Research Article

Copper distribution and oxidation states near corroded fasteners
in treated wood

Samuel L. Zelinka' - Joseph E. Jakes' - Grant T. Kirker' - Leandro Passarini? - Christopher G. Hunt' - Barry Lai? -
Olga Antipova? - Luxi Li3 - Stefan Vogt>

©This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2019

Abstract

Metal fasteners are used to hold wood structures together. In outdoor applications, these fasteners are subject to cor-
rosion when the wood is treated with certain preservative treatments. Typically, these treatments contain copper. Prior
work has hypothesized that the mechanism of corrosion in treated wood involves reduction of copper ions from the wood
treatments. However, copper was rarely detected in the corrosion products of metals embedded in treated wood, which
contradicts the hypothesized mechanism. This present work utilizes synchrotron based X-ray fluorescence microscopy
(XFM) and X-ray absorption near edge spectroscopy to examine the corrosion mechanism in treated wood by looking at
the spatial distribution and oxidation states of copper in the treated wood near the fastener and in the corrosion products
removed from the fastener surface. The samples were obtained after a 1-year corrosion test. In the wood cell walls, the
oxidation state of the copper treatment did not change in the immediate vicinity of the fastener, although there was a
depletion of copper near the fastener. Furthermore, copper was detected in the corrosion products in trace amounts
using XFM. Together, these techniques confirm that the corrosion mechanism involves transport of the cupric ions to the
fastener surface, where they are reduced and suggest that previous attempts to detect copper were unsuccessful because
the concentration of copper in the corrosion products was below the level of detection of the previously used techniques.

Keywords X-ray fluorescence microscopy (XFM) - X-ray absorption near edge spectroscopy (XANES) - Preservative
treated wood - Corrosion - Copper

1 Introduction

Metal fasteners are frequently used to hold wood struc-
tures together. While in general wood is not a corrosive
material, in certain situations wood can cause corrosion
of metal fasteners which can lead to structural failures
[1, 2]. Copper based waterborne wood preservatives are
frequently used in the United States to protect the wood
from fungal and insect attack [3, 4]. These wood preserva-
tives have been shown to increase the corrosion of metal
fasteners [5-13].

Corrosion of fasteners in contact with preservative
treated wood is believed to involve the reduction of cop-
per ions from the wood preservatives (Fig. 1) [5, 12, 14].
It has been reported that over 95% of the copper from
the wood preservative is held within the wood as cupric
(Cu*™) ions [15]. Thermodynamically, these cupric ions are
unstable in the presence of steel or galvanized (zinc coated)
steel fasteners in wood as illustrated in Pourbaix diagrams
[12]. However, stainless steel fasteners, which are noble to
copper in the galvanic series, have negligible corrosion
rates in treated and modified wood [11, 16]. Kinetically,
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Fig. 1 Schematic illustration
of the corrosion mechanism

in treated wood which shows
cupric ions from the wood
preservative being reduced at
the fastener surface. Reprinted
with permission from [12]
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the corrosion rate of embedded fasteners increases with
increasing copper concentration in the wood, which also
suggests that copper is involved in the corrosion mecha-
nism [13]. Based on these observations, several researchers
have proposed that the corrosion mechanism involves the
migration of the cupric ions to the fastener surface where
they are reduced as the fastener is oxidized [5, 9, 10, 12, 171.

However, despite thermodynamic and kinetic evidence
that the corrosion mechanism involves the reduction of
cupric ions, copper was not detected in the corrosion
products, as expected, in previous studies. Zelinka et al.
[18] utilized energy dispersive X-ray spectroscopy (EDS),
scanning electron microscopy (SEM), and powder X-ray dif-
fraction (XRD) to examine the corrosion products of fasten-
ers embedded in treated wood. They found no evidence of
copper in the corrosion products using these techniques.
This then raised questions about whether the proposed
corrosion mechanism was correct and if it was, what was
happening to the reduced copper. Possible alternative
hypotheses may include (1) that the copper was migrat-
ing to the fastener surface but was being reduced in the
wood near the metal surface, (2) that the copper was being
reduced at the fastener surface but reoxidized in a further
reaction step, or (3) that the proposed mechanism was
wrong entirely.

In this study, synchrotron based X-ray fluorescence
microscopy (XFM) and X-ray absorption near edge spec-
troscopy (XANES) are employed to better understand the
corrosion mechanism of metal fasteners in treated wood.
XFM has been used to map out the distribution of ions in
wood cell walls down to trace levels with a resolution of
approximately 400-600 nm [19-23], while XANES facilitates
the determination of the oxidation state of the metal ions
with a similar spatial resolution to XFM. Preliminary stud-
ies have shown the possibility of visualizing copper from
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wood treatments in cell walls as well as determine the oxi-
dation state of copper ions within the cell walls [24, 25].
This present study investigates the distribution and oxida-
tion states of copper ions near the wood-metal interface
for wood exposed to steel and hot-dip galvanized steel
fasteners and put the findings in context of the broader
understanding of corrosion of metals in treated wood.

2 Materials and methods
2.1 Sample preparation

The samples examined came from previous corrosion tests
examining the corrosion of metals embedded in treated
southern pine (Pinus spp.) [17, 18]. In these experiments,
steel and hot-dip galvanized steel fasteners were driven
into southern pine and exposed for 1 year at 27 °C (80 °F)
close to saturation pressure by placing the wood-metal
assemblies over a reservoir of liquid water. The composi-
tion of the hot dip galvanized steel coating was found to
be over 95 wt% zinc [18]. After the tests were completed,
the wood was split using the fasteners as a fulcrum; this
allowed the fasteners to be removed from the wood with-
out damaging the corrosion products. The wood was
stored under dry (< 50% RH) conditions and the corrosion
products were stored in sealed glass vials for several years
until they could be examined with XFM.

Four different copper based wood preservatives were
examined: chromated copper arsenate (CCA), alkaline cop-
per quaternary (ACQ-D), copper azole (CA-C), and micro-
nized copper quaternary (MCQ). The compositions of the
preservatives and their retention in the wood are given
in Table 1. The corrosion rates are also included in the
table. The corrosion rates ranged from 9 to 32 pm year™".
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It was shown that the differences in corrosion rates could
be explained entirely by differences in the pH and copper
concentrations of the various preservatives [12].

To examine the wood using XFM and XANES, the sam-
ples were cut into 2 um thick sections. This was accom-
plished by first taking the blocks of wood that had been
in contact with the fastener and then cutting them into
small cubes. These cubes were then placed into a Leica EM
UC7 ultramicrotome (Wetzlar, Germany) fitted with a dia-
mond knife and cross sections (transverse sections) were
cut dry at room temperature. The sections were then held
between two 200 nm-thick low stress Norcada (Edmonton,
AB, Canada) silicon nitride windows for the experiments.

The corrosion products were also examined with XFM.
These corrosion products were obtained from brushing
the surface of the fastener after the corrosion experiment
and collecting the debris that was removed in this process.
This powder was then spread onto Kapton™ tape (DuPont,
Wilmington, DE) and the corrosion products were imaged
on the tape.

2.2 Testing methods

XFM was performed at beamline 2-ID-E at the Advanced
Photon Source at Argonne National Laboratory with a beam
energy of 10.15 keV and a focused beam diameter of 0.6 um
(FWHM). Elemental maps of the wood cell walls were built
in 0.5 um step sizes and a 5 ms dwell time for each step in
fly scan mode. Maps of the corrosion products were taken
with a beam focused to 0.6 um diameter, 1 um steps, and
5 ms dwell times using an aluminum filter to attenuate the
beam to prevent X-ray fluorescence detector overload. Data

analysis was carried out by the MAPS software package
where the full spectra were fit to modified Guassian peaks,
the background was iteratively calculated and subtracted,
and the elemental quantification is calibrated by a standard
reference (RF4-100-51749, AXO DRESDEN GmbH, Heidenau,
Germany) [26]. One section of each sample type was exam-
ined due to time limitations of XFM beamtime.

The copper XANES scans were collected at beam-
line 2-ID-D at the Advanced Photon Source at Argonne
National Laboratory and scanned over the copper K-edge
(8980 eV) from 8960 to 9040 eV with a step size of 0.5 eV
and a beam spot size of 0.2 um. The dwell time at each
energy depended on the relative signal (amount of cop-
per) and ranged from 2 to 10 s per energy step. The dwell
time was chosen by the operator prior to each scan. The
data were analyzed by exporting the copper fluorescence
signal and the upstream ion current from the MAPS soft-
ware package [26]. The data were then imported into
ATHENA (version 0.9.22) where the fluorescence signal was
divided by the upstream ion current to create the X-ray
absorption coefficient, “p(E)", as a function of energy [27].
The u(E) signal was then baseline corrected in ATHENA
to create the normalized U(E) plots that are presented in
the paper. XANES scans were taken in different anatomi-
cal features such as the secondary cell wall and the mid-
dle lamella. However, the curves taken in these regions
showed no differences beyond noise. Therefore, individual
scans were merged to form a single curve within Athena
to reduce noise.

Table 1 Preservative treatments examined with their compositions, copper concentrations, and corresponding corrosion rates [18]

Composition Nominal retention (kg  Actual retention (kg of  Bulk copper concentra- Corro-
of preservative perm®  preservative per m3 of  tion (kg of copper per  sion Rate
of wood) wood)? m? of wood) (um year™")®
MCQ Micronized cop-  66.7 wt% CuO 4 5.0 2.6 13 steel
per quaternary 33.3 wt% DDACS 19 galv.
ACQ Alkaline copper 66.7 wt% CuO 4 29 15 17 steel
quaternary (type D) 333 wto% DDAC 32 galv.
CA Copper azole (type  96.1 wt% CuO 1 0.7 54 11 steel
@) 1.95 wt% Tebuconazole 29 galv.
1.95 wt% Propicona-
zole
CCA Chromated copper 47.5 wt% CrO, 4 1.6 0.2 9 steel
arsenate (type C) 18.5 wt% CuO 16 galv.
34.0 wt% As,Os
#Actual retention in bulk wood as determined by Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
PCorrosion rate measured gravimetrically after exposure to 27 °C and 100% RH for 1 year [18]
‘DDAC, didecyldimethylammonium carbonate
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3 Results and discussion

Previous research had hypothesized that copper from the
wood preservatives was either reduced in the cell walls
near the fastener surface or migrated to the fastener sur-
face where it was reduced. The first hypothesis was tested
with XANES. Figure 2 shows the results of the XANES scans
in the wood cell walls exposed to steel fasteners; Fig. 3 pre-
sents the corresponding results from the cell walls near
galvanized fasteners. The subpanels represent the results
from different wood treatments. The “control” data were
taken from cell walls far from the fastener surface where
no iron or zinc was detected in the XFM maps and the “cor-
rosion” data were collected in cells that contained iron or
zinc. While in many cases the cells in the “corrosion” zone
were depleted in copper, there was enough copper signal
to collect a XANES spectrum. It can be seen in Figs. 2 and
3 that in all but one case (CA, steel), the curves lie on top
of each other. Importantly, the pre-edge peak (around
8982 eV) does not change in energy or amplitude, which
implies that the oxidation state did not change. These fig-
ures show that for the most part, the corrosion mechanism
does not involve in situ reduction of copper from the wood
preservative in the wood cell walls.

XFM gives information about the spatial location of
copper, iron, and zinc in the wood cell walls near the fas-
tener surface. Figure 4 presents XFM maps collected in
wood sections cut near the interface with steel fasteners.

Three different XFM maps are presented for each wood
preservative: copper, iron, and a composite image where
the copper and iron maps are plotted on top of each other
with different colors (copper =red, iron=blue). The white
chevron in the image indicates the approximate location
of the fastener with respect to the wood section. The iron
corrosion products can be seen in the cell walls of all four
wood treatments, however, the depth to which the iron
diffused varied across the treatments.

A range of behaviors can be observed across the dif-
ferent wood preservatives. The interaction of iron and
copper is easiest to observe from the composite image.
For example, the MCQ sample has red, purple, and blue
regions. The cells in the red region show the copper in
the cell walls from the preservative treatment. In the pur-
ple region, these cells still have most or all of the copper
from the wood preservative, but iron from the fastener
had diffused in as well. Finally, in the blue region, these
cell walls are depleted in copper so only the iron signal is
visible. While in the MCQ sample, all three regions are all
visible, in the ACQ sample, however, the iron only appears
in parts of the cell walls (less than 5 pum from the edge).
The majority of this iron rich region also contains cop-
per but there is a small zone on the very edge of the cells
that is depleted in copper. For the CA treatment, there is
a large copper depleted and iron rich region; there does
not appear to be an appreciable overlap between the
iron and copper rich regions. For the CCA sample, there

Fig.2 XANES spectra collected 1.5 1.5
in the wood cell walls adjacent -
to the steel fasteners : ACQ MCQ
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Fig.3 XANES spectra collected 15 1.5
in the wood cell walls adjacent :
to the galvanized fasteners : ACQ MCQ
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Fig.4 XFM maps of the wood cell walls near the fastener surface
of steel fasteners in 4 different treatments. The top map shows the
distribution of copper and the middle map shows the concentra-
tion of iron. The bottom map shows a composite image where the

is iron throughout the sample, although there is an even
higher concentration of iron in the upper right corner of
the image. At the same time, the entire section has less
copper than the other treatments shown, likely because
the CCA treatment uses less copper than the other wood

Scale bar = 25um

copper distribution is shown in red and the iron distribution in
blue; the intensity of each color is proportional to its concentration.
Chevron denotes location of the fastener during exposure

preservative systems examined [3, 14]. The high amount
of iron uniformly distributed throughout the sample may
be a result of trace impurities in the industrial grade treat-
ment chemicals. In previous work using XFM, cell walls of
copper treated wood were found to be uniformly higher in
SN Applied Sciences
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iron and this was attributed to impurities in the treatment
[28]. Regardless of the reason for the high iron concentra-
tion, the differences in the relative amounts of iron and
copper make it difficult to directly compare this image to
the other wood preservative treatments. However, when
examining the region closest to the chevron, it appears
that there are regions of cell wall material that only contain
iron and are copper depleted, similar to the other wood
preservative systems.

Figure 5 is an analogous figure containing XFM maps
taken from cell wall material directly adjacent to galvanized
steel fasteners. Similar to Fig. 4, the top image shows the
distribution of copper within the cell wall, the middle image
shows the zinc concentration and the composite image on
the bottom is an overlay of the two previous maps with
copper in red and zinc in blue. Although the sections in
Fig. 5 came from different blocks of wood that were sur-
rounding different fasteners from Fig. 4, it is instructive to
make comparisons across how the various metal fasteners
performed. It appears for all treatments, there is a higher
concentration of zinc in the cell walls and that the zinc has
diffused farther into the cell walls when compared to the
steel fasteners in Fig. 4. This should not be surprising as the
measured corrosion rates of the zinc galvanized fasteners
were higher than those of the steel fasteners [18]. The MCQ
and ACQ samples exhibit similar behavior to that shown
in Fig. 4. For MCQ there is a region of zinc with no copper
at the edge closest to the fastener with a zone where both
copper and zinc are present behind this edge. The ACQ sam-
ple shows very little diffusion of the corrosion products into

the wood cell wall and almost no visible regions of the cell
wall where only zinc is present by itself. Given that the ACQ
sample had the highest corrosion rate, one would expect
this sample to have a very high penetration of zinc into the
cell wall and a high depletion of copper. It may be that the
cells closest to where the fastener touched the wood were
damaged or removed during sample preparation. The CA
composite image in Fig. 5 has a large purple region where
both zinc and copper are present, unlike the case for the
steel fastener, there does not appear to be a large region
of depleted copper. Finally for the CCA specimen, there are
cells that have zinc but not copper near the fastener edge;
the remainder of the sample has a very high concentration
of zinc and a low concentration of copper.

While Figs. 4 and 5 are helpful in visualizing the inter-
play between the corrosion products in the wood cell
wall and the copper concentration from the preservative
in the corrosion affected zone, they have several limita-
tions. Firstly, the sections were cut from the wood near
the fastener after a corrosion test after the fasteners had
been removed. While every effort was made to preserve
the wood surface directly adjacent to the fastener, some
cells may have been removed during fastener extraction or
sectioning of the wood for the microscopy. Because of this,
it is impossible to say how far any given image was from
the fastener surface and whether differences in copper
concentration between treatments represent a quantita-
tive difference between the treatments or whether it was
related to from where the sections were cut. These sample
preparation issues are in part caused by the fact that the

Composite J
Zn Cu [
Fig. 5 XFM maps of the wood cell walls near the fastener surface of
hot dip galvanized steel fasteners in 4 different treatments. The top

map shows the distribution of copper and the middle map shows
the concentration of zinc. The bottom map shows a composite
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image where the copper distribution is shown in red and the iron
distribution in blue; the intensity of each color is proportional to
its concentration. Chevron denotes location of the fastener during
exposure
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study examined samples from a long term corrosion test
using real fasteners. More quantitative results may be pos-
sible in a future study by placing prepared wood samples
in contact with metal. Furthermore, because of beamline
constraints, only one sample could be examined for each
condition. Therefore, it is unclear if the observations can
be generalized to the wood preservative treatment, or rep-
resent only one position along the length of the fastener.

Even with these limitations, Figs. 4 and 5 give an idea
of the range of copper and iron interactions that are hap-
pening near the fastener surface. In all cases, iron and
zinc corrosion products diffused into the wood cell walls.
The range of diffusion distances ranged from as small
as approximately 10 um for ACQ treated wood, to over
100 pm in CCA treated wood. Furthermore, in nearly every
case, there was a region near the fastener surface that
was depleted in copper and these cells were only visible
in the XFM maps of iron or zinc. The depth of this copper
depleted zone again had a range of observed behaviors
from less than or equal to 1 um in ACQ treated wood to as
much as 50 um for CA treated wood.

The XFM maps in Figs. 4 and 5 are some of the first
experimental evidence that test hypothesized mechanism
for corrosion in treated wood; namely that the corrosion
mechanism involves migration and reduction of copper in
the wood preservatives (Fig. 1). From these data it appears

Fig. 6 XFM maps of the corro-
sion products collected from
the surface of steel fasteners
embedded in treated wood;
the different wood treatments
are shown in adjacent col-
umns. The distribution of cop-
per is shown on the top row,
iron on the second, and the 1
third row presents a composite (ng cm?)
image where the both the iron

and copper distribution are Fe

shown as different colors

Cu

49.5

10000

4950

100
(ng cm?)

Composite

Fe

that copper from the cell walls immediately adjacent to the
fastener has been depleted. It follows that copper should
indeed be present in the corrosion products as there is a
zone near the fastener surface depleted in copper. Previous
measurements on the corrosion products using EDS and
powder X-ray diffraction did not detect any copper in the
corrosion products [18]. However, from Figs. 4 and 5, the
total amount of reduced copper can be estimated and the
amount of reduced copper would be too small to measure
with those techniques. For example, the CA sample next
to the steel fastener had one of the largest zones of cop-
per depletion, 50 um and the copper in this region was
decreased from 0.26 to 0.05 ug cm™2 Assuming that this
section was taken directly from the edge of the fastener
(radius 1.5 mm) the amount of copper in the corrosion
products would be approximately 1 ng per 2 um of fas-
tener length, which equates to 32 pg for the entire length
of the 64 mm fastener [25]. This small amount of copper
would likely be undetectable with EDS with a minimum
level of detection of 0.1-1 wt% [29] or powder XRD whose
minimum level of detection is approximate 5 wt% [30].
An attempt was made to see if XFM could detect cop-
per in the corrosion products. The same corrosion prod-
ucts analyzed with EDS and powder XRD were analyzed
at the same beamline used to collect the elemental maps
shown in Fig. 6 for steel corrosion products and Fig. 7 for the

Scale bar = 50um
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Fig. 7 XFM maps of the corro-
sion products collected from
the surface of hot dip galva-
nized steel fasteners embed-
ded in treated wood; the
different wood treatments are
shown in adjacent columns.
The distribution of copper is
shown on the top row, zinc on
the second, and the third row
presents a composite image
where the both the zinc and
copper distribution are shown
as different colors

Cu

(ng

Zn

495

cm?)

10000

5000

Composite

(ug

Zn

1
cm?)

galvanized steel corrosion products. In Fig. 6 the corrosion
product particles can be seen in the iron map. The copper
map, also shows conglomerations of copper. However, the

Fig. 8 XRF spectra in the
region of interest denoted by
a star in Fig. 7. The K, peaks of
Fe, Cu, and Zn, are highlighted
by solid lines. Note that the Cu
K, peak is distinct from that
of Zn
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copper appears in much lower quantities than iron in these
maps; the scale is set to 1/1000th that of iron. The composite
image in Fig. 6 is important for confirming that the copper is
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co-located within the steel corrosion products and not sepa-
rate particles or random noise. In the composite images, the
regions of highest copper concentration can be observed as
red/purple dots within the iron particles. This suggest that
coper is indeed in the corrosion products, although in very
small concentrations. This is consistent both with the pro-
posed mechanism of corrosion that involves copper reduc-
tion and with the previous measurements where copper was
not detected in the corrosion products, since the concentra-
tion is so low.

Figure 7 shows the corrosion products from the galva-
nized fasteners; again, the shape of the particles can be eas-
ily seen from the zinc maps. In Fig. 7, the particles of corro-
sion products can most clearly be seen in the maps of zinc.
Similar to Fig. 6, the scale for the map of copper is 1000 times
smaller than that of the zinc concentration. However, in gen-
eral, there appears to be more copper in the zinc corrosion
products (Fig. 7) than in the steel corrosion products (Fig. 6).
This can also be seen in the combined images in Fig. 7 where
the corrosion products appear as purple objects, meaning
that the copper is distributed throughout the zinc particles
in the corrosion products.

Because the Ka peaks of copper (8.04 keV) and zinc
(8.63 keV) are close, we further examined the spectra to
make sure that the observed copper signal in the maps
were indeed from copper and not from a wide zinc peak.
The XFM spectra was examined in a region of interest
with high copper concentration on the corrosion prod-
ucts collected from fasteners that had been in contact
with MCQ treated wood. The region of interest is denoted
with a star in Fig. 7. The corresponding spectra is pre-
sented in Fig. 8. In Fig. 8 the copper Ka peak can be found
and is distinct from the zinc peak. We therefore conclude
that there is indeed copper in the corrosion products of
both steel and galvanized steel fasteners exposed to
treated wood.

4 Conclusions

The copper distribution and oxidation states in the cell
wall were examined using synchrotron based XANES and
XFM to better understand the corrosion mechanisms of
fasteners in treated wood. Further analysis of the cor-
rosion products using XFM was performed. The major
findings were:

1. In almost all cases, the copper oxidation state in the
cell walls near the corrosion surface does not change.

2. Wood cell walls closest to the fastener surface are
depleted in copper. Furthermore, iron and zinc corro-
sion products are able to diffuse into the cell walls.

3. Based off of the examination of the cell walls, the
expected amount of copper in the corrosion products
is below the level of detection of commonly used tools
to examine corrosion products.

4. XFM images of the corrosion products confirm the
presence of small amounts of copper in the corrosion
products collected from steel and galvanized steel fas-
teners embedded in treated wood.

These observations confirm that the cathodic corro-
sion reaction involves the reduction of cupric ions in
the wood preservatives. Furthermore, from the XANES
measurements, it can be concluded that the reduction
is taking place at the fastener surface rather than in situ
reduction of the cupric ions within the cell walls.
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