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In situ observations of fracture mechanisms for
radial cracks in wood
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This paper presents the findings of work carried out to describe the micromechanisms of
radial crack growth in wood. TR and TL cracks are both radial cracks but TR grows radially
and TL longitudinally. TR cracks are known to show higher fracture toughness than TL
cracks. The TR fracture surfaces also indicate a more tortuous crack path. Since the reason
for this is unclear, details of the TR crack growth mechanisms in green Pinus sylvestris L
were studied. This was done by in-situ optical microscopy as the crack was cutting through
alternating layers of soft earlywood and stiff latewood. At the scale of individual cells, the
crack tip advanced by separating cell walls at the middle lamella in a splitting or peeling
mode. At the scale of growth rings, stick-slip type of crack growth was observed and new
crack planes were often formed. The stress distribution in a material with alternating stiff
and soft layers is causing this. This stress distribution also contributes to the tendency for
inclined cracks to deviate in the radial direction. For interpretation of fracture mechanisms,
the importance of scale interaction and the combined influences of microstructure and
stress state are emphasized. © 2000 Kluwer Academic Publishers

1. Introduction has been established. The principal axes are usually de-
Although the mechanical behavior of wood has beerfined as the radial, tangential and longitudinal direction,
studied for very long, recent developments in experdenotedR, T andL, see Fig. 1. Eight systems of crack
imental as well as theoretical methodologies may berowth planes may then be identified [9]. Each system
used to improve our understanding. Conceptually, peris associated with a pair of letters where the first denotes
haps the most important insight we need is the fact thahe direction normal to the crack surface and the second
wood is an anisotropic polymer composite material.describes the direction of crack growth. In the present
Gibson and Ashby recently provided a concise intro-study, we focus o R crack growth where the crack
duction to the structure and mechanical properties ofjrows in the radial direction and the tangential direction
wood, viewed as a cellular material [1]. The softwoodis normal to the crack surface.
structure, as we are concerned with here, is relatively One area in which crack growth processes are of
simple as compared with hardwoods. The basic unitndustrial importance is in the cutting of wood prod-
is longitudinally oriented cells arranged in arrays. Theucts. Knife cutting is a cutting principle of interest
cells are tubular and often termed tracheids. since no saw dust is produced. In addition, there is
As the tree grows, a growth ring is added to thesome potential to create very smooth crack surfaces
stem annually. The stiffness properties vary across thighich are well suited for secondary bonding or paint-
growth ring since the density varies. Early in the growthing operations. In this context, low fracture toughness is
season, the tree forms an earlywood layer of low dendesirable since the energy consumption would then be
sity. Later in the season, the higher density latewoodninimized. HoweverTR cracks tend to result in rough
layer is formed. The diameter of lumen, the cell cav-fracture surfaces [10]. In order to understand the rea-
ity, is larger for the earlywood layers and the cell walls sons for this on a more fundamental level, we need im-
are thinner. The thicker latewood tracheids provide thgproved understanding of the crack growth mechanisms.
major contribution to stem stiffness. The lower density Crack growth mechanisms can be interpreted based
earlywood tracheids contain larger diameter lumen caven force-displacement curves from fracture mechanics
ities where water and mineral transport is facilitated. tests and from the appearance of fracture surfaces. A
In order to quantitatively characterize the fracturemore direct interpretation becomes possible if the crack
properties of wood at the macroscopic scale, fracturés viewed by microscopic methods as it is growing, so
mechanics may be applied [2, 3]. Experimental studiesalledin-situ crack growth observations. For longitu-
have focused on effects from parameters such as dedinal tensile failure, this approach has been used in a
sity and moisture content on the fracture toughness a$canning electron microscope [11,12]. This mode of
the wood material [3-8]. In these and other studies, théailure has also been interpreted based on the fracture
strong effects of cell orientation on fracture toughnesssurface of the cell wall [13, 14]. Obviously, the failure
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shift in planes of crack growth was so significant that it
L was impossible to keep track of the position of the crack
t  tip. For this reason, the effect of drying on wood frac-
ture was examined. Based on classical laminate plate
theory, an analysis of the hygroscopic stresses in the
cell wall was conducted [21]. It was demonstrated that
the laminated structure of the cell wall may lead to sub-
stantial in-plane lamella drying stresses as moisture is
Tangemizl | [ HLRal leaving the cell wall. In an experimental study [14],
R fracture surfaces of green wood were then compared
with fracture surfaces of wood subjected to one cycle
of drying followed by resoaking of the wood sample.
Small isolated earlywood and latewood samples were
studied. As they were subjected to longitudinal ten-
sile loading, the moisture content was the same in both
groups of samples. The only difference was that the re-
soaked group had been subjected to one cycle of drying.
As a consequence, the resoaked group showed a more
brittle type of fracture surface appearance, indicating
that drying of the wood may induce damage also on the
scale of individual cell walls. Based on the reviewed
results, we decided to study wood samples in the green
state in the present study. The reason is that we would
like to avoid any damage induced from drying of the
wood. This may cause defects which can influence the

] ) __ crack growth process so that the path of crack growth
properties of the cell walls are essential for this fail- hecomes more irregular.

ure mode. During crack growth in thd andLR sys-
tems, cracks need to grow through the tracheids and cell
wall failure is required. As a consequence, the fracturey Experimental procedure

toughnesses are about an order of magnitude high§quare sections of 2020x 30 mm were sampled

in these fracture systems as compared_with the othgfom green sapwood d¥inus sylvestrid. (the longest
systems. In fact, for crack growth experiments crackgjimension is in the longitudinal direction). On the upper
even tend to deviate from the or LR system towards g1 rface, a sledge microtome was used to cuta surface
a cell wall peeling mode in a different direction [15].  \yhich would reveal the microstructure of the sample. A
In other systems thatT or LR, crack growthis in - gpa fine saw was then used to @6 mmthick sam-
directions parallel to the trache_lds. In te and RL ple with a microtomed surface. The sample geometry
systems, crack growth is primarily by cell wall peeling. o presented in Fig. 2. In order to enhance the photo-

The cell Wall_s are then left intact_since cell wall peeling raphic contrast between the wood substance in the cell
takes place in, or close to, the middle lamella so that th all and the lumen of moist green wood, a slurry of tal-

lumens are not exposed [15, 16]. One may note that igy,m howder and water was rubbed into the surface. The
spite of identical crack surface normals iR andTL g,y filled the lumen. The surface of the sample was

cracks, their respective fracture toughnesses differ. Iy, o wiped with a piece of soft paper. The sample was

Douglas fir, the fracture toughness is typically 30-50%,, ytched using a fresh razor blade so that a sharp crack
higher in theTR system [17, 18]. For pine and spruce

) was created. The specimen was then mounted for test-
even larger differences have been reported [19, 20]. "fhg in a tensile testing machine (Minimat by Polymer

order to explain these differences betwd@@handTL | 5y placed under an optical microscope. The load
cracks, we need to determine the crack growth mechgg a5 introduced through pins inserted in holes drilled

nisms in greater detail. in the sample, see Fig. 2. The specimen was loaded in
Even prior to the present studyR cracks were re-

ported to show stepwise growth [15] and the fracture
surfaces were reported as rough [10]. The reason fc~
this is not clear. The objective of the present study is
therefore to describe the mechanisms for crack growt|
in theTRsystem. Mechanisms will be reported on both
the scale of individual cells as well as on the previously
often neglected scale of growth rings. Hopefully, this
will help to explain the higher fracture toughness for
TR as compared witAL crack growth. In particular, &
the influence of microstructure will be considered.
During our first attempts to growR cracks in dry ' T
wood, meaningfuh-situobservations were hardly pos- '
sible. The reason was that the extent of crack jumps anElgure 2 Compact tension specimen geometry (dimensions in mm).

Figure 1 Axis of anisotropy,R, T andL for the radial, tangential and
longitudinal direction respectively.
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displacement control. As the crack started to propagateds it grows in the earlywood, it progresses by cell wall
the load was not increased any further. The process gdeeling in, or close to, the middle lamella which con-
crack growth was observed and recorded through thaects two neighboring tracheids. The tip of the growing
microscope as the load was applied to the specimearack remains in the middle lamella and splits the cell
in small steps and hence the growth rate small. Im+ows with one set of cell rows to one side of the fracture
ages were recorded through a video camera connectedirface and another set of cell rows to the other fracture
to a computer. Images were stored at the incremensurface, see Fig. 4. Hence the tracheids are separated
tal load steps. The stepwise increase in crack openingithout exposing the lumen at the crack surface. Also
displacement was continued until the specimen failedn the latewood layer, th€R-crack grows in the middle
completely by separation. Images were aquired by théamella, see Fig. 5. The lack of cell wall tearing or other
use of the NIH Image program, a shareware progranmechanisms for energy absorption suggests low crack
from the National Institute of Health. In order to de- growth resistance for this type of local crack growth.
crease the level of noise from the video signal in the An important role of cellulose in the cell wall is to
images, the micrographs were aquired as the averagwovide strength and stiffness. In the middle lamella,
of 32 images obtained at the same displacement. Thile cellulose content is low. Also the orientation of the
equipment used to capture the images was a Macintostellulose fibrils is in the cell wall plane which in the case
Power PC 7600 equipped with a video card. The im-of cell wall peeling is unfavorable from the toughness
ages had standard video resolution (PAL) with 256 greypoint of view. The middle lamella is likely to be com-
levels. parably weak in this mode of crack growth. The crack

3. Results and discussion

Let us consider a typical path foreR-crack, a crack
which grows radially with the tangential direction nor-
mal to the resulting crack surface, see Fig. 3. The frac
ture path is irregular and the crack plane is occasio
ally displaced in the tangential direction. Sometimes
the crack plane is displaced just a few cell diameters
other times the extent of displacement in the tangenti
direction is in the order of the width of one earlywood
layer.

In the following, focus is on the mechanism of crack
growth for aTR-crack. This is at two different levels,
the first at the scale of individual cells and the seconc ™
at the scale of growth rings. In particular we would
like to emphasize the importance of the often neglecte
growth ring scale.

3.1. Local crack growth at the tip
As we studyTR crack growth in the microscope, we

first consider a crack coming out of a latewood Iayer.Flgure 4 Crack tip in middle lamella of earlywood. Tracheids are intact

in this mode of crack growth, often termed cell splitting or peeling.

1l illrJ "

Figure 5 Part of crack in latewood. The crack path is in the middle
Figure 3 Crack path fofTR fracture. lamella in a cell peeling mode of failure.
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stays in the middle lamella without deviating into cell effects from the vast difference in stiffness between ear-
cavities and, therefore, the crack maintains a sharp titywood and latewood. The high density latewood has
during growth. This results in low energy requirementsa tangential stiffness which is about 20 times higher
for extension of the crack. In the radial direction, thethan that of the earlywood. This strongly influences the
tracheids are well-aligned in rows and the crack in thestress state at &R crack tip. One consequence is that
middle lamella typically has an almost straight pathduring crack extension, the released elastic energy from
through a single earlywood or latewood layer. Despitesurrounding material will differ greatly depending on
the regular arrangement of tracheids, the crack planthe position of the crack tip.
tends to jump at the scale of growth rings, as observed The present observations have inspired a recent ex-
in Fig. 4. The local mechanism of crack growth at theperimental analysis of the state of strain atTR
scale of individual cells does not explain this irregularcrack [23]. The presence of alternating earlywood and
crack path. On the contrary, a smooth fracture surfacéatewood layers strongly influenced the state of strain
is expected from the tracheid separation growth mechat the crack tip. The tangential strains extended sig-
anism at the level of individual cells. nificantly in the tangential direction but were heavily
constrained in the radial direction. This constraint was
due to the presence of a stiff latewood layer ahead of the
3.2. Crack arrest crack tip. This case of @R crack in a material consist-
ing of alternating strips with stiffnesses corresponding

Consider arR-crack with its tip in the earlywood layer
P yw ¥ jé; the present case, was also theoretically analyzed by

and subjected to a constant displacement rate. As t
slowly growing crack approaches the latewood layer, it
growth rate decreases and the crack comes to a halt. D . .
spite further increase in load, the crack typically stays2Y€': Increasing load was found by FEM to be car-
at this position. The latewood layer ahead then ofter]i€d Primarily by the stiff latewood ahead of the crack
fails abruptly. The crack thus formed in the latewood UP- 'I_'hese resul'gs are presented'ln F_|g. 6 where the ex-
may or may not be a direct extension of the previouslyl€nsion of the highly loaded region in the latewood is
arrested crack. The latewood crack often grows in arpignificant. The length of the highly loaded latewood

unstable manner into the earlywood layer where it ig©910n is at least of the same order of magnitude as the

again arrested. Additional increase of the crack opentidth of the growth ring.

ing displacement repeats this process. Stable growth AS_ the crac_k tip approaches.th_e latewood I'aye'r . the
within the earlywood layer is followed by decreasing tensile stress in the latewood will increase. This will be
crack growth rate and arrest of the crack as the next
latewood layer is approached. Hence the crack come~
to grow stepwise where the length of the steps is com
parable with the width of the growth ring. This step-
wise growth is somewhat related to the stick-slip type
of crack growth in isotropic polymers [22]. As a plas-
tic zone is formed ahead of the crack tip, arrest take:
place. Further loading leads to slow growth through the
plastic zone followed by rapid unstable growth as the
crack tip reaches the “virgin” region which has not been
plastically deformed. Documentation of stepwise crack
growth in the radial direction of wood can be found in
the literature. Ashbt al. [15] studied crack growth in
ash and observed stepwise crack growth where arre:
occured in the compliant clusters of sap channels. Th
porous rings in ash, which is a hardwood, may be com- |
pared with the compliant earlywood layers in softwood.
Observations in the present study are in agreement wit
those of Schniewind and Pozniak [17]. Although norea-
son was suggested, they also observed crack arrest
the earlywood layers in their fracture toughness mea
surements on Douglas fir.

EM [24].
_As the crack tip was positioned in the earlywood

Siress oy [ M Pl

o
Ewnnybuhmﬂﬂ
Late wood

— 2.0

= 1.0
3.3. Stress state around the crack |
Previous discussions on the reasons for crack pat — 0.0

changes and arrest phenomena have primarily consic
ered toughness differences in earlywood and latewood o S _
as well as in different crack growth directions [15]_ Figure 6 FEM-prec_ilctlons of the distribution of tangen_nal s_tresqs,
Also the aforementioned arrest mechanism by crac for a growth ring width w of 1.6 mm [24]. Only the relative differences
] 3 - . y Iﬁ1 levels of stress are of interest. The term transition wood corresponds
tip blunting in sapwood channels has been discusseg an interphase region of gradually changing stiffness. The crack tip is
We feel that in addition to this we need also to consideipositioned in the earlywood region.
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accompanied by decreased stress intensity at the crackack plane which is often observed as the crack passes
tip. For this reason, the global load needs to be furthethrough a latewood layer, see Fig. 3. We conclude that
increased in order to propagate the crack. Note that thithe large stiffness variation in the growth ring causes
is a stress state effect only and does not require highdrigh stress in the latewood. This gives a mechanism for
local crack growth resistance of the latewood layer agormation of new crack planes at weak latewood sites.
compared with the earlywood. In fact, since we ob-Although previous studies have noted the tortuous crack
served that both earlywood and latewood cracks tengath forTR cracks, we have not found any satisfactory
to extend by cell wall peeling in the middle lamella, we explanation in previous work.
do not expect dramatic changes in crack growth resis- As the primary and secondary cracks are linked, the
tance. However, the apparent global fracture toughnedsridging material is torn so that the lumen is exposed
of the combined material system will vary with crack at the fracture surface. In Fig. 8, this tearing process
tip position because of the stress state effect. This wagf the bridging earlywood close to the latewood is pre-
analyzed by calculation of the J-integral for different sented. We suggest that this process is responsible for
crack tip positions [24]. Assuming constant local frac- the reported lumen exposure close to the latewood layer,
ture toughness, the results were in agreement with thpreviously attributed to differences in cell diameter be-
present observations of crack arrest in the earlywoodween earlywood and latewood [26].
layers. One can therefore explain the phenomenon of Interestingly, in latewood layers which fractured
crack arrest in the soft earlywood as a consequence afithout crack plane deviation, we frequently find sec-
the alternation of stiff and soft layers bonded togetherondary cracks next to the main plane of fracture. Such
This in fact agrees with the fracture toughness results ilmn inactive crack is presented in Fig. 9. These inactive
ref [25]. They found increasing global fracture tough- cracks are formed in the latewood and do not become
ness values as the crack tip position approached theart of the primary crack. Hence, failure of the latewood
latewood layers. layer and the associated formation of a secondary crack
may also occur without a change in crack plane for the

3.4. Formation of new crack planes
The latewood layer ahead of the crack carries signifi
cant stress when the crack is arrested in the earlywooc
Since our tests are conducted at constant global dis
placement rate, the stress in the latewood layer is in
creasing. Eventually, the latewood layer will fail in ten-
sion, also the latewood fails at the middle lamella, seg
Fig. 5. This failure event may occur as a result of crack
tip extension but there is also another possibility. Sincg
the highly stressed region ahead of the crack tip ex
tends considerably in the tangential direction, fracture
of the latewood may also occur well away from the
original plane of fracture. This is because fracture may, '+
be caused by weak sites in the highly stressed latewoo¢:
Fig. 7 illustrates failure in the latewood layer ahead of
an arrested crack and formation a secondary crack. 3
As the load increases, crack growth may continueF, 8 lllustration of the teari i K is linked
from the tip of the secondary crack. This creates a nevg,'-grl]J T eontan Crac Tt I ot oo e, gt ron
ith secondary crack initiated in a different crack plane. Bridging ma

terial is torn so that lumen is exposed on the fracture surface.

Figure 7 Primary TR crack arrested in front of latewood layer. A sec-
ondary crack is present in the latewood, its plane somewhat displaceRigure 9 Inactive secondary crack present to the left of the primary
with respect to the primary crack. crack.
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primary crack. Closer examination of the surface of ¥
the latewood behind the crack front indicates further;
inactive secondary cracks well away from the plane of . l

the primary crack. Since new surface areais created, th
formation of secondary cracks is expected to contribute
positively to the apparent toughness of the material.
Regarding the nature of the latewood layer defects,
it is tempting to suggest that they may often be rays
since they are known as planes of weakness [9]. In thi
context, one needs to keep in mind that our observa
tions are made at the surface of a three-dimensiona
object. Rays have a finite extension in the longitudi-
nal direction but cracks initiating at rays may extend
longitudinally and reach the observable surface of ou
specimen. However, in the present study we have né
direct observations conflrmlng this Sp_eCUIa_tlonj . Figure 11 An inclined crack (left) is arrested at the latewood layer. The
For TL cracks, the crack surface orientation is iden-jatewood fails at a weak location and a secondary crack is created, ori-
tical to the crack surface farR cracks. The stress state entated in the radial direction.
experienced by a growinglL crack is significantly dif-
ferent though. A point at the crack tip extends in either S .
earlywood or latewood. For this reason, the presenteHﬂ'_e latewood layer. The angle of inclination is main-

TR mechanism for changes in crack plane is not in Op_talned as the first latewood layer is reached. Due to the

eration. This is likely to be an important reason Whycuttlng process during which the crack was created, the

TL cracks generally show lower fracture toughness an&rack Is sometimes posmoneq n _the Ium_en. Crack ex-
less tortuous crack paths. tension is by a mixture of peeling in the middle lamella

and tear of the cell wall itself. Of those two mechanisms,
the cell wall peeling mode dominates.

.. . When the crack approaches the latewood, its growth
3.5. Deviation of inclined cracks _ rate decreases and it is eventually arrested. Further in-
When a crack is introduced at an angle with respect Qg 456 in the crack opening displacement leads to fail-
the radial direction, it has a tendency to deviate toward$; e of the latewood layer. A secondary crack is formed,
pure radial growth [26]. A typical fracture path is pre- gjentated in the radial direction, see Fig. 11. The sec-
sented in Fig. 10. During oun-situ observations, We  qnqary crack then continues to grow whereas the pri-
observed the growing inclined crack as it approacheqary ‘inclined crack is arrested. The new crack direc-
tion is in the radial direction and extension is by cell
peeling in the middle lamella only.

The phenomenon of preferred deviation towards ra-
dial growth for inclined cracks has been observed in
other studies [15, 26]. In [26], the explanation was the
presence of ray cells acting as weak planes. Agtiy
used the lower crack growth resistance for the cell peel-
ing mode in their explanation [15]. In the related FEM
analysis discussed previously [24] an additional expla-
nation was found. Inclined cracks were introduced in
the model. As this was done, the tangential distance
in the latewood with high tensile stress was found to
be relatively independent of moderate variations in in-
clination angle. Because of the weak middle lamella,
latewood failure is bound to occur by cell splitting. In
other words, the alternating stiff and soft layers in the
material leads to a stress distribution which contributes
to the observed mechanism. However, the low energy
requirements for cell peeling obviously contributes to
the phenomenon.

4. Conclusions

At the scale of individual cells, th&R crack tip ad-
vanced by separating cell walls at the middle lamella
in a splitting or peeling mode. At the scale of growth
rings, stick-slip type of crack growth was observed and
new crack planes were often formed. The stress distri-
Figure 10 An inclined radial crack tends to align in the radial direction. bution in a material with alternating stiff and soft layers
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is causing this. An extended latewood region ahead ofs.
the crack tip is subjected to high stress. This inducesé:

secondary cracks ahead of the primary crack butin a dif-
ferent plane than the primary crack. Althoutihcracks

have identical crack surface orientation®R cracks, 8.
the stress state experienced by a growiihgcrack is 9.

significantly different. For this reason, the presented
TR mechanism for changes in crack plane is not in op-
eration. This is likely to be the reason wiy. cracks

generally show lower fracture toughness and less toryy.

tuous crack paths. The stress distributioTRtcracks

also contributes to the tendency for inclined cracks tdt2-

deviate in the radial direction. However, the low en-
ergy required for cell peeling crack growth in the mid- ;
dle lamella also contributes. The necessity of taking

scale interaction between cell and growth ring mechaais.

nisms into account should be apparent from the present

results. In particular, the scale of growth rings is of- 16

ten neglected, although the present results demonstraje
that this scale strongly influenc@® crack growth. In

addition, the results illustrate the combined influencess.

of microstructure and stress state DR crack growth
mechanisms.
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