement).

The BET surface area per gram values were for the entire 1.5 mm thick test sample, metal and
corrosion film. Assuming the BET surface porosity is due solely to the corrosion film, ~50
microns Mg(OH), per face, ~100 microns total, the estimated mass of Mg(OH), at 40% porosity
is on the order of ~5% of the total mass of the test sample. Therefore, 2 m*/g measured by BET
for a 1.5 mm thick Mg alloy test sample with 100 microns total porous Mg(OH), yields an
estimated 40 m*/g surface area for the porous Mg(OH),, which correlates well with the SANS
PDHS assessed E717 sample. By similar estimation, the 0.2 m”/g measured for the duplicate
AZ31B 5 wt.% NaCl solution test sample yields an estimate of 4 m*/g for the porous Mg(OH),,
which is an order of magnitude lower than the AZ31B sample evaluated by SANS PDHS,
although it is still a significant surface area increase over unreacted metal surface as previously

noted.

The reason for the lower BET surface area for the duplicate 24 h NaCl solution exposed AZ31B
vs. the SANS AZ31B sample is not known. It is hypothesized that the lower BET surface area
value in this case may be a consequence of sample to sample corrosion variation over the short,
24 h exposure period and the nonuniform nature of Mg alloy corrosion in water + NaCl, with a
lesser extent of porous Mg(OH), on the AZ31B BET test sample than on the AZ31B SANS test
sample. (The additional handling required to cut the corroded test samples to strips for BET
analysis may also have resulted in some loss of the loosely adherent Mg hydroxide from the
sample). It should be noted that SANS measurement captures total internal surface area,
including internal features and disconnected porosity, whereas BET measurement is limited to
assessment of only open, surface connected porosity. The formation of extensive disconnected
porosity may also contribute to the lower surface area for the duplicate AZ31B measured by

BET vs. SANS AZ31B, although if that were the case a similar, low BET surface area would
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have been expected for the E717 duplicate as well, because the AZ31B and E717 corrosion film

features from NaCl exposure were similar.

Exposure of both AZ31B and E717 for 24 h in 5 wt.% NaCl solutions resulted in rapid corrosion,
with extensive, filamentous, and porous Mg(OH), formation overlying far thinner MgO-base
films Figs 6, 8). This is in contrast to the films formed by exposure of AZ31B and E717 for 24 h
in pure water, which consisted primarily of thin, partially hydrated MgO (Figs 2, 5), with the
outer film surface regions also containing minor amounts of Mg(OH), and Mg(CO)s [32]. The
highly porous nature of the Mg(OH), outer film formed in NaCl solution would be expected to
provide little to no protection from corrosion, and permit access of the liquid to the inner regions
of the film and/or the film-metal interface. Further, for such thick Mg(OH), films -tens of
microns thick- to be formed (Fig 4), the inner MgO-base layer formed in NaCl solution cannot
have been protective. The presence of Cl- is well established to both enhance Mg dissolution
and disrupt the protectiveness of aqueous-formed MgO/Mg(OH), films. These effects have been
linked to enhanced dissolution and increased aqueous solubility by formation of MgCl, and/or
Mg hydroxychloride complexes [9, 12, 13, 15, 21, 51], as well as possible cracking and rupture
of the inner film regions [e.g. 17, 22]. In the present work, Cl was detected in the inner MgO-

base layer, and extending to the metal-film interface (Figs. 10, 11).

The inner MgO-base film regions formed in NaCl solutions appeared relatively dense in the
STEM sections analyzed (Figs 6, 8, 10, 11). Some porosity was also observed in the inner MgO-
base film regions; however, it was not possible to definitively distinguish if this porosity resulted
from beam damage in the STEM or was inherent to the film structure. The relatively dense inner
MgO-base film regions and the morphology of the transition from the inner MgO-base film
region to the outer porous Mg(OH), suggest that at least some of the breakdown occurred at the
MgO-Mg(OH), interface. It is speculated that corrosion may proceed at least in part by a
manner analogous to the high-temperature paralinear oxidation of SiC in the presence of water
vapor, where initially formed SiO, is degraded at the SiO,-gas interface by volatilization and loss
of SiO, via Si-oxyhydroxide formation [e.g. 52, 53]. The reaction reaches a steady-state like
condition, with an inward-moving, constantly-thinned SiO, film rapidly consuming material

cross-section. In the case of high pressure steam, this results in an oxidized cross-section of an
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inner, thin, dense, and amorphous SiO; layer and outer, thick porous crystalline SiO, [53].
Increasing rates of H, production during corrosion of Mg alloys in 3 wt.% NaCl solution, after an
initial, slow incubation period, transitioning to steady-state, linear production of H, has been
reported [54], which is consistent with this paralinear oxidation analogy speculation. It has also
been reported [55] that in the initial stages of immersion, the corrosion may initially slow until a
degradation of the surface film occurs and Mg dissolution starts to accelerate; the transition from

initially protective to degraded state may take a few hours in a chloride containing solution.

The porous morphologies and high surface area of the Mg(OH), formed by AZ31B and E717 in
5 wt.% NacCl solution Fig. 3) are strikingly similar to that reported for the synthesis of nanoscale
Mg(OH), by precipitation-based routes [56-59]. This suggest at least some of the Mg(OH),
formation from Mg corrosion in NaCl solutions results from Mg species dissolution and re-
precipitation in the surface regions. Laminar morphologies present at the MgO-Mg(OH),
interface (Fig. 8c) also suggest a degree of direct conversion of MgO to Mg(OH),. Filamentous
morphologies of Mg(OH), nucleated (or ruptured) and grew outward from the Mg(OH), layer,
presumably aided by continued growth into supersaturated solution. It is speculated that these
filamentous Mg(OH), growths can then act as sites for further nucleation and/or precipitation
deposition of Mg(OH),, with the continuously increasing surface area leading to the thick,
filamentous and porous Mg(OH), structures observed (Fig 6, 8). Even taking the lower BET
surface area of 4 m%/g for the NaCl solution exposed AZ31B, there is considerable surface area
evolved in the porous Mg(OH),, consistent with a rapid, nonprotective corrosion. Recent study
[60] has also shown that corrosion of Mg in saturated Mg(OH),, particularly at an anodic
potential, has a surface film with inner and outer layer morphologies very similar to those in the
chloride containing solutions observed in the present work. This hypothesized comparison
suggests that growth of filamentous Mg(OH), may result from increased anodic dissolution of

Mg.

Further work is needed to clarify the exact mechanism(s) by which CI acts to destabilize
protective film growth: increased dissolution, increased film growth rates, stress rupture of film
(phase volume changes and/or H, gas evolution), etc. The evaluation of SANS in the present

work shows it has good potential to provide new insight into Mg corrosion, particularly the
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evolution of porous Mg(OH), when D,O + NaCl is used. A key advantage of SANS is the ability
to obtain data over the entire sample, which is beneficial given the non-uniform and
heterogeneous nature of Mg corrosion, and can complement more local techniques such as TEM
imaging. A further advantage is the potential to obtain data in-situ during Mg corrosion as a
function of exposure time, i.e. one could monitor surface area changes as a function of exposure

time in-situ for Mg alloys in NaCl solutions.

SANS may also prove useful in characterizing possible roughness/surface area changes at the
film-metal interface vs. exposure time. This could be accomplished, for example, by evaluating
corroded Mg samples with the surface film regions removed by chromate dissolution prior to
SANS study. SANS could also potentially provide new insight into anodic film formation
relative to the current debate regarding the mechanism of the negative difference effect for Mg,
whereby H, evolution is observed to increase with increasing anodic potential. Knowledge
gained by ex-situ or in-situ SANS study of the evolution of surface area/roughness vs. potential
and/or time may help clarify the proposed mechanisms, for which filamentous/dendritic

corrosion products have been reported [20, 35, 61-66]

Summary and Conclusions

Small angle neutron scattering and TEM analysis were used to study film formation by AZ31B

and E717 in water with NaCl.

1) SANS scattering was not sensitive to the relatively dense and protective MgO-base films
formed by AZ31B and E717 in 24 h exposures in H,O or D,O. However, significant scattering
changes were observed when the alloys were exposed to NaCl solutions, and were attributed to
extensive, nanoporous Mg(OH), formation. The use of D,O + NaCl enhanced the scattering
resulting from corrosion, presumably by the formation of Mg(OD),, due to the enhanced SLD of
D. These findings indicate that SANS shows promise as a new technique for the study of Mg
corrosion, particularly the transition to porous Mg(OH), formation and rapid corrosion resulting
from film breakdown. A key advantage of SANS is the ability to obtain data over the entire

sample, which is of particular interest given the locally non-uniform nature of Mg corrosion,
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making it a good complement to more local structural characterization techniques such as

SEM/TEM.

2) The SANS PDHS model shows good early promise to quantify the surface area/roughness
resulting from the porous Mg(OH), structures formed from corrosion of Mg in water with NacCl,
although further work is needed to confirm its utility and accuracy for Mg corrosion. TEM,
SANS, and BET all indicated that exposure in 5 wt.% NaCl solution resulted in extensive,
nanoporous Mg(OH), formation with very high surface areas, estimated to be in the rage of 4 to
40 m*/g. Such high surface area is consistent with the rapid, non-protective corrosion observed,
and has implications for mechanistic understanding of how the films breakdown and the porous

Mg(OH), continuous to grow

3) Analysis by SEM and STEM indicated that the film structure consisted of an inner MgO-base
layer, that transitioned to laminar and then highly filamentous and porous Mg(OH),. Chlorine
penetrated the inner MgO-base layer to the vicinity of the film-metal interface. Further work
will be required to determine the mechanism(s) responsible for how NaCl disrupted film
stability. The film structures observed suggested a combination of preferential growth (or
rupture) of filamentous Mg(OH), from an intermediate laminar Mg(OH), film between inner
relatively dense MgO and outer porous Mg(OH),. Further filamentous Mg(OH), growth
supported by supersaturation and precipitation follows, yielding porous, high surface area
Mg(OH), that permits continued access of liquid to the inner film regions and/or film-metal
interface. A speculated framework interpretation film growth mechanism based on classic,

paralinear type high-temperature oxidation phenomena was forwarded.
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Appendix A: Analysisof Materials by Small Angle Neutron Scattering

Small angle neutron scattering (SANS) is a well-established technique that uses elastic neutron
scattering to probe the structural characteristics of materials in the nanoscale length regime [39,
40, 67-70]. In metallurgy, it has classically been used to study nanoscale precipitates and pores
[e.g. 39]. Small angle neutron scattering is qualitatively similar to small angle x-ray scattering
(SAXS), both probe structures in the nanoscale size regime [40]. Unlike SAXS, the beam size for
SANS can be quite large, beam cross-sections can be several cm?’, with deep penetration of
neutrons on the order of millimeters [40]. Thus, the scattering curve results from SANS
represents a large volume of sample material and the technique is suitable for analysis of bulk
samples, whereas SAXS is typically limited to relatively thin sample cross-sections (< 100
microns) [40]. A key potential advantage of SANS for the study of aqueous corrosion of metals
(such as Mg) is that the neutron scattering cross section for hydrogen is large, whereas with
SAXS, x-ray scattering from hydrogen is low due to its low atomic number, and easily masked
by other elements. Further, hydrogen and deuterium have significantly different neutron
scattering properties, allowing assessment of scattering contrasts arising from such differing

sources as hydroxides and pore structures formed on reaction of metals with H,O vs. D,0.

A simplified schematic of a SANS scattering experiment is shown in Fig. Al [40, 71]. The
neutron beam penetrates through the sample, with transmitted incident and scattered neutrons
registered by a position sensitive 2 dimensional x-y detector [40]. SANS measures the scattered
intensity 1(Q) of the neutrons as a function of the scattering vector Q. The scattering vector is

4rsin @

defined by Q= , with @the angle of scatter and Athe neutron wavelength [39, 40, 72,

73]. The length scale probed is proportionate to A/, generally in the range of 1 to a few
hundred nm [39, 40].
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Scattered intensity arises from spatial changes in the nuclear scattering length densities (SLD),
pi*, between a nano-scale phase and the medium surrounding it [e.g. after background

discussion in 72, 73]. The SLD of phase j is given by:

" n pN
Pi :Zi=1b'JT,A (.

where b; is the bound coherent scattering length of atom i, N the total number of atoms in the
molecule, p; is the mass density, Na is the Avogadro constant and M; is the molar mass.
Scattering contrast in corroded metallic samples arises primarily from the difference in the
coherent scattering length densities (SLD) of the phases formed during corrosion and any

resultant nanopore spaces (zero SLD) within it.

Small angle neutron scattering data can be analyzed in reciprocal space by least-square fitting to
model functions or in real space after Fourier transformation [e.g. after background discussion in
72, 73]. Both techniques yield information about the shape and size or size ranges of scatterers.

The invariant Z, defined by

z= ] Q1QuQ @),

yields direct, model-independent information about the scattering contrast and volume of

scatterers. For a two-phase system the invariant is given by:

z=27(1-9)(p} - i) o).

with @; equal to the volume fraction of phase 1 and p;* its coherent SLD. After reducing the data
[e.g. 74], the SANS scattering curves can then potentially yield precipitate size distributions,
porosities, pore distribution geometry (mass fractal behavior), the nature of interfaces (surface
fractal behavior), characteristic lengths associated with the fractal behavior, and the surface area

to volume ratio.
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Figure Captions

Figure 1-SANS scattering curves (a,b) and Porod representation (c,d) for AZ31B and E717. The
black as-received, red 24 h D,0, and green 24 h H,O data points overlap considerably, such that
they are not individually distinguishable in above plots.

Figure 2- Surface SEM images of AZ31B and E717 after 24 h in D,0 (a,c) or 24 h in D,O with
5 wt.% NaCl (b,d). Images (a,c) backscatter mode and images (b,d) secondary mode

Figure 3- Surface secondary mode SEM images of AZ31B (a,c,e) and E717 (b,d,f) after 24 h in
D,0 with 5 wt.% NaCl showing wide morphological variation of Mg(OH), —base surface
products formed.

Figure 4- Cross-section backscatter mode SEM images of AZ31B and E717 after 24 h in D,O or
H,0 with 5 wt.% NaCl showing low magnification views illustrating non-uniform attack (a,b)
and typical higher magnification images of retained scale regions (some outer film spallation
during sample handling and preparation occurred).

Figure 5- HAADF STEM images of film cross-sections formed on AZ31B (a) and E717 (b) after
24 h in D,0.

Figure 6- AZ31B after 24 h in D,O with 5 wt.% NaCl. a) Assemblage of multiple HAADF
STEM images of film-metal structure; bright field (BF ) STEM images of coarse outer (b) and

finer inner (c,d) Mg(OH),. Cracks in structure are attributed to sample preparation (prep.).

Figure 7- DF STEM image of the film cross-section (a) and corresponding EDS elemental maps
(b-e) for AZ31B after 24 h in D,O with 5 wt.% NaCl

Figure 8- DF STEM images of the film cross-section formed on E717 after 24 h in H,O with 5
wt.% NaCl (a,b) and D,O with 5 wt.% NacCl (c).

Figure 9- DF STEM of the film cross-section (a) and corresponding EDS elemental maps (b-f)
for E717 after 24 h in D,O with 5 wt.% NaCl (same region as in Fig 7c).

Figure 10- DF STEM of the film cross-section (a) and corresponding EDS elemental maps (b-f)
generated from the boxed region for AZ31B after 4 h in H,O with 1 wt.% NaCl.
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Figure 11- DF STEM DF of the film cross-section (a) and corresponding EDS elemental maps
(b-f) generated from the boxed region for E717 after 4 h in H,O with 1 wt.% NacCl.

Figure 12: Surface area distribution as a function of fitted feature radius size obtained from
modeling the scattering data with a polydisperse hard sphere model.

Figure A1- Simplified schematic of a SANS experiment [after 40, 71].

27



I(Q) / cm™

1(Q)*Q*/ a.u.

10000

1000

100

0.1

1E-3

1E-4

1E-5

1E-6

1E-7

10 4

a) AZ31B Scattering Curves

—a— as received
after 24 h reaction in:
—e-D,0
H,0O ]
—v—D,0 + 5 wt% NaCl
2

1%

] H.O + 5 wt% NaCl 1
3 -

QA

c) AZ31B Porod Representation

—=— as received

] after 24 h reaction in:

1 —* D H,O

1 —v—D,0 + 5 wt% NaCl
H,O + 5 wt% NaCl

3 -

I(Q)/cm™

1(Q)*Q*/ a.u.

b) E717 Scattering Curves

10000 4
1000
100 +

0.1

—m— as received
after 24 h reaction in:
—e—DO ]
H,O e
—v—D,0 + 5 wt% NaCl ]
H,0 + 5 wt% NaCl |

Q/A*
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Figure 1-SANS scattering curves (a,b) and Porod representation (c,d) for AZ31B and E717. The black
as-received, red 24 h D, 0, and green 24 h H,O data points overlap considerably, such that they are

not

individually distinguishable in above plots.



a) AZ31B: 24 h D,O

: 24 h D,O

Figure 2- Surface SEM images of AZ31B and E717 after 24 hin D,O (a,c) or 24 hin D,O with
5wt.% NaCl (b,d). Images (a,c) backscatter mode and images (b,d) secondary mode.
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Figure 3- Surface secondary mode SEM images of AZ31B (a,c,e) and E717 (b,d,f) after 24 hin D,O with
5 wt.% NaCl showing wide morphological variation of Mg(OH), —base surface products formed.



a) AZ31B: 24 h D,O + 5 wt.% NaCl b) E717: 24 h H,O + 5 wt.% NaCl

et ple Sutface,“ Sample Surface

ple Surface

c) AZ31B: 24 h H,O + 5wt.% NaCl d) E717: 24 h D,0 + 5 wt.% NaCl
: Aﬁ/lg(OH)2 Mount

%

Figure 4- Cross-section backscatter mode SEM images of AZ31B and E717 after 24 hin D,O or H,O
with 5 wt.% NaCl showing low magnification views illustrating non-uniform attack (a,b) and typical
higher magnification images of retained scale regions (some outer film spallation during sample
handling and preparation occurred).



a) AZ31B: 24 h D,0

Figure 5- HAADF STEM images of film cross-sections formed on AZ31B (a) and E717 (b) after
24 hinD,0.



a) Overwew of film-metal structure b) Coarse outer film |\/|g(OH)2
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Figure 6- AZ31B after 24 hin D,0O with 5 wt.% NaCl. a) Assemblage of multiple HAADF STEM
images of film-metal structure; bright field (BF ) STEM images of coarse outer (b) and finer inner (c,d)
Mg(OH),. Cracksin structure are attributed to sample preparation (prep.).
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Figure 7- DF STEM image of the film cross-section (@) and corresponding EDS elemental maps (b-€)
for AZ31B after 24 hin D,0O with 5wt.% NaCl.



a) Overview of film-metal structure D) Fine inner film Mg(OH),
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Figure 8- DF STEM images of the film cross-section formed on E717 after 24 h in H,O with 5 wt.%
NaCl (a,b) and D,O with 5 wt.% NaCl (c).



Figure 9- DF STEM of the film cross-section (a) and corresponding EDS elemental maps (b-f) for E717
after 24 h in D,O with 5wt.% NaCl (sameregion asin Fig 7c).



Figure 10- DF STEM of the film cross-section (a) and corresponding EDS elemental maps (b-f) generated
from the boxed region for AZ31B after 4 h in H,O with 1 wt.% NaCl.



Figure 11- DF STEM DF of the film cross-section (a) and corresponding EDS elemental maps (b-f)
generated from the boxed region for E717 after 4 hin H,0 with 1 wt.% NaCl.
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Figure 12: Surface area distribution as a function of fitted feature radius size obtained from
modeling the scattering data with a polydisperse hard sphere model.
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Figure A1l- Simplified schematic of a SANS experiment [after 40, 71].



