
Damage-Tolerant Wood Layers for Corrosion Protection of Metal
Structures
Sicen Yu, Yu Liu, Qiongyu Chen, Xiaolu Yu, Gayea Hyun, Shen Wang, Yuhang Ye, Jiaqi Feng,
Zheng Chen, Feng Jiang, Joseph King, Teng Li,* Liangbing Hu,* and Ping Liu*

Cite This: Nano Lett. 2024, 24, 245−253 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Mechanically strong and damage-tolerant corrosion
protection layers are of great technological importance. However,
corrosion protection layers with high modulus (>1.5 GPa) and
tensile strength (>100 MPa) are rare. Here, we report that a 130
μm thick densified wood veneer with a Young’s modulus of 34.49
GPa and tensile strength of 693 MPa exhibits both low diffusivity
for metal ions and the ability of self-recovery from mechanical
damage. Densified wood veneer is employed as an intermediate
layer to render a mechanically strong corrosion protection
structure, referred to as “wood corrosion protection structure”, or
WCPS. The corrosion rate of low-carbon steel protected by WCPS
is reduced by 2 orders of magnitude than state-of-the-art corrosion
protection layers during a salt spray test. The introduction of engineered wood veneer as a thin and mechanically strong material
points to new directions of sustainable corrosion protection design.
KEYWORDS: corrosion protection, engineered wood, intermediate layer, mechanical strength, blister formation

Protective layers are ubiquitous in life.1 They protect the
underlying materials from harsh and corrosive environ-

ments in different fields ranging from automobiles, buildings,
to military equipment, particularly those exposed to a high
concentrations of salts.2−5 Defect-free protective layers have a
lifespan of up to 20 years; however, layer damage is inevitable
when exposed to harsh environments.6,7 In the case of
corrosion protection, even small, local defects can trigger a
cascade of subsequent adverse reactions of corrosion
propagation and ultimately catastrophic structural failure
within a short period of time.8,9 For this reason, enhancing
the damage tolerance of protective layers is highly desired.

To mitigate the impact of local damage, self-healing layers or
agents have been widely reported, which enable damage
closure and healing to recover their original properties via
intrinsic and/or extrinsic mechanisms.10−12 Most intrinsic
healing approaches are based on reversible physical or
chemical bond formation, such as disulfide bond reshuffling.
The resulting layer usually suffers from low mechanical
strength.13 Among extrinsic healing approaches, employing
epoxy-based healing agents is a popular strategy.14 Healing
agents are stored in capsules embedded in the coating layer
that can be released in response to specific environmental
changes such as exposure to air due to crack formation.15,16

Alternatively, introducing chromium(VI) compounds in the
coating layer used to be widely used for corrosion
protection.17,18 These compounds can form dense passivating

layers on freshly exposed metal surfaces. Unfortunately,
chromium(VI) is a highly carcinogenic substance and has
been banned by many countries.19 It is worth noting that the
effectiveness of the self-healing processes based on extrinsic
approaches is highly dependent on the amount of healing
agents in the protective layer since they are consumptive.20

Furthermore, many healing agents are hydrophilic and will
trigger osmotic driven water transport through the protective
layer.8,21 Effendy et al. showed that the local blisters would
trigger a global failure, such as complete delamination and
breakage of the protective layer if the osmotic pressure exceeds
the elastic limit of the protective layer.8 The formation of
“blisters” due to this mechanism and the resultant coating
failure remain a significant challenge.8,22,23 An alternative
strategy to improve the durability of protective layers is to use
layers with inherently high mechanical strength.24−26 Chuang
et al. reports that the rate of cathodic blister formation under
stiff coatings (Young’s modulus of 1 GPa) is 3 orders of
magnitude lower than soft coatings (Young’s modulus of 0.01
GPa).27 However, thin, structurally stable layers with high
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damage resistance are rare.28−30 The Young’s modulus and
tensile strength of most protective layers are less than 1.5 GPa
and 100 MPa, respectively (Table S1). Hence, developing a
self-recoverable thin material coupled with mechanically strong
properties is critical to developing durable corrosion protection
layers.

Densified wood is an emerging class of engineered wood
material that is light, sustainable, scalable, and low-
corrosivity.31−33 Cellulose-based materials have been reported
for exhibiting some degree of self-healing ability.34,35 Here, we
report a thin densified wood layer, termed a densified wood
veneer, that is mechanically strong, highly resistant to
mechanical damage, and capable of self-recovery triggered by
exposure to water (Figure 1). Further, the layer greatly reduces
ion transport. These traits make the wood veneer a promising
component for corrosion protection layers. A protective

structure for highly corrosive marine environments usually
consists of a primer, one or several intermediate layers, and a
topcoat.36,37 The primer provides adhesion to the metal
substrate, the top coat mitigates the effect of ultraviolet and
water, and the intermediate layer provides the main protective
functions, including blocking of water and ion transport and
maintenance of the structural integrity of the coating
system.38,39 Here, we build a wood-based three-layer system
(WCPS, Figure 1): an epoxy binding layer as the primer, a
densified wood veneer as the intermediate layer, and a
hydrophobic layer as the topcoat. We have found that
introducing a mechanically strong intermediate layer trans-
forms the structural stability of the coating structure and its
durability as a corrosion protection layer. Our findings point to
a new strategy for the design of corrosion protection layers.
Instead of using hazardous corrosion inhibitors and self-healing

Figure 1. Structural wood layer for corrosion protection. (A, B) Schematic diagram of WCPS consisted of a densified wood veneer intermediate
layer that is bonded with the metal substrate on one side and protected with a hydrophobic layer on the other. WCPS is thin (∼200 μm thick),
mechanically strong (347 MPa in strength and 16 GPa in Young’s modulus), self-recoverable when damaged, and capable of substantially blocking
ion transport for durable, fault-tolerant corrosion protection. (C) Photograph of densified wood veneer. (D) Performance comparison of WCPS,
petrowrap, and epoxy (Tables S4 and S5).
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agents to maintain the corrosion protection function, our work
shows that introducing a sustainable, damage-tolerant, and
structurally strong intermediate layer is an efficient approach to
minimize metal corrosion.

We employ a three-step approach for the fabrication of
densified wood veneer by a chemical treatment of natural
wood followed by hot-pressing31 and finally finished with a
hydrophobic coating. Chemical treatment selectively removes
hemicelluloses and lignin, making wood a low-corrosivity
material to metal (Figure S1).33 Densified wood veneer has a
uniform thickness of 130 μm with long and highly aligned
cellulose fibers (Figure 2A). Analysis by cryo-focused ion beam
(cryo-FIB) and scanning electron microscopy (SEM) shows
the structure is highly dense with no obvious porosity (Figure
3G,H). The dense structure will enhance the interaction
among wood fibers that is responsible for its mechanical
strength.31 Specifically, densified wood veneer exhibits a
Young’s modulus of 34.5 GPa and a tensile strength of 693
MPa in the direction along the cellulose fibers, which is 2
orders of magnitude higher than state-of-the-art (SOA)
corrosion protection layers (petrowrap and epoxy, Figure
S2). The corresponding values are 2.23 GPa and 22.43 MPa in
the direction perpendicular to cellulose fibers (Figure S3).
Petrowrap is a commercial material made of fibers embedded
in slack wax, microcrystalline wax, and talc (Figure S4A). It is
widely used to protect substrates exposed to seawater and salt
air.40 The “Epoxy” coating is a marine-grade epoxy ordered

from TotalBoat (Figure S4B). We have evaluated the
resistance to mechanical damage (chipping, scribing, and
bending; see Methods) of densified wood veneer and SOA
corrosion protection layers (Figure S5 and Movies S1, S2, S3,
and S4). Petrowrap contains fiber frameworks with good
flexibility to accommodate bending but itself is soft leading to a
poor resistance to chipping and scribing. Epoxy is dense and
strong but brittle; hence, it is resistant to chipping but
vulnerable to bending and scribing. In contrast, densified wood
veneer, characterized by both fiber frameworks and a highly
dense structure, offers an exceptional combination of flexibility
and a notable Brinell hardness number of 37 ± 5.20 (Figure
S6). Remarkably, it showed no cracks after chipping and
bending tests under an optical microscope. After the scribing
test, no indentation can be found on the underlying metal
surface as shown by SEM (Figure S4C and Figure S7), except
when scribing is applied parallel to the wood-growth direction.
However, this issue can be mitigated by its self-recovery ability,
as discussed below. Hence, introducing densified wood veneer
as an intermediate layer can enhance the structural stability of
the whole protective structure and maintain its corrosion
protection function under harsh conditions.

Mechanical damage due to external forces is inevitable
during the service life of the corrosion protection layers. In this
regard, it will be highly desirable for the protective layer to
exhibit a self-recovery ability. In this work, the term of “self-
recovery” is used to describe its ability to mostly recover the

Figure 2. Self-recovery of a densified wood veneer upon mechanical damage. The self-recovering process of densified wood veneer was evaluated
by (A−D) digital images and (E−H) SEM at room temperature. (I) SEM of self-recovered densified wood with hot pressing (30 min, 100 °C and
1 kPa). The scale bars in (A−D) are 3 mm and in (E−I) are 100 μm, respectively. (J) FEM simulated and measured gap recovery rate as a function
of the elapsed time at room temperature. The error bars describe the distribution of three repeated data points from experiment. Simulated contour
plots of moisture content on (K−M) the tangential-longitudinal plane and (N−P) the radial-transverse plane of densified wood veneer around the
scratch at t = 0, 30, and 30 min, respectively, upon adding water. Red-dashed blocks are the zoomed-in views around the center-notched regions.
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shape after surface damage as well as the ability to retain most
of its mechanical strength. We evaluated the performance of
densified wood veneer by scratching the wood surface along
the direction of the wood growth, which is most likely to cause
damage, followed by contacting it with water (Movie S5).
Scratching on the densified wood veneer results in a 65.5 μm
gap between the wood fibers (Figure 2B,F). After contacting
with water, the gap decreases to 28.3 μm in the first 30 s
(recovery ratio: 56.8%, Figure 2C,G) and 15.4 μm in the first
30 min (recovery ratio: 76.5%, Figure 2D,H). To evaluate the
effect of hot pressing on structural recovery, we use a clothes
iron as a heat source (100 °C) to assist the self-recovery
behavior of densified wood veneer in contact with water. The
pressure of pressing is only due to the weight of the clothes
iron itself (about 1 kPa). As a result, the gap created by
scratching is almost closed within 30 min (Figure 2I). Hence,
densified wood veneer exhibits some self-recovery ability,
which can be further enhanced when combined with hot
pressing. In addition, we evaluate the influence of increasing
water content due to the uptake through the damaged area on
the mechanical strength of densified wood veneer (Figure S8).
The wood veneer exhibits a tensile strength/Young’s modulus
of 517 MPa/23.2 GPa, which are still 2 orders of magnitude
higher than SOA corrosion protection layers (Figure S2). This
indicates the effective moisture resistance of the WCPS.
Additional optimization in coating materials has the potential
to further enhance the overall stability. The self-recovery
property is based on the dry-swollen cycle of wood fibers.
Since the water will be retained in the structure, further repair

based on this mechanism will be much less effective in the rare
occasion that further damage occurs at the same location. In
addition, while it is very resistant to scratches perpendicular to
the fiber direction, its self-recovery ability is somewhat
diminished. Enhancing the self-recovery ability in the
perpendicular direction is also an important topic for
additional study.

To unveil the mechanism of the self-recovery of densified
wood veneer, we use finite element modeling (FEM) to
simulate the recovery process by considering the coupled water
diffusion and mechanical deformation in densified wood
veneer (see Methods). It is evident that during the first 30 s,
the dry densified wood veneer absorbs water instantly and
swells rapidly upon the addition of water, leading to a
significant gap recovery of 56.4% (Figure 2J). After the first 30
s, the densified wood veneer continues to absorb water near
the gap but in a rather slow manner due to the significantly
reduced gradient of moisture content in the wood veneer. After
30 min, the water absorption by the densified wood veneer
approaches an equilibrium state, leading to a gap recovery rate
of 76.6%. Figure 2 panels K−P show the snapshots of the
simulation results at 0 s, 30 s, and 30 min of water absorption
in the top view and side view, respectively, compared with the
experimental images at the same instants. The color shades in
Figure 2K−P plot the moisture content in densified wood
veneer near the scratch in the top and side view, respectively.
The moisture content around the scratch in the densified wood
veneer is 5% initially, then spikes to nearly 26% within the first
30 s, and gradually equilibrates to ∼23% after 30 min of water

Figure 3. Ion blocking in densified wood veneer. (A) Schematic diagram of the H-cell for concentration-driven dialysis diffusion measurement. (B)
Diffusivities of Cl−, Na+, Zn2+, Fe2+, Fe3+, and Al3+ in bare densified wood veneer and in water. (C) Ionic conductivity of the densified wood veneer
and deionized water when equilibrated with various NaCl concentrations. (D) Porosities and zeta potentials of natural basswood and densified
wood. Schematic illustration of (E) ion blocking function of densified wood veneer and (F) the mechanism of Donnan exclusion. (G) SEM image
of the densified wood veneer (without hydrophobic coating). (Inset) SEM image of the nanoscale-aligned cellulose fibers of the densified wood
veneer. (H) Cryo-focused ion beam SEM image of the densified wood veneer perpendicular to the L direction, clearly showing the dense structure
with few pores in the RT plane.
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diffusion toward the remaining portion of the wood veneer
(Movie S6).

Low-rate and selective ion transport in densified wood
veneer (without hydrophobic coating) is demonstrated by
using concentration-driven dialysis tests combined with
inductively coupled plasma mass spectrometry (ICP−MS)
(Figure 3A,B and Figure S9). Densified wood veneer shows
diffusivities of Cl−, Na+, Zn2+, and Fe2+ ions down to the order
of 10−12 m2 s−1, much lower than those in water (10−9 m2 s−1).
For Fe3+ and Al3+ ions, the diffusivities are reduced to 1 ×
10−13 m2 s−1. The low diffusivity of ions can be explained by
the highly dense structure of densified wood as well as the
effect of Donnan exclusion. A coin-cell setup is employed to
measure the ionic conductivity of NaCl within densified wood
veneer (Figure 3C and Figure S10).41,42 When the
concentration of NaCl is lower than 0.1 M, the ionic
conductivity is 0.1 mS cm−1 regardless of salt concentration,
confirming the effect of Donnan exclusion when the ionic
conductivity is controlled by the surface charge density of
densified wood veneer.43 Since the zeta potential of densified
wood is negative (−18.3 mV in 0.1 M NaCl solution, Figure
3D), the surface of densified wood veneer is occupied by
cations (Na+). When the sizes of such channels are smaller
than the Debye length of chloride ions, they will be rejected by
the small wood channels (Figure 3E,F). When the concen-
tration of NaCl is greater than 0.1 M, the Debye length of
chloride ions becomes too small to be limited by the pore
structure. However, the ionic conductivity with densified wood
veneer is still 1 order of magnitude lower than that in water.

This is because of the highly dense structure of wood
(porosity: 9.7%, Figure 3G,H). Regarding the relationship
between porosity and ion blocking performance, we conduct a
concentration-driven dialysis test with nondensified wood
veneers (porosity: 80%), which has the same chemical
composition as densified wood veneers. Clearly, the ion
blocking function of structures with only a negative zeta
potential but high porosity (open porous structure) is limited
(Figure S9). Overall, these results confirm that densified wood
veneer with negative charge effectively blocks both chloride
ions penetrating from the outside (environment) and
corrosion products diffusing away from the inside, which is
crucial for the performance of corrosion protection.

We evaluate the corrosion protection ability of petrowrap
(Figure 4B,F), epoxy (Figure 4C,G), and the WCPS (Figure
4D,H) for low-carbon steel (C-steel, Figure 4A,E) with the
ASTM B117 standard protocol (5 wt % NaCl salt spray, 35 °C,
720 h) combined with the ASTM G1 (C.3.5.) standard
protocol. After salt spray exposure, the bare C-steel is covered
by yellow-brown corrosion products and shows a corrosion
rate of 2.09 ± 0.18 mg cm−2 day−1 (Figure 4E). With SOA
protective layers, overall corrosion is highly mitigated except
for crevice corrosion near sample edges and in defect-rich
regions (Figure 4F,G). The corrosion rates are reduced to 0.05
± 0.02 mg cm−2 day−1 (epoxy, inhibition efficiency: 97.48%)
and 0.38 ± 0.07 mg cm−2 day−1 (petrowrap, inhibition
efficiency: 81.97%), respectively. With WCPS protection, no
obvious corrosion products could be found (Figure 4H). It
successfully reduces the corrosion rate of C-steel to ((0.53 ±

Figure 4. Corrosion performance evaluation of protection layers. SEM images and digital images of (A)(E) bare C-steel plates and C-steel with
(B)(F) petrowrap, (C)(G) epoxy, and (D)(H) WCPS before and after the corrosion test, respectively. (I) Corrosion rates and inhibition
efficiencies of C-steel plates with various protective layers evaluated by ASTM B117 (720 h) and ASTM G1 (C.3.5.). The error bars describe the
distribution of three repeated data points.
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0.18) × 10−3 mg cm−2 day−1, which is 2 orders of magnitude
better than epoxy, achieving a high inhibition efficiency of
99.97%. These performance values compare favorably with
those of other reported coating structures (Table S2).

Furthermore, we evaluate the corrosion protection ability of
protective layers when suffering from physical damage,
including chipping (Figure S11), bending (Figure S12), and
scribing (Figure S13), also with the ASTM B117 standard
protocol. As mentioned above (Figure S4), densified wood
veneer shows great damage resistance, whereas epoxy and
petrowrap will fail in many mechanical abuse test conditions.
The generation of defects compromises the local protective
ability of epoxy and petrowrap. In contrast, WCPS offers stable
corrosion protection under all test conditions. This evaluation
shows that introducing densified wood veneer as an
intermediate coat can enhance the structural stability of the
whole protective layer and its corrosion protection function
under harsh conditions.

The damaged protective layer will lose blocking ability to all
corrosive agents, including water, salts, and gases. Small
amounts of corrosion products and embedded corrosion
inhibitors, often hydrophilic, will attract water from the
environment due to osmotic pressure across the protective
layer. Densified wood veneer with 2 orders of magnitude
higher tensile strength than SOA corrosion protection layers

can overcome this blister formation-induced mechanical failure
(Figure 5A). A small amount of NaCl (∼1 mg) is stored
between the metal surface and the protective layer. We then
scratch the protective layer to open a 2 cm (length) × 70 μm
(width) gap. The sample is then evaluated using the ASTM
B117 standard protocol. The pull-off strength in the damaged
region is recorded as the adhesive strength. Before salt spray
tests, the adhesive strengths of WCPS and epoxy are 1.2 and
0.8 MPa, respectively (Figure 5B). It is worth mentioning that
the epoxy layer fails at the epoxy−epoxy interface (Figure 5G)
and WCPS fails due to bulk delamination (Figure 5L). After
salt spray tests, the epoxy layer fails at the epoxy−metal
interface (Figure 5H) with a reduced adhesive strength of 0.4
MPa, and corrosion product can be found near the scratch line
(Figure 5I). In contrast, WCPS still fails due to bulk
delamination (Figure 5M) with similar adhesive strength,
and the corrosion issue is significantly less obvious near the
scratch line (Figure 5N). Additionally, with both systems
exhibiting a similar strain before delamination (∼0.7 mm), we
conclude that the interface toughness between the WCPS−
metal layers is stronger than that of epoxy−metal. These
observations confirm that densified wood veneer as a
mechanically strong intermediate layer can dramatically
improve the structural stability of the whole protective layer
against the blister formation issue, even with physical damage.

Figure 5. Durability evaluation of corrosion protection layers. (A) Tensile strength of petrowrap, epoxy, and densified wood veneer. (B−D)
Adhesive strength as a function of extension during pull-off tests of the WCPS and epoxy. Photographs and schematic illustration of durability
evaluation of the (E−I) epoxy and (J−M) WCPS, respectively. SEM characterizations of the metal surface under damaged (I) epoxy and (N)
WCPS after exposure (ASTM B117, 240 h), respectively.
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In this work, we report a thin, mechanically strong, and
damage-tolerant densified wood veneer as a core component of
a sustainable corrosion protection structure. The mechanical
strength overcomes layer delamination caused by blisters
formed by swelling of hydrophilic corrosion products due to
osmotic pressures across the protection layers. Compared with
SOA corrosion protection layers (epoxy and petrowrap), the
wood corrosion protection structure can further reduce the
corrosion rate of C-steel by 2 orders of magnitude. Meanwhile,
the densified wood veneer has several advantages as a
sustainable material, with a much lower environmental impact
than epoxy and petrowrap. Our work has mainly evaluated the
corrosion protection functions of WCPS under salt spray
protocols, ASTM B117 (720 h). Further long-term exposure
work is needed to consider other conditions, e.g., the effects of
wood degradation, fungus, and termites.44 It is true that the
partial delignification reduces the lignin mass percentage (vs
the total mass), which could potentially reduce the resiliency of
the material to fungal decay. However, the densification
process at the same time increases the lignin volume
percentage compared with the nondensified counterpart.
This enhancement has the potential to improve the fungal
resistance of the densified wood veneer. The surface
hydrophobic treatment can also improve the stability of
densified wood veneer against fungal spores and humidity.
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