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plane). Side-grooved specimen geometries generated pure mode I crack growth, whereas previous inves-
tigations commonly report 90° crack path deflection. Crack growth micromechanisms were analyzed by
experimental fracture tests and in-situ microscopy observations. Large damage zones around the crack
tip with fiber bundle bridging and pull-out were observed in the crack wake, justifying more advanced
cohesive zone modeling suitable for composite materials design. The polymer matrix resulted in much
higher fracture energy of the biocomposites compared to native wood due to increased local cohesive
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Cohesive zone strength. This strength increased from the polymer contribution and more homogeneous stress distribu-
Microscopy tion in the wood fibers.
Multifunctional materials © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction transmittance and may be more sustainable alternatives to fossil-
based plastics with optical transparency (polystyrene, poly(methyl

Transparent wood biocomposites (TW) are wood substrates methacrylate), polycarbonate) [2], with better mechanical perfor-
where the pore space is filled with a polymer matrix phase [1]. mance. However, there are few transparent materials available.
They combine excellent mechanical properties with high optical TW composites could, for instance, serve in lighting applications
where the light-emitting diode function is integrated into the com-

posite using quantum dots [3], while the TW panel is semi-
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tential of being fully bio-based [4], and may, for example, be used
as translucent windows, thermal batteries [5], and translucent ply-
wood laminates for interior design [6].

The LT fracture toughness in the toughest direction is not well
understood for TW composites or other wood-polymer composites
with polymer filling the wood pore space. Wood itself is considered
a tough material in general material comparisons and this is cer-
tainly true when related to density. Ashby and Gibson [4]| show
that LT fracture toughness scales with volume fraction of solid con-
tent in wood [7]. Typical values for LT critical strain energy release
rate (G.) of wood species used in building applications are ~ 10 kJ/
mZ. As a comparison, Bernstein [8] reported J. values for polycar-
bonate for unstable crack growth of ~ 7 kJ/m?.

A problem with previous work on LT fracture toughness of
wood is that even though the initial crack is oriented normal to
grain (fiber direction), the crack path rapidly deviates and runs par-
allel to grain; this is apparent if early work is read carefully [9-13].
This is addressed here. Another limitation is that despite the com-
plexity of crack growth mechanisms [9-11] and presumably large
damage zones (DZ), all studies mentioned are based on linear elas-
tic fracture mechanics (LEFM), where the extension of the DZ in the
crack wake of a moving crack tip is assumed to be small compared
with, e.g., the crack length. Thus, fracture toughness is simply esti-
mated from the peak load and LEFM [12]. LT fracture toughness (-
critical stress intensity factor, K, or G.) for wood show typical G,
data in the range 6-18 kj/m? [9,14,15]. From previous wood-
polymer composites literature, we could only find wood composite
toughness data from impact bending tests [16], which are not true
material properties.

The fracture toughness of the weaker fracture planes in wood,
where the crack path runs parallel to the fiber direction, is less than
one tenth of the LT fracture toughness [7]. The lower fracture
toughness is related to the lower local strength for cell wall peeling
and fiber cross-over bridging mechanisms, which are less fracture
resistant than pull-out and fiber breakage mechanisms [17]. For
this reason, crack growth in the weak RL and TL fracture planes
is common during failure of native wood and TW composites
[18]. The fracture toughness of wood is anisotropic also in a more
general sense, and at least eight crack paths have been defined
[12]. For timber structure modeling, or wood composites, where
growth ring structures are common, it is often important to include
several fracture planes in the analysis [19,20]. The tough LT frac-
ture plane is often neglected as it is assumed that the crack only
grow towards the weaker fracture planes [20]. Few studies focus
on LT fracture toughness which also limits the understanding of
the fracture mechanisms, which are particularly interesting for de-
sign of new composites.

Here, fracture toughness properties are estimated using an ap-
proach suitable for LT wood composite toughness using cohesive
zone modeling (CZM) and experiments on single-edge pre-
cracked four-point bending (4 PB) specimens. Microscopy reveals
fracture mechanisms in the DZ, and observations are helpful in ver-
ifying and interpret CZM parameters. All damage and sources of
non-linearity are assumed to be located within the cohesive zone;
the surrounding bulk material is an orthotropic linear elastic com-
posite. CZM parameters are the fracture properties of the cohesive
zone that represents the DZ: cohesive fracture energy, critical
strength, and limiting separation. These CZM parameters facilitate
analysis of crack growth micromechanisms; the CZM approach also
gives more information for materials design purposes than point
criteria (K, G¢). Previously studied TW composites are used
[18,21], where native wood (birch) is compared with two
polymer-filled biocomposites: native birch impregnated with
poly(methyl methacrylate) (Birch/PMMA), and optically transpar-
ent delignified birch impregnated with PMMA (D-Birch/PMMA).
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The main objective is to enforce LT crack growth in side-
grooved fracture mechanics specimens to estimate mode I fracture
properties for three orthotropic wood materials and to clarify local
fracture micromechanisms for the purpose of materials develop-
ment. In-situ fracture tests and real-time recording of microscopy
images are used to interpret crack growth mechanisms and com-
pare crack growth in porous native wood and polymer-filled wood
biocomposites. Data are not validated for engineering design pur-
poses; it is still challenging to manufacture sufficiently large and
thick specimens of transparent wood biocomposites. A fitted mod-
el using the finite element method (FEM), including DZ description
in the LT fracture plane using CZM, helps validate experimentally
determined LT fracture toughness parameters and improve
accuracy.

2. Materials and methods
2.1. Materials

Crown-cut silver birch veneers (Betula Pendula), free from knots,
were bought from Holm Travaror AB (Sweden), with an oven-dried
density of around 590 kg/m>3, measured after one week of condi-
tioning in an oven at 105° C. The moisture content was determined
to be about 8 %, calculated by the relative difference of the sample
weight before (conditioned in 50 % relative humidity) and after
oven-drying. The thickness of the veneers was around 2.5 mm,
measured with a digital dial indicator (Mitutoyo S112SB, Japan).
The same type of veneer sheet was used to produce transparent
wood biocomposites. The veneers were specifically cut so that
the samples had the tangential (T) and longitudinal (L) wood mi-
crostructural directions in-plane and radial (R) direction out-of-
plane to ensure that the wood microstructural directions coincided
with the orthotropic material directions L, T and R. In native wood,
six fracture planes are commonly postulated to describe the crack
growth paths [22], denoted by two indices of the three material di-
rections L, T, and R; the first index denotes direction normal to the
fracture plane and the second index denotes the crack propagation
direction, (see Fig. 1a). The specimens were cut to ensure a ma-
chined crack was oriented along the LT fracture plane.

2.2. Material preparation

Three materials were investigated: native birch, birch impreg-
nated with PMMA (Birch/PMMA), and delignified birch impregnat-
ed with PMMA (D-Birch/PMMA). Delignification is carried out to
remove chromophores and allow high optical transmittance [23].
The neat polymer matrix PMMA was included for comparing frac-
ture properties.

The biocomposite processing is explained in previous work [21].
First, chemical delignification of birch veneer is carried out to re-
move lignin and its chromophores. The veneers were soaked in wa-
ter, which later was replaced with acetone to assist monomer
(methyl methacrylate) impregnation. The monomer was polymer-
ized to PMMA in an oven in situ with the delignified birch template
to produce D-Birch/PMMA. The same biocomposites process was
used to produce Birch/PMMA, without the delignification-step.
The thickness of the final biocomposites was h ~ 2.8 mm with
no visually observable defects, and the thickness of native birch ve-
neers was h ~ 2.5 mm.

3. Experimental setup and specimen preparation

A four-point bending (4 PB) setup was used to measure the frac-
ture toughness of small wood-based biocomposites see Fig. 1, with
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Fig. 1. Illustration of LT crack orientation in wood with material axes coinciding with three orthogonal directions: longitudinal (L), radial (R), and transverse (T) direction. The
dashed black line shows the crack growth direction. b) 4 PB side-groove specimen geometry, including material directions. dpiston is the applied displacement on the 4 PB
supports, w is the width of the sample, h is the thickness, hg is the side-groove thickness, b is the height, and qo is the initial crack length.

steel rollers at support and load points. The 4 PB was performed in
displacement control with prescribed displacement, dpiston, ON the
roller supports. The specimens were prepared with side-grooves
to promote crack growth of LT-oriented pre-crack, as has been
done for ceramic composites [24] and glass fiber-reinforced poly-
mer composites (GFRP) [25]. Three to five samples were tested
for each specimen configuration.

The 4 PB fracture tests were done in situ in a microstage (Deben
MT200, UK) under optical microscope (OM, Leica GmbH, M205 FA,
Germany) and inside a scanning electron microscope (SEM, Hitachi
TM-1000, Japan). Videos of OM images from in situ fracture tests
are provided as supplementary videos (Birch.avi, Birch_PMMA.
avi, and D-Birch_PMMA.avi). A 200 N load cell was used, and dis-
placement speed was 0.1 mm/s. Steel cylinder supports had a di-
ameter of 5 mm, a fixed load span of 5.5 mm, and a support span
of 23.5 mm. The microstage limited specimen dimensions, and
the side-groove specimens were lasered to w = 30 mm, and
b = 3 mm. The initial crack length was ap ~ 1.1 mm with a sharp
pre-crack made using a 100 pm thick razor blade.

The side-grooves were cut on each side with a remaining thick-
ness of hy ~ 1 mm. The side-grooves were widened with a 0.4 mm
thin jigsaw blade. A high-resolution field-emission SEM (FE-SEM,
Hitachi, S-4800, Japan) was also used with the same experimental
setup. For SEM and FE-SEM, specimens were prepared with a con-
ductive coating of palladium (Pd) for 20 s with a sputter coater
(RMC PowerTome MT-XL, UK).

3.1. Fracture properties

In previous work [18], strain field measurements showed that
the fracture process zone of TL crack growth could be modeled
with a cohesive zone model (CZM), but LT fracture toughness
and crack growth micromechanisms for the wood-polymer bio-
composites are unknown. Since fiber composites can be described
by cohesive zone equivalent models [17] due to fiber bridging
mechanisms, our hypothesis is that the CZM approach will be ap-

plicable. We start by estimating experimental fracture toughness
based on the J-integral [26] and maximum force as a crack initia-
tion criterion. Start values for CZM parameters for the three mate-
rials were estimated from these experiments. In the next step,
experimental load-displacement results were analyzed using finite
element analysis (FEA) of orthotropic composites combined with
the CZM describing damage development at the crack region. The
CZM parameters were fitted to experimental data, and final CZM
fracture properties were obtained for the neat birch, Birch/PMMA,
and D-Birch/PMMA. All non-linear effects are assumed to result
from the cohesive zone (DZ).

The path-independent J-integral for a bending load case was
first used to estimate the LT fracture energy at crack growth from
the 4 PB fracture tests of the side-grooved specimens [26],

J_EU(Fmax)
“hy b—a

k=(0,1,2,.) (1)

where U(Fph.y) is the total potential energy at peak load Fy,,x mea-
sured by integration of the load-displacement curve up to Fpay,
and ay, is the crack length where k indices correspond to increased
crack extension and ay is the initial crack length. The original crack
length, ag, and the momentaneous crack length, a,, were measured
from recorded videos with OM and SEM in the in-situ 4 PB fracture
test.

3.2. FEM modeling using the cohesive zone model

Fig. 2 illustrates the model to describe the mechanical behavior
of the present materials. The dashed line symbolizes the LT frac-
ture plane where cohesive zones in the FEM are located and where
all damage is developed behind the crack tip; the rest of the mate-
rial is orthotropic linear elastic in nature. First, start values for CZM
fracture energy are estimated from J. and cohesive critical strength,
Ocs» Which is based on previously determined tensile strength [21].
Then FE-model with initial CZM parameters are compared with
load-displacement of the 4 PB fracture mechanics specimens.
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Fig. 2. a) Model of the side-grooved specimen, designed as in Fig. 1b, in FEM with a cohesive zone along the LT fracture plane (dashed line). b) A plot showing the relation
between cohesive stress in normal direction, ¢,, and separation,d,, with different cohesive softening shapes, controlled by «, of the PPR model. Here, o is the cohesive
strength, d, is the limiting separation (dependent on o), and ¢, the cohesive fracture energy corresponding to the area under the curve.

The CZM parameters are further adjusted for improved fit to give
the final CZM fracture properties. Fig. 2b) is the cohesive stress-
separation relation of the CZM. The CZM parameters to be deter-
mined represent the fracture properties of the present materials
[17]. For validated CZM fracture properties, they can be used to
predict notched strength of any structural geometry also under
large-scale damage conditions. The cohesive stress can be ex-
pressed as

On = Jcch(én/écn)v (2)

where “n” denotes the normal direction from the fracture surface, y
is a dimensionless function that describes the shape of the relation,
O 1S the critical cohesive strength at which damage is initiated, J,
is separation distance, and d, is the limiting separation at which
the cohesive stress is zero and the bridging ligament fails. The cohe-
sive fracture energy represents the area under the cohesive stress-
separation relation and is

den
%z/o On don, 3)

where complete failure of the cohesive zone occurs at J,.

The CZM describes the fracture behavior of an element in the DZ
and is based on non-linear softening. The crack propagation path
was known from experimental observations. The crack propaga-
tion path follows the LT fracture plane assuming only mode [ open-
ing fracture since the 4 PB load case was symmetric, see Fig. 1b.

The cohesive softening relation was based on a potential-based
CZM developed by Park et al. (PPR) [27], available for implementa-
tion into Abaqus through a user-element subroutine [28]. Details of
the PPR cohesive model are found in [27]. A brief overview of the
cohesive stress-displacement relation is included in Appendix C.
PPR is essentially formulated as a mixed-mode CZM, used to eval-
uate mode I LT cohesive fracture. The damage process of the cohe-
sive zone is initiated when o, = 0., and the shape of the
subsequent softening relation is controlled by a shape parameter,
a, see Fig. 2b. Complete separation of the fracture surfaces of the
cohesive zone occurs when d, =, is reached (e.g.,o, =0, see
Fig. 1b). Eq. (2) provides a fracture criterion with ¢ and J, as im-
portant parameters. The fracture energy of the cohesive relation,
®,, is the area under the stress-separation curve in Fig. 2b, see also
Eq. (3).

The in-plane properties of the materials were assumed to be
orthotropic linear elastic with four elastic parameters: E;, Et, VT,
Gt and under plane stress. The orthotropic linear elastic proper-

ties were known from previous tensile tests [21], and Gt for
Birch/PMMA was assumed to be the same as for D-Birch/PMMA.

The FEM analysis was processed with an implicit solver in batch
mode on a desktop computer with a six-core processor (Intel Xeon
E5-1650 v3, 3.5 GHz), 16 GB RAM, and NVIDIA Quadro M2000
(4 GB RAM) in the FEM software Abaqus. A quad mesh was gener-
ated in Abaqus with elements concentrated along the crack paths
and a cohesive element side length of about 0.025 mm. Four-
noded elements with reduced integration (CPS4R) and hourglass
control were used to analyze elements with only linear elastic bulk
properties. The PPR cohesive zone user elements were attached be-
tween the CPS4R elements at the intended and assumed crack
paths. The element thickness was set to the corresponding sample
thickness. Boundary conditions mimicked the 4 PB experimental
setup with four rigid cylinder supports. The bottom supports are
fixed and the upper supports displaced with prescribed displace-
ment. Contact formulation is frictionless between the specimen
and the 4 PB support cylinders.

4. Results and discussion
4.1. Fracture toughness

In the first stage we determine J.. Table 1 presents fracture
toughness data for mode I opening fracture determined from
load-displacement curves of side-grooved specimens, see Fig. 1b.
The grooved specimen geometry may force the crack to move in
the prescribed direction [25], which was indeed successful. In con-
trast to previous wood fracture investigations, we may analyze LT
crack growth rather than just conditions for crack initiation. Non-
linear behavior was apparent from the load-displacement curve,
Fig. 3a, and LT crack growth in direction of the original crack com-
menced at peak load, Fi.x. At crack growth initiation, J. was deter-
mined from Eq. (1) using the initial crack length ag and the entire
load-displacement curve until F.,.x (see Fig. A1 in Appendix); re-
sults are found in Table 1. Birch/PMMA and D-Birch/PMMA show

Table 1
Fracture properties with J. determined at crack growth initiation; ¢L% is based on
previous tensile strength data [21].

Materials Je [KJ/m?] o [MPa]
Birch 8.1+26 170"
Birch/PMMA 13.5+£3.6 220!
D-Birch/PMMA 14.8 £3.7 270!
PMMA 1.1

! Tensile strength data from previous work [21].
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Fig. 3. Typical load-displacement curves for side-grooved LT specimens of Birch, Birch/PMMA, D-Birch/PMMA; a) Side-grooved specimens with mode I crack growth
initiation indicated with a red circle; b) Birch; c) Birch/PMMA and D-Birch/PMMA. The crack length, ay, has indices k, each corresponding to increased crack length of 200 pm;
d) J-integral values as a function of crack length ay for the three individual specimens in b) and c). Note that J. for the Birch specimen in 3d) is higher than the average value in
Table I. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

larger J. values than Birch, and the non-linear behavior is more
pronounced for Birch. Micro-scale damage development along
the fiber direction at the crack tip was observed by OM, within
the confined groove region, marked with “x” in Fig. 3b-c.

The post-peak behavior of the specimens (Fig. 3a-c) show a
“staircase”-like behavior. This has been observed for balsa-epoxy
biocomposites (4 PB tests), although low-density balsa (low wood
volume fraction) resulted in low fracture energy, G. ~ 2.5 kj/m?
[29], compared to Table 1. In the present study, crack growth ex-
tensions, each of about 200 pum, were observed and explain the
“staircase” softening behavior, indicated by red circles in Fig. 3b-
c. In Fig. 3d, Eq (1) is evaluated at each new crack length (e.g., a,
~ ap + 200 pm), shown in Fig. 3b-c, and J increases with crack
length as the DZ size is increased. In the FEA section we will esti-
mate fracture mechanics properties using a CZM, and data from
Table 1 will be used as start values for the fitting approach. The
start value for CZM fracture energy in the LT direction, LT, is ob-
tained from ¢ = J. and corresponding critical cohesive strength,
ol start values are assumed to be the measured tensile strengths

ccs?

[21]; see Table 1.

4.2. Micromechanisms of crack growth

Figs. 4-5 are sequential images of the fracture process zone in
Birch and D-Birch/PMMA side-grooved specimens from in-situ

4 PB fracture tests in table-top SEM and FE-SEM. Crack growth oc-
curs at peak load, and prior damage mechanisms in the fracture
process zone are dominated by multiple sub-critical microcracks
in the weakest TL fracture plane; see Fig. 4. At LT crack growth ini-
tiation, the crack rapidly extended about 200 pm, impeded by
crack growth in the TL direction. Additional images are presented
in Fig. A2 in Appendix B. For D-Birch/PMMA in Fig. 4a, fractured
PMMA rods are present in the large vessel channels; a bridging
bundle of fibers is also observable, and crack growth by 90° deflec-
tion is observed (along the fiber direction). The D-Birch/PMMA
crack growth micromechanisms are influenced by local wood rein-
forcement microstructure. The same was observed for Birch/
PMMA; see Fig. A3. Ray cells perpendicular to the fiber direction
are found adjacent to cracks growing and deflecting in the 90° TL
direction. This agrees with cracking in unnotched impact speci-
mens of related sugar maple biocomposites with polymer matrix
[30]. For native Birch, the fracture observations appear similar to
Birch/PMMA biocomposites, except that wood fibers seem torn, ex-
posing their cell lumen interior.

Fig. 5 shows corresponding higher resolution in-situ images of
D-Birch/PMMA in FE-SEM. Details of microcrack formation, fiber
bridging, 90° crack deflection following ray cell regions, and frac-
tured vessels filled with PMMA are apparent. Subsequent images
with increasing load can be seen in Fig. A4. We conclude that fiber
bundle bridged microcracks were formed in the LT fracture plane,
ahead of the LT crack tip, followed by sudden crack deflection in
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Fig. 4. Side-view fractography of a) D-Birch/PMMA and b) Birch side-grooved specimens with numbered sequences (e.g., 1,2...5) indicating the order of the fracture event
observed by in-situ 4 PB tests in SEM. For subsequent images see Fig. A2 in Appendix B. Middle column shows magnified regions. Note coordinates in right images in a) and b)

which are laser cut cross-sections, cut in T-R plane along the crack path in T-direction.

the direction parallel to the fibers. Fiber cell bundles are bridging
the crack, a representative characteristic of the DZ. Magnified im-
ages reveal damaged ray cells at the crack tip, influencing the 90°
crack deflection. In all microscopic images, 90° crack deflection is
impeded at the side-groove edges, see Fig. 5. The present LT failure
mechanisms are very different compared with TL fracture tests
(weak direction) of D-Birch/PMMA, where comparably flat, brittle
fracture surfaces with crossing ray cells are observed [14]. TL frac-
ture energies were low, explained by cell wall peeling mechanisms.

The higher resolution FE-SEM images in Fig. 5 show fiber bridg-
ing zones and fractured PMMA rods in vessel regions, similar to
Fig. 4a. At high magnification, fiber bundle fractures are apparent,
and PMMA in the cell lumen is exposed, suggesting weak PMMA-
cell wall interfacial adhesion [1]. For brittle fiber-reinforced ceram-
ic composites loaded parallel to the fiber direction, the crack often
jumps between fiber-matrix interfaces [31]. For the present bio-
composites, crack growth through the cell wall combines with
fiber bundle bridging and pull-out. Fiber bundle pull-out is expect-



E. Jungstedt, M.V.T. Da Costa, Séren Ostlund et al.

Crack tip

A
1

Crack pro'pagation
along L direction

Crack propagation
along T direction

«""

Fibers

Materials & Design 231 (2023) 112058

Contour

Fig. 5. Side-view FE-SEM fractography of fiber bridged D-Birch/PMMA after peak-load. The left image shows an overview of the LT crack state with three regions enclosed by
black-dashed boxes, with magnified images in the right column. The upper right image shows three cleaved ray cells oriented in the R-direction (out-of-plane of the image)

located at the crack tip.

ed to absorb significant energy [32] and Fig. 5 suggests significant
fiber pull-out contributions to the toughness. This is in contrast
with conclusions from early work on LT toughness of wood
[9,10], where 90° crack deflection and lack of LT crack growth ob-
servations hampered interpretation of mechanisms.

4.3. Analysis of the CZM, properties for LT crack growth

In this section, FEM is combined with a CZM approach to esti-
mate CZM parameters. The CZM model approach is more versatile
than LEFM since CZM properties can be linked to microstructure
and also to analysis of cases with large DZs compared with crack
lengths and other structural dimensions [17].

Fig. 6a presents the results from the FE-model with the side-
grooved specimen geometry of the D-Birch/PMMA specimen com-
pared to experimental data. CZM parameters in the LT direction

(CZM;7) obtained from Table 1, and matching functional shape of
the stress-separation relation is evaluated by different values on
o (see Fig. 2b). The initial CZM;r limiting separation 61 is obtained
from values in Table 1 for ¢tf; and @L' =J. combined with Eq. (3),
and shape parameter ¢, see details of the potential-based PPR mod-
el in Appendix C. The FE-model is slightly stiffer than experimental
data for Birch/PMMA and D-Birch/PMMA, possibly due to varia-
tions in sample stiffness since the average elastic properties from
previous tensile tests [21] are used in the model. Different cohesive
softening shapes (controlled by «) influence the length of the frac-
ture process zone and the non-linear global behavior in the load-
displacement relation for the specimen. From Fig. 6a, a value of «
between 1.5 and 2.0 have the closest match between FEM and ex-
perimental data compared to the more brittle cohesive softening
relation (o« = 5.0), which underestimates the peak load. Sub-
critical damage and fiber bundle pull-out mechanisms are ob-
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Fig. 6. Experimental and FEM load-displacement curves of side-grooved specimens. a) FEM load-displacement data with different values of the softening shape parameter o
are compared with experiments for a D-Birch/PMMA specimen. Values on and are imported from Table 1. b) Birch, Birch/PMMA, and D-Birch/PMMA experiment and FEM
results with calibrated CZM, 1 parameters. c) Experimental data of D-Birch/PMMA with arrows showing where in the load-displacement curve of the FEM model the cohesive
zone is developed, and at ¢, = 0 crack growth is initiated. c) Cohesive softening relation for D-Birch/PMMA using the CZM;r parameters from Table 2.

served in the micrographs in Figs. 4-5 before Fp,.x in the load-dis-
placement curves in Fig. 6a. This is modeled as stiffness degrada-
tion in the specimen by damage development described by the
CZM; softening behavior. Crack growth occurs around Fy,,x, with-
out catastrophic loss in load-bearing capacity of the specimen.
From the in situ observations, the DZ extension is large compared
with initial crack length, with microscale damaged fiber bundle
bridging ligaments, in support of the CZM approach and the soften-
ing relation presented in Appendix C (Eq. (8)-(9)).

Properties of the calibrated CZM; (adjusted to fit global speci-
men behavior) are given in Table 2; the values of the parameters
oL, ot and o are adjusted by minimizing the discrepancy be-
tween FEM predictions and experimental load-displacement data,
see Fig. 6b. Details of how the values on ¢, ¢'7, and o are opti-
mized are found in Appendix C. For analysis of the CZM,t parame-
ters, Fig. 6b-d are helpful. By first comparing Table 1 and Table 2,
X for Birch/PMMA and D-Birch/PMMA are larger than the J. val-
ues and as high as ~ 16 kJ/m?. The cohesive strength, ¢'T, in Table 2

ccs?

for D-Birch/PMMA and Birch has decreased compared to Table 1.

This means that ¢! is lower than the nominal tensile strength of
the material measured from previous tensile tests. The introduc-
tion of a polymer matrix in wood cell lumen for Birch/PMMA and
D-Birch/PMMA is apparent on ¢l , which is doubled compared
to neat Birch. The adjusted shape of the CZMr is also of interest,
as expressed by the shape parameter o. For D-Birch/PMMA, the cal-
ibrated softening shape is concave, which means that a sudden
load drop occurs only close to 5 and not at the peak load, as for
o > 2.0, which has a convex softening shape (see Fig. 2b). The scale
of 611 in the CZM; (see Table 2) is interesting since the values can
be as high as ~ 0.12 mm, so the critical separation for LT cracks is
at a large scale in these materials compared to materials such as
metals and ceramics. One consequence is that the present biocom-
posites are much less sensitive to preexisting defects, e.g., from
processing. In Fig. 6¢c, the fracture process zone development of
D-Birch/PMMA is interpreted using the CZM in Fig. 6d with CZM;t
parameters from Table 2. Early in the load-displacement curve in
Fig. 6¢, the non-linear behavior and damage development are initi-

ated when o, = 0L, and crack growth occurs after F.x when

ccs?
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Calibrated CZM,; parameters: (T, 6'%, and 6-") determined by minimized load-displacement differences between experiment and FEM by updating. ! is incorporated into the

ccs?

PPR model and determined by Equation (9). The results presented are from a single specimen of each material.

LT fracture plane

Characteristic material length [17]

Material PL[K]/m?] ocs[MPa] % Snlum] SenEL /o [mm]
(Birch™) (167) (111) (1.5) (216) (32)

Birch (Table 1) 8" 175* 2.0" 92" 9

Birch/PMMA 16 260 1.7 105 6
D-Birch/PMMA 16 220 1.7 124 11

" Rounded values are imported from Table 1, and an assumed linear cohesive softening behavior with o = 2.
" This value for neat Birch overestimates the “true” kT, since specimen effects from compression failure and creep are included.

o, = 07 and @, = 0. Overall, the CZM data in Table 2 provide more
detailed information on fracture properties than the point-based
values for J., and CZM parameters depend on microstructural de-
tails (e.g., volume fraction of wood reinforcement).

For neat Birch, the calibration results in much larger LT values
than previous estimates for J.; see Table 1 and Fig. 3d. There is a
large discrepancy between FEM and experiments in the load-dis-
placement curves for Birch, but not for Birch/PMMA and D-Birch/
PMMA. The initial experimental response for Birch is more compli-
ant than FEM predictions. Possibly, there is large non-linear defor-
mation at other locations than in the crack tip damage region. This
is in the form of creep or compression failure in the region where
steel rollers are in contact with the upper part of the specimen, as
noted in previous 4 PB fracture tests [18]. Compression failure was
previously in observed native 4 PB wood specimens and addressed
by filling wood porosity with PMMA [33]. From the FE-model of
Birch, large compressive stresses are observed in the fiber direction
on the upper side of the specimen and much higher than compres-
sive strength (lower than tensile strength for porous wood). How-
ever, compressive failure energy (and possibly creep effects) are
included in the LT for Birch, so that ¢.' is overestimated. For
Birch, ¢'T= 8 kJ/m?, from J. in Table 1, is probably closer to the real
fracture energy.

The side-grooves promote crack growth in the LT fracture plane.
Micrographs in Figs. 4-5 showed that 90° crack deflection along the
TL fracture plane was also present in the side-grooved specimens,
with multiple microcracks parallel to the load axis at about every
200 pm, shown in Fig. 4a. Short TL fracture planes with TL CZM pa-
rameters (CZMy.) were therefore included in the FE-model
(Fig. 2a). Here, CZMy. parameters from previous TL fracture tests
are used [18]. The effects of such microcracks on specimen load-
displacement curves are modeled, showing negligible influence;
see Fig. A5b. In the FE-model, which includes CZM;r and CZMr,
(Fig. A5a), the TL crack paths are short, but even if the length of
the cohesive zones were extended beyond the side-grooves, there
were negligible effects on the load-displacement curves.

In the context of fiber bridging mechanisms, a characteristic
material length, m, (inspired by Bao and Suo [17]) can be estimated
by,

e

m= )
GCCS

(4)

where E is Young’s modulus of the solid [17], here E is assumed to
be Young's modulus in the loading direction, E;. The parameter m is
related to the length of a fully developed DZ, Loy, which is reached
when the strain energy release rate is equal to the fracture energy
of the material, where larger forces are not needed to maintain a
steady crack growth. In Eq. (4), m is calculated based on the CZM;t
for all materials from Table 2. Data show that the scale of the DZ for
LT crack growth can be larger than 10 mm. For Birch, J. from exper-
iments results in a slightly larger material length than Birch/PMMA

and shorter than D-Birch/PMMA mainly due to different o and o'7.
To relate m to specimen dimension, a ratio between initial crack
length ag and m gives values ~ 0.1, which means that the character-
istic material length is larger than the initial crack length (large-
scale bridging). DZ lengths from TL fracture mechanics tests have
been measured to about 100 mm at stable crack growth for other
wood and wood-polymer composites using specimen geometries
with a agp/m > 1.0 [34]. A fully developed DZ cannot be obtained
with the present specimen dimensions. Although the present CZM;
parameters are theoretically applicable to large-scale bridging cas-
es, they need to be verified for other specimen dimensions and load
cases.

5. Conclusions

For the first time, the high toughness of wood composites,
where wood pore space is filled with a thermoplastic polymer,
was analyzed by non-linear fracture mechanics suitable for com-
posites. The problem of 90° crack deflection was successfully
avoided by side-grooved 4 PB single-edge pre-cracked specimens
to promote cross-grain LT crack growth. The main toughening
mechanisms in the damage zone (DZ) were fiber bundle bridging
and pull-out. It was observed that the scale of limiting separation,
LT, at the end of the DZ was ~ 100 pm, and that the physics of the
DZ was suitable for cohesive zone modeling (CZM).

The fracture properties, cohesive zone strength, ¢l limiting
separation, 6-', and fracture energy, @', were estimated with a
softening CZM. Finite element analysis using orthotropic linear
elasticity was combined with a CZM to model the DZ and com-
pared with load-displacement data from the fracture mechanics
experiment. Based on experiments, an initial “guess” for the CZM
parameters was optimized so that the composite specimens
showed a good fit to experimental data. Compared with neat birch,
the polymer-filled composites showed much higher fracture ener-
gy @LT (16 kJ/m? vs 8 kJ/m?). The main reason is increased oL\, in
the DZ. The polymer matrix contributes load-bearing capacity
but the microscale stress distribution in the wood fiber cell wall
is probably also more homogeneous so that local ¢t is increased.

The cohesive zone modeling approach extends the dominating
linear elastic fracture mechanics approach for wood fracture
toughness and includes wood-polymer composites. Fracture and
crack growth under conditions of large-scale damage behind the
crack tip can therefore be predicted for the materials. Perhaps
the most significant step forward is that the CZM parameters are
a tool to improve wood biocomposites toughness by controlling
microstructure. By systematic variation of constituents, reinforce-
ment volume fraction, wood-polymer interface properties we
should be able to tailor CZM fracture properties. For validation of
the approach in the context of engineering design, other specimen
geometries and a larger number of specimens need to be
investigated.
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Appendix A

A. In situ 4PB fracture testing
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Fig. A1. Sketch of how U(F.x) Was evaluated using the load-displacement curve of the D-Birch/PMMA specimen shown in Fig. 3c.
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B. Additional images of micromechanisms of crack growth
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Fig. A2. Fractography images of D-Birch/PMMA (Upper), Birch/PMMA (Middle), and native birch (lower), with sequential images taken during crack propagation. Images
show crack propagation along T and L directions at different sequences. Displacement of the machine supports dyis.on and measured force F are noted in the images.
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Fig. A3. Fractography of Birch/PMMA with numbered sequences (e.g., 1, 2 and 3) indicating the order of fracture event observed by the in situ 4 PB test in SEM. Subsequent
images can see in Fig. A2. The left image shows initial crack growth along the T-direction and subsequential crack propagation along T and L-direction. The right image is a
straight laser-cut cross-section along the fourth growing crack path seen in the left image. The red dot in the upper left corner of the right image indicates the surface
observed in SEM on the left image. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. A4. Sequential in-situ FE-SEM images of D-Birch/PMMA side-grooved sample. Upper row images are overview of the sample with no load. The middle row left image
shows the initial state around the crack tip, and the right image shows a sample with applied load. The lower row shows images with sudden 90° crack deflection and LT

microcrack formation below.

C. FE-model with cohesive fracture zone

The cohesive zone model, PPR, is formulated for mixed-mode
fracture but can also be used to evaluate for mode I fracture. The
4 PB bending load case is symmetric, and a mode I fracture is rea-
sonable if the crack propagates along the LT fracture plane. In
Figs. 4-5, microcracks by 90° crack deflection are apparent, which
may exhibit mixed-mode fracture. Therefore, useful to implement
the PPR for mixed-mode fracture in the FE model presented in
Fig. 6¢.

13

The cohesive zone deformation is split into an opening (normal
to fracture surface), é,, and in-plane tangential (parallel to fracture
surface), J;, displacements. The opening stress, ¢,, and in-plane
shear stress, 7, are defined as

Ga(6n,00) =~ (1 2)" [rt(1

-2)

)’ _
)+ (g, %)}, 5

(on,30) = ~T (1 ~8) 4 (o0 - 0] &
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where o and B are shape parameters for the opening and shear
stresses, respectively; the corresponding fracture energies ¢, and
(Pn—ot) (pt—¢n

¢ are given by T, = (—g,) ), and T = (~ g, % (if @, = @,
thenI'y = —¢, and I'; = 1). Finally, d., and d. are the critical open-
ing displacements [27]. The softening damage behavior initiates
when ¢, = G OF T = T, and complete separation of the fracture
surfaces occurs when ,(6c, 6¢) = 0, or 7(dy, d¢t) = 0. Here, the crit-
ical opening displacements are defined as,

5Cn = O“Pn/o-ccm
5ct = ﬂ(pt/fcc&

The initial linear contribution from the cohesive zone to the
specimen deformation was assumed negligible; hence, the cohe-
sive zone only exhibits softening damage behavior. The advantage
of the PPR cohesive model is that the softening relation is easily
changed by the two functional shape parameters o and g. The value

(6)
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o = B =2 results in almost linear softening behavior. Larger values
than 2 result in a convex functional shape, similar to more brittle
fracture behavior, and lower values than 2 in a concave shape.

Load-displacement curve discrepancy between FE-model and
experimental is minimized by calibrating the values on ¢, Ocs,
and o. This is done using a Nelder-Mead optimization algorithm
with the objective function

min Q = || Fexp — Frem(®y, Oces, &) ||

(7)

where Feyp, is the force measured experimentally from the load cell,
Frewm is the force from FE-model which also depends on CZM param-
eters ¢, 0cs, and o. The load points to minimize using Eq. (7) was
chosen based on same support displacement Jpjscon-

A mesh convergence of the FE-model is shown in Fig. A7.
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Fig. A5. Side-grooved specimen model in FEM with one CZM; and several cohesive zones in TL-direction placed according to the sketch, with 200 pm distance between each
TL cohesive zone along the L-direction. CZM; 1 parameters are from Table 2, and CZMy, from previous fracture tests [18]. d) Experimental and FEM load-displacement data

with the two different proposed models, see Fig. 2a and Fig. A5a.
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Fig. A6. FEM results of native birch with typical stress distribution at peak load (~30 N) of a side-groove specimen along x and y directions (noted in the images). Material
direction L is along the x-direction and material direction T is along the y-direction. Cohesive zones are placed in the LT and TL fracture planes, according to Fig. 6a.
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Fig. A7. Mesh refinement with element size measured at the cohesive zone where h; is the different mesh sizes and h;es = 0.025 mm. a) Load-displacement data from FEM
with different element sizes. b) Relative maximal stress to the reference maximal stress from her = 0.025 mm.
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