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TW transparent wood/polymer biocomposite laminates are of interest as multifunctional materials with good
longitudinal modulus, tensile strength and optical transmittance. The effect of filling the pore space in wood with
a polymer matrix on fracture toughness and crack growth is not well understood. Here, we carried out in-situ
fracture tests on neat birch wood and laminates made of four layers of delignified birch veneers impregnated
with poly(methyl methacrylate) (PMMA) and investigated crack growth in the tangential-radial (TR) fracture

system. Fracture toughness Kj. and Ji. at crack initiation were estimated, including FEM analysis. SEM micro-
scopy revealed that cracks primarily propagate along the ray cells, but cell wall peeling and separation between
the PMMA and wood phases also take place. A combination of in-situ tests and strain field measured by digital
image correlation (DIC) showed twice as long fracture process zone of TW laminates compared with neat birch.

1. Introduction

Wood has been used as a structural material for millennia [1].
However, steel and concrete have substituted wood in many load-
bearing applications [2]. Nowadays, the interest in wood and wood-
based materials is again growing due to the positive environmental ef-
fects from materials with renewable resource origin. A promising class of
wood-based materials for structural applications is wood-polymer bio-
composites prepared by filling the pore space with polymer, due to their
mechanical performance and low density [3]. Wood-polymer bio-
composites are used for boat decking, sports equipment, flooring, and
even as engineering materials in small wind turbine blades and propeller
blades [4], where the polymer phase improves elastic stiffness and
strength accompanied by an improved surface finish, hardness, dimen-
sional and moisture stability, and biodeterioration resistance [5]. A new
version of such composites is transparent wood (TW) biocomposites
which have similar characteristics with the added functionality of op-
tical transmittance. It is significant that different species of neat wood
have different porosity and therefore different density, although the
wood cell wall has similar density for all wood species (~1500 kg/m?).
The mechanical properties of wood therefore scale with relative density
(sample density divided by wood cell wall density) which is the volume

fraction of solid cell wall.

TW biocomposites are produced by impregnating a wood template
without chromophores with a refractive index-matching polymer [6,7].
During the synthesis, delignification or bleaching is essential to remove
chromophores, while increased nanoscale porosity can help the polymer
to enter inside the wood cell wall and lumen [3,8]. The matching of the
refractive indices of the two constituents yields a biocomposite with
high optical transmittance, making it a potential alternative in the
building sector e.g., in assemblies of construction panels in buildings to
convert the sunlight into evenly diffusive indoor light [9-11]. In addi-
tion, dimensional moisture stability is improved, which makes such
composites more attractive in construction [12]. The optical trans-
mittance of TW biocomposites can reach up to 90 % for 3 mm thick slabs
[71, which is not far from neat poly (methyl methacrylate) (PMMA)
[13]. The combined structural-optical properties of TW biocomposites
have generated interest in TW laminates, where mechanical properties
can be fine-tuned by varying the orientation of veneer layers [3,14]. The
lamination strategy also overcomes limitations in thickness from the
delignification process [11]. Increasing wood substrate thickness makes
uniform chemical delignification and complete monomer impregnation
more difficult. Typically, the lamination strategy uses thin wood veneers
(a few millimetres) as starting material [8,11]. Effects of the polymer
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Fig. 1. Representation of internal wood structure. a) Schematic sketch showing axes orientation in the coordinate system of the trunk of a tree to the wood
microstructure. L longitudinal, R radial, T tangential b) TR fracture system.
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Fig. 2. TW laminates. (a) Process of sample preparation of the TW laminate, (b) photograph of the TW laminate and its wood material axis, (c) cross section of the
transparent wood laminate where the fibre direction is perpendicular to the plane of the image. Interfibre adhesive PMMA bond lines between veneer layers are
oriented horizontally.

matrix on fracture toughness as compared with neat wood are not well thermal and other functional properties [3,6,8,9,15-18]. A few studies
understood. have investigated the mechanical properties [7,14,19-22], where

Although the mechanical performance of wood is significantly moduli and strengths are reported. The studies often sought to find
enhanced with infiltrated polymer phase, the main efforts to study TW global mechanical properties to compare to classical engineering com-
composites have been devoted to characterizing and tailoring optical, posites. Only limited efforts have been published on fracture mechanics
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L D38 x60 1mm

Fig. 3. Setup for in situ single-edge-notched four-point bending test. (a) Final notch shape in TW laminates with dimensions. (b) Specimen placed in Deben

microtester before being inserted in the SEM chamber. (¢) SEM image of the notch.

Table 1
Mechanical properties of transparent wood and its constituents.

Properties Native birch PMMA [14,41] TW laminate

Er (GPa) 0.5+ 0.1 2.4 3.3+0.0

MORT (MPa) 11.6 + 0.8 117.9 172+ 2

Vi (%) 41 - 23

VTR 0.38 [33] 0.35 0.36

2.5 T T T T T
I 1 et al. [19], Davenport et al. [37]
I Tukiainen [33]
[ Ashby et al. [1, 34]
2r [ This work
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Fig. 4. Bar chart of fracture toughness data for different materials.
properties [19,21,22]. To clarify the fracture planes in wood and wood-

polymer composites, Fig. 1 illustrates the tangential-radial (TR) system:
(a) the arrangement of the principal axes in wood from the trunk to the

microstructure and (b) a definition of TR crack propagation (opening
tension in tangential T direction and radial R direction of crack growth),
i.e., the first index represents the direction of the opening tension, and
the second index represents the crack growth direction.

In a recent TW study by Jungstedt et al. [22], a FEM updating pro-
tocol was developed to characterize fracture mechanics properties by
optimizing displacement fields obtained from digital image correlation
(DIC) measurements with finite element (FE) simulations. Jungstedt
et al. [22] studied birch/PMMA for crack growth in the weak TL di-
rection and used a cohesive zone model to describe the behavior of a
fracture process zone (FPZ); energy dissipation mechanisms were dis-
cussed, as in related investigations [23,24]. Crack growth and toughness
of wood can be described by fracture mechanics to correlate global
behavior with local crack growth and damage [25,26]. For TW bio-
composites, balsa/PMMA of low wood content have been investigated to
determine fracture toughness in tough (LT) and weak (TL) systems [19].
In Ref. [21], wood laminates were investigated, where the initiation
value for fracture toughness K. in LT system (crack growing in toughest
direction perpendicular to fibre direction) was around 3 MPa m'/2
similar as data in Ref. [19].

Microscale fracture mechanisms of TW biocomposites have not been
sufficiently investigated, and may contribute to the development of
wood-polymer composites of improved toughness properties. Observa-
tions of polymer matrix effects and how crack growth interacts with
wood cells, vessels and rays (filled with the polymer) may help to tailor
volume fraction of wood reinforcement, wood-polymer interface prop-
erties and polymer matrix properties.

The purpose of this study is primarily to investigate polymer matrix
effects on damage mechanisms in the TW laminate microstructure for
crack growth in the weak TR system by in-situ SEM microscopy carried
out during fracture mechanics testing. Failure in structural wood sys-

D4,7 x100 1 mm

1 mm

D5,0 x60

Fig. 5. Native Birch. Micrographs (a) before and (b) after crack propagation.
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D5,0 x600 100 um

Fig. 6. Higher magnification micrographs of the fracture in native birch. (a) cell wall separation and cell wall fracture (b) cross fibre bridging.

L D4,0 x40

2mm

Fig. 7. TW laminate. Micrographs (a) before and (b) after crack propagation.

tems (e.g., at joints) is often initiated by cracks growing in weak di-
rections between fibres [26]. For the present work, the choice of the
system is helpful since many microstructural wood features, such as
vessels, fibres and rays can be observed during crack propagation. The
samples were prepared by stacking layers of delignified birch veneers
impregnated with PMMA with fibre orientation [0]4. As a secondary
aim, we seek to determine fracture toughness at crack growth initiation
from the tests using the J-integral approach in three different ways: DIC
strain-field measurements, load-deflection measurements and FE sim-
ulations. In particular, the DIC strain-field gradients measured from
cross-sectional micrographs at crack onset were used to estimate the
fracture energy Ji. in the laminates. These results were compared with
results from FE modelling and load-displacement approaches. The size
of the FPZ was estimated from strain fields for both the TW laminate and
birch.

2. Materials and methods
2.1. Preparation of TW laminates

Four-layer TW laminates [0]4 were prepared based on veneer; Birch
(Betula Pendula) veneers of 0.5 mm thickness were used. They were
purchased from Calexico Wood AB (Sweden). All veneers had the fibre
direction parallel to the surface. Four veneers were cut into size 100 x
100 mm?. The process of TW preparation is shown in Fig. 2(a). The first
stage of preparation was the delignification, which was performed in
accordance with the NaClO; method [3,9,14,27]. Delignification
involved soaking the veneers in an acetate buffer solution (pH = 4.6)
containing 1.25 wt% NaClO,. The veneers were left in solution at 75 °C

until they turned whitish. Then, the delignified veneers were thoroughly
washed under vacuum with deionized water three times. This step was
followed by dehydration, using ethanol and then acetone (three times,
under vacuum). The next step was polymer infiltration with PMMA.
Liquid methyl methacrylate (Aldrich) was pre-polymerized at 75 °C.
After 10-15 min, polymerization was interrupted by placing the flask in
an ice bath. Then, the delignified veneers were immersed in the pre-
polymer bath for vacuum infiltration (overnight). After this step, they
were tightly packed between two glass plates, making sure that all ve-
neers had the fibres oriented in the same direction. Finally, the samples
were wrapped in aluminium foils and cured at 70 °C for 4 h to promote
polymerization. As a result, a 3 mm thick transparent wood bio-
composite laminate was produced (c.f. Fig. 2(b)). The final material
thickness was the sum of that of the veneers and that of the PMMA
layers.

The volume fraction of the wood cell wall of the laminate and native
birch was evaluated. For the TW laminate, the volume fraction was
obtained as follows [28]:

VTW — chllpc (1)
Peelt

where W, defines the cellulose weight fraction (0.28), p_ is the
density of the composite (1259 kg/m®), and Pean is the density of the
cellulose (1500 kg/ms) [28]. The cellulose weight fraction W, was
obtained by dividing the weight of the delignified veneers by the total
weight while p. was calculated by dividing the weight of the composite
by its volume.

The volume fraction in neat wood is equal to its relative density,
which was calculated as [14]:
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Fig. 8. TW laminate with higher magnification. (a)-(b) crack propagation, (c)-(d) cell wall peeling, (e) vessel cell wall-polymer debonding, and (f) fibre bridging.

_ PBiren 2
Peent
where py,, is the density of native birch (612 kg/m>). It is assumed
that the density of the cell wall (p_,) was equal to that of cellulose.
Before mechanical tests, the cross-section of the specimens was
examined by an optical microscope (Leica M205 FA) connected to a
digital camera (Hamamatsu C11440) as shown in Fig. 2(c).

Vaw

2.2. Experimental setup for the four-point bending tests

For the four-point bending test, three specimens were cut to the size
of 70 x 5 x 3 mm? for native Birch (NW) and transparent wood (TW)
with a portable scroll saw (Dremel, Moto-Saw MS20-15). NW samples
were cut from a 3 mm thick Birch board (Calexico Wood AB). All
specimens were produced by ensuring that the fibre direction was par-
allel to the short side of the sample.

During the experiment, the tangential elastic modulus, Et, as well as
the tangential modulus of rupture were studied. An Instron 5566 Uni-
versal Testing Machine with a load cell of 500 N was employed to

perform the four-point bending test. The experimental setup was care-
fully chosen based on considerations of beam theory validity and rela-
tionship to the in-situ test [29]. The support span was 60 mm and the
load span 14 mm. The testing machine was set in displacement control
mode with a speed of 0.1 mm/min. The equipment was in an
environment-controlled room (22 °C and relative humidity of 50 %).
The tangential elastic modulus was obtained using the following equa-
tion [29]:

g, P Bl —4d) P

bh? dw 3)

where d is the distance between the support point and the closest
loading point, [; is the support span, b is the specimen width, and h is its
thickness. The dimensions can be conferred in Fig. 3(a) neglecting the
crack. The slope £ js calculated from the initial part of the
load-deflection curves. The range for calculation was set between 10 %
and 50 % of the maximum load, thus considering these values as the
lower and upper limits of the elastic part, respectively. In addition, the

tangential modulus of rupture (MOR) was calculated using the formula
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Fig. 9. Strain field e7: sequential images during the crack growth in (a) a native Birch sample and (b) a TW laminate. (unit: strain).

(€3]

where P, is the maximum load and L, is the load span.

2.3. Experimental setup for in situ single-edge-notched four-point bending
test

2.3.1. Fracture toughness of TW laminates

The in situ single-edge-notched four-point bending specimens were
produced by laser cutting (Redsail CM1490) to have more control and
precision in the geometry (see Fig. 3). Here, three specimens of the size
of 30 x 3 x 3 mm® with an initial notch of 1 mm were prepared for each

material. Then, the crack was manually sharpened by a razor blade as
shown in Fig. 3(c). The sharpness was verified on both sides of the
samples with the optical microscope before the fracture tests.

A Deben Microtest 200 N was used to perform the in-situ tests. The
instrument was equipped with a 50 N load cell and housed inside a
tabletop scanning electron microscope (SEM, Hitachi TM-1000), as
shown in Fig. 3(b). The tabletop SEM was operating at an accelerating
voltage of 15 kV. The micrograph images were acquired throughout the
tests before and after crack propagation. The in-situ tests were carried
out at a deflection rate of 0.1 mm/min, with a loading span of 5.5 mm
and a support span of 23 mm. ImageJ software was employed to measure
the initial crack length from the micrographs.

Here, the fracture toughness was estimated from the load-deflection
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Fig. 10. Computed J-integral for three TW specimens by different techniques from the stepwise tests: Strain fields (with Eq. (8)), force-displacement from Deben

microtester and finite element simulations.
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Fig. Al. Finite element model of half of the tested TW laminates. Three contours were evaluated around the crack tip as shown on the left: 0.25, 0.5, and 1 mm from

the crack tip.

readings recorded by the microtest up to the crack onset (c.f. Fig. A.2
(a)). The J-integral for critical load was calculated as [21,31]
_ 2U(P)
ch - (hfa)b (5)
where U(P,) is the area under the curve load vs loading-line deflec-
tion evaluated at the critical load, h is the sample thickness, a is the crack
length and b is the width of the specimen. Then, J;. was converted into
the equivalent critical stress intensity factor as follows [21,32]:

Ky = (JIcET(l - VTRZ))]/Z (6)

where Er is Young’s modulus in the tangential direction measured in
2.2 and vy is the Poisson’s ratio for the TR system. Due to the lack of
data in the literature for the Poisson’s ratios of TW laminates, vtz ~ 0.36
for the laminate was approximated as a value between a lower bound
from PMMA vpyma = 0.35 and an upper bound from TW slabs in LT
wood plane v+ = 0.38 [14]. For native birch, vy is 0.38 [33].

As an alternative, the critical stress intensity factor can also be

roughly predicted by the following scaling law equation [1,34]:

S N\32
K = 1.3(@) @)
Peelt

developed empirically by Ashby et al. [34]. py,, is the density of
porous birch wood and pg is the density of the wood cell wall (=1500
kg/m3)' This model provides “rule of thumb” estimates for the fracture
toughness of neat wood when a crack propagates in the TR-direction
[1,34].

2.3.2. Strain field measurements

Three samples for each material were prepared in the same way as
described in the previous section. Here, the specimens were studied by
means of in-situ experiments coupled with the DIC technique, in order to
study the strain field of the materials and the growth of the micro de-
fects. A thin layer of white base ink was sprayed, followed by black ink
speckles to generate a high-contrast random speckle pattern for the DIC
analysis. Before crack propagation, the test was stopped roughly every
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Fig. A2. (a) Comparison of force-displacement curves from experimental tests on three specimens and simulations and (b) computed J-integral from the three stress
field contours. (c) Below the complex stress fields at the crack tip at displacement of 0.3 mm are shown in the TR plane.

0.25 N to take an image of the specimen. After the crack started to grow,
images were acquired in accordance with changes in the behaviour of
the crack with a magnification of 80 x . The latter images were only
acquired for the purpose of strain field measurements. For each sample
tested, at least of 13 SEM images (1280 x 1100 pixels) was recorded,
where the scale was 1 pixel ~ 1.83 ym. The software VIC-2D 6 (Corre-
lated Solutions, Inc.) was used to retrieve the strain distribution on the
sample surface. The displacement maps were measured with a subset
size of 35 x 35 pixels and a constant step size of 5 pixels. The strain fields
were then calculated using a filter window size of 7 x 7 points.

As a source of comparison, we also calculated the fracture energy
here. From the retrieved strain maps, the J-integral can be theoretically
calculated using the energy line integral following the definition given
by Rice, 1968[35]:

u
= [war—-F 24 ®)
! /r aR®

where I' is a selected counter clockwise path around the crack tip and
ds is the length increment along the integration path I'. The vectors F =
oyn is the traction vector and u = (ur, ug) is the displacement vector. The
strain energy density W is defined as

1
W= / Gijdé','j = 5 [G’[E’[ + OréR + ZO'TRSTR] (9)
0
where oy, o7, o1r and &g, er, e are the radial, tangential and shear

stresses and strains, respectively. The stress components are calculated
by Hooke’s law based on orthotropic material as

ot Er  wrrEr 0 er
1
OR = VTRER ER 0 ER (10)
1 — Urrbrr
OTR 0 0 Grr(1 — vrrLRT) 2¢e1R

where the radial, tangential and shear modulus used in this work are
4.0, 3.3, 0.1 GPa for TW laminate, respectively. The strain components
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are measured by DIC. Rewriting the J-integral for TR fracture system
leads to [36]

ou ou ou ou
Jr= KWdT - [(GRTI: + 5RTT£> dT + [‘<D_RTT£ + UTTRT> R (11)

The rectangular path I' (see the white dashed line in Fig. 3(c)) around

the sharp notch with dimension of around 0.5 x 0.5 mm?2 The

Juy Jug
0R 0R

from the displacement field measurements. Note that Eq. (11) was
calculated only up to the crack onset as well.
For more detailed information, the readers are referred to Ref. [36].

displacement gradients St and %* along radial directions are calculated

3. Results and discussion
3.1. Mechanical properties along the tangential direction

The results, shown in Table 1, were obtained from the four-point
bending test, wood volume fraction along with the estimated Poisson’s
ratio. In addition, literature data for PMMA are reported.

The TW laminate is stiffer than both PMMA and neat wood. This
increase is due to the suppression of the cell wall bending deformation
mechanism by PMMA filling the cell lumen pore space [14]. The
tangential modulus of rupture (strength) of the TW laminate in bending
is about 50 % higher compared to neat birch (17.2 MPa versus 11.6
MPa). However, TW is still brittle in tangential bending and failure is
initiated by defect formation, e.g., wood cell wall-polymer interface
debonding.

3.2. Fracture toughness

Fig. 4 shows experimental data for fracture toughness K}, in the weak
tangential TR fracture system of native birch wood and the TW laminate
in the present study. Ashby’s empirical estimate and literature data for
birch [1,33,34] and PMMA [19,37] are also presented. For native birch,
NW, the present figures of fracture toughness are in general agreement
with values in the literature. In addition, the experimental values of ~
0.5 MPa m'/2 was close to the estimate based on Eq. (7) (= 0.47 MPa mY/
2y and the value reported in the literature of ~ 0.5 MPa m'/2 [33]. The
K. of the TW laminate is substantially higher (~1.3 MPa m'/?) than for
native birch, approaching the mean value of pure PMMA. As a com-
parison, although it is not in the same wood fracture plane, Jungstedt
et al. [22] reported K;. = 0.3 MPa m"? for a single TW lamella in the
weak TL fracture system; the higher K;. obtained here is likely to be a
result of differences in ray cell orientation from laminate structure,
which will be discussed in the next section. The difference in ray cell
orientation eventually promotes a more tortuous crack path for a
laminate where slight differences in orientation between layers are
inevitable, see Fig. 2(c).

3.3. Crack growth mechanisms

The crack propagation was examined in real-time via in-situ testing
in SEM to infer fracture mechanisms. Fig. 5(a)-(c) show the NW spec-
imen before and after testing. Larger vessel cells with diameters at the
100 pm scale are apparent as dark regions, whereas fibre cells have di-
ameters at the scale of 10 um (apparent as very small dots). Note that the
radial ray cell direction is slightly off-axis compared with the initial pre-
crack. As can be seen in the SEM images, the crack growth was prefer-
ably along the ray cells, in the radial direction as previously suggested
for TR cracks [34].

During crack growth in NW, other mechanisms were also observed,
as illustrated in the higher magnification images in Fig. 6(a) and (b). The
crack mainly propagated in the interfibre region by fibre cell wall
peeling (see Fig. 6(a)), although cell wall fractures of the large vessel
cells also played an important role. In native wood, the cell wall peeling
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often occurs in the middle lamella [26]. Cross-over fibre bridging was
also observed, see Fig. 6(b). This phenomenon is an energy-dissipation
mechanism that is usually not dominant for the TR system [33,34].

In the TW laminate, the crack propagates along the ray cells, simi-
larly to native wood, as shown in Fig. 7(a)-(b). Note the veneer layers
oriented horizontally, with adhesive bond-lines in-between. One bond-
line is near the tip of the pre-crack, while another one is horizontally
in the middle of the pre-crack. The initial pre-crack has an orientation
slightly off-axis to radial ray cell direction but deviates along the ray cell
radial direction during growth, see Fig. 7(b). The wood substrate
morphology strongly influences crack growth also in TW biocomposites.

This observation becomes more evident looking at Fig. 8(a) and (b),
where the sample surface is shown at higher magnification. Here, the
crack deviated slightly in the vicinity of the bond-line to follow different
ray orientations in the two veneer layers. During crack propagation, no
delamination was detected between the layers. As in neat birch, cell wall
separation was observed (see Fig. 8(c) and (d)). Here, the site of cell wall
peeling is again most likely the middle lamella in-between two fibres.
This region is lignin-rich in native wood but may contain PMMA [28].
Debonding is also apparent in Fig. 8(e), where the crack propagates at
the interface between the inner cell wall of a vessel and the PMMA-rich
central region of the cell. Fig. 8(f) shows cross-over fibre bridging for
TW, but much less pronounced compared to NW. Another interesting
phenomenon was the development of small-scale microcracking damage
associated with the main crack (Fig. 8(c)). Finally, the small surface
pores observed are artefacts formed during laser cutting of the cross-
sections. They did not influence mechanical properties.

3.4. Strain field data

The DIC method [38,39] can be used to follow the development of
the strain field in the in-situ microscopy sample. This method allowed to
track the strain fields e7 in a tortuous crack path in NW and TW laminate
samples as shown in Fig. 9. The fracture mechanisms of transparent
wood and native wood were previously investigated in the TL plane by
Jungstedt et al. [20]. For the TR fracture system [33], the elastic energy
appears to dominate crack initiation and the crack then propagates
unstably (brittle fracture). The FPZ size can be estimate from a frame just
before crack growth. Here, a comparison can be made from the strain
field er for native birch and a TW laminate just before the start of crack
growth; the fields are at forces of ~4.0 N for NW and at 7.5 N for TW
laminate. In Fig. 9, the red region around the crack tip suggests the
development of FPZ as it is related to a high strain concentration [20].

In native birch, the presence of the FPZ is related to fibre bridging
and microcracks, which are energy dissipation mechanisms in wood and
play a major role in increasing the toughness of the material [23,24,40].
However, the limited extension of the FPZ (0.173 mm) means that these
toughening phenomena only occur in a small material volume around
the crack tip. A similar extension of the FPZ was observed for the entire
set of neat wood specimens. These images suggest linear elastic fracture
mechanics may describe TR crack growth in wood and be valid for
material property data for engineering design [33]. For materials design
purposes, one may still benefit from more advanced analyses. Moreover,
away from the crack, the strain field was not homogenous. Indeed, wood
has a heterogeneous structure with defects and non-uniform anatomy
features, in addition to anisotropic strain distribution.

In the TW laminate, the fracture process zone appears to extend over
greater material length than in native birch. In this case, the FPZ length
was 0.450 mm. Again, the main energy-dissipation phenomena are fibre
bridging and microcracking. Unlike native wood, the strain distribution
was more uniform away from the crack.

The measured strain field gradients can be used in the calculation of
the fracture energy by evaluating Eq. (8) based on strain field DIC data in
Fig. 10. The values at initiation of crack propagation from TW specimens
show significant scatter among the three samples. The reason is the
combined brittle behavior and heterogeneous microstructure. The



N. Arcieri et al.

alternative analysis is using finite element (FE) simulations (see in the
appendix A) and Eq. (5) from Deben data. The procedure differs in that
the material is described as orthotropic (appendix A), and the specific
geometry of the specimen is included in the numerical FE analysis.
Experimental data for critical force is used as crack initiation criterion
and the strain field calculated by FEM is used rather than DIC data. The
J-integral based on DIC data follows the experimental trends well, but it
is strongly influenced by heterogeneities in the microstructure of indi-
vidual samples. They include non-straight initial cracks, which imme-
diate deflect to the radial ray orientation direction, micro-cracks
between the cells and/or vessel walls. The sample with the highest
toughness values show crack initiation simultaneously at the crack tip
and at other nearby locations (see in the supplemental materials). One
may note that the crack in Fig. 9 is less sharp than desired, but this is
related to experimental difficulties. The main goal to characterize crack
growth micro-mechanisms could still be met.

4. Conclusion

The tangential elastic modulus Er was strongly improved to 3.3 +
0.0 GPa by the polymer matrix for the D-birch/PMMA transparent wood
laminate with onlyEr = 0.5 + 0.1 GPa for native birch while their
tangential moduli of rupture (strength) in four-point bending were 17
MPa and 12 MPa, respectively. In-situ single-edge-notched four-point
bending experiments made it possible to follow crack initiation and
growth in the TR system in real-time (tangential tensile stress, radial
direction crack growth). The propagation always occurred along the ray
cells and cell wall separation and debonding at PMMA /wood interfaces
was observed. Cross-over fibre bridging was observed for both neat birch
and transparent D-birch/PMMA, although crack growth was unstable.
The fracture toughness K. from peak load in the transparent wood
laminate was improved by the polymer matrix to 1.3 MPa m'/2 while
native birch showed a fracture toughness of 0.5 MPa m*/2. Combination
of in-situ tests and DIC strain field analysis allowed the study of a long
and narrow FPZ fracture process zone. The FPZ length was 0.45 mm for
transparent wood laminate and 0.17 mm for neat birch. DIC strain field
gradients from microscopy images at peak load and isotropic material
assumption can be used to directly calculate the fracture energy Ji. at

Appendix A

Finite element calculation of J-integral for TW laminates
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crack initiation with good accuracy. These Ji. values were relatively
close to Ji. based on experimental peak load and FE simulation pre-
dictions of strain field in an orthotropic material. The measured strain
field of native birch showed significant local inhomogeneities in contrast
with transparent wood, where the polymer phase resulted in much more
homogeneous strain field.
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In the experimental procedure, wood was assumed to be isotropic. Here, fracture energy was estimated using the finite element method to compare
with the previous procedure and experimental findings. In the FE-model, the material is orthotropic and critical force from experiments is used as a
crack growth criterion. This section provides brief information on how to perform the calculation of the well-established path-independent J-integral
before crack growth by evaluating the stress field from element gaussian points around the crack tip from the simulation that ultimately allows Eq. (8)
to be computed. The model was implemented in the 2D plane strain module of the solid mechanics module in COMSOL Multiphysics where a half
laminate beam is shown in Fig. A1. The thickness of each material has been taken from microscopy images — 0.5 um for TW and 0.2 pm for PMMA
layers — and all dimensions are from the experimental setup mentioned in the main body of this work. Displacements in the rollers was prescribed as
in the experiments while a frictionless penalty contact between the beam and rollers were set. Symmetry boundary conditions were set on edges below
the crack tip on the left of the beam. Higher-order quadrilateral elements were used with mesh refinements near the contours of element size of 0.02
mm.

For PMMA layers, the material model is isotropic linear elastic with Young’s modulus of 2.4 GPa and the Poisson ratio of 0.35. For the TW
laminates, it is orthotropic linear elastic since the moduli in tangential E7 and radial directions Ep are different, with elastic moduli of Er = 3.3 GPa and
Er = 4 GPa and the Poisson ratio of vtr = 0.36 estimated from Ref. [14]. The shear modulus was chosen to be Grg = 0.1 GPa as the lowest value which
provides a relatively good fit to the force-displacement data from all experiments shown in Fig. A.2a. Given the complex microstructure of TW layers,
the simulation agreed well with all experiments in this work.

Fig. A.2b shows the computed values of J-integral from the three contours as a function of the prescribed displacement. No significant difference
was found in the calculations. We then used the 1-mm contour in the manuscript, which account for the PMMA layers giving homogenized values for
comparison to the experimental results. In addition, the stress fields from the simulations (at the displacement of 0.3 mm) are shown in Fig. A.2c
depicting the complexity of the stress distribution near the crack tip. Minor contributions from the normal stress or and shear stress org, which is
expected from a four-point-bending setup.
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Appendix B. Supplementary materials

Composites Part A 173 (2023) 107693

Supplementary data to this article can be found online at https://doi.org/10.1016/j.compositesa.2023.107693.
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