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Abstract

The method of digital image correlation (DIC) was applied to the digital image of orthogonal cutting parallel to the grain of
hinoki, and the strain distribution near the cutting edge was evaluated. The wood fracture associated with chip generation was
considered as mode I fracture, and the stress intensity factor K| for fracture mode I was calculated from the strain distribution
according to the theory of linear elastic fracture mechanics for the anisotropic material. The calculated K| increased prior to
crack propagation and decreased just after the crack propagation. The change in K| before and after crack propagation, AK],
decreased in accordance with the crack propagation length, although the variance in AK; should depend on the relationships
between the resolution of DIC method and the dimensions of cellular structure. The calculated Kj in this study was almost
on the same order as reported in the literatures. It was also revealed, for the case of chip generation Type O or I, the stress
intensity factor for fracture mode II could be negligible due to the higher longitudinal elastic properties of wood in the tool

feed direction than the one radial ones, and the mode I fracture was dominant.

Keywords Orthogonal cutting - Crack propagation - Stress intensity factor

Introduction

In the cutting process of wood or wood-based materials, it is
important to understand the mechanism of cutting, to realize
better surface quality with higher efficiency. The process
of wood cutting can be considered as successive controlled
phenomena of wood fracture because a machined surface
is produced by micro cracks continuously propagating in
front of the cutting edge along with the cutting tool moving
forward. Controlling these cracks is an important element for
the improvement of the machined surface quality.
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The study on the mechanism of wood cutting has been
started since 1950s [1-3]. The studies of the dawn stage
including the ones by the following researchers have been
revised by recent researchers [4—11]. However, the most
of the previous studies, the wood cutting was investigated
mainly from the viewpoints of materials mechanics, some-
times using experimental approaches or numerical analysis.
The stress and strain distribution near the cutting edge, the
chip formation and the influence of cutting condition on
them were also important theme. But few of the previous
works discussed the cutting mechanism from the viewpoints
of fracture mechanics [12—15].

On the other hand, the theory and method of the frac-
ture mechanics have been applied to understand fracture
of inhomogeneous materials [16, 17] and also to wood,
and its relationship to the strength, anatomical features
and quality of wood. The outline of the series of the
works can be seen in the recent reviews [18, 19]. Many
of the previous works have concentrated on the values
of stress intensity factor Kj or fracture toughness K;- of
wood for the mode I fracture [20-29]. Some of them have
also discussed about the mode II fracture [30-36]. The
method of digital image correlation (DIC), which is a
method to measure the strain of a material’s surface from


http://crossmark.crossref.org/dialog/?doi=10.1007/s10086-018-1760-6&domain=pdf

Journal of Wood Science (2018) 64:758-766

759

digital images, has been also applied to understand the
wood fracture [37-41].

To understand the crack propagation in wood cutting
with the help of fracture mechanics, we have to pay atten-
tions to the following points; the crack propagates only in
the vicinity of the cutting edge, as the result it would be
influenced by the cellular structure and the depth of cut
(chip thickness), and the crack may propagate according
to the fracture type mode II. The influence of mode II
might not be negligible, because the chip above the crack
tip is compressed by the travelling cutting edge.

In this study, we conducted wood cutting experiments
of small depths of cut, and the stress intensity factor K,
a parameter of linear elastic fracture mechanics (LEFM)
and the fracture toughness K- and their variance were
calculated using the DIC method referring authors previ-
ous work [42]. Moreover, we investigated the relation-
ship of K; values to the depth of the crack surface, and
the influence of the fracture type mode II. Finally, we
discussed the applicability of LEFM to the analysis of
wood cutting.

The application of linear elastic fracture
mechanics to wood cutting

In cutting parallel to the grain of wood, it is known that the
chip types are likely to be Type O or I at approximately 50°
or less in cutting angle and 0.3 mm or less in depth of cut
[1-3, 15]. In the case of Type 0, the chip is made steadily
with minimal deformation and the crack length is always
small. In contrast, in the case of Type I, the chip is bent as
a cantilever beam after the major propagation of the crack,
and the chip bends and fails around the crack tip from the
increase of bending moment. In both chip types of Type 0
and I, a crack is forced to propagate by the feed of cutting
tool to push the chip up. This indicates that the fracture type
in both cases is the opening mode.

In LEFM, fractures are divided into three modes, I-III,
from the patterns of loading to the crack, where mode I
corresponds to the opening mode. When external force
is applied to and around a crack tip, a stress field occurs
in that area. In LEFM, the stress intensity factor is used
as a parameter representing the peculiarity of the stress
field, and the parameter identifies the distribution of stress,
strain and displacement around the crack tip.

From the above, it is likely that applying LEFM to cut-
ting in Type 0 and I, which are failures in opening mode
(mode I), and calculating K|, which is the stress intensity
factor in mode I, may enable us to discuss the accumula-
tion and the release of stress, and moreover, the strain
energy related to crack propagation.

Calculation of stress intensity factor K| using
digital image correlation

Assuming three axes normal to the three orthogonal planes,
x-, y- and z-axes, on an orthotropic material, the relation-
ships between stresses and strains are given by the following
equation:

e, =b 0, + b125y
€, = b0, + by0, (

yxy = b667xy’

in the case of xy plane strain, where o, and o, are the stresses
in directions x and y, €, and €, are the strains in directions
x and y, and Yy and 7, are the shear strain and shear stress,
respectively. In plane strain, the strain in the z-axis equals
zero. Moreover,

by, = 1/Ex

by, = _('“xy/Ex) = _(”)’X/Ey) )
by, = 1/Ey

b66 = 1/va’

where E, and E, are the Young’s moduli in directions x and
¥, G,, is the shear modulus and p,, (4,,) is the Poisson’s
ratio.

Concerning fracture in the opening mode (mode I) of
an orthotropic material with a crack in the x direction, the
stresses in directions x and y, o, and ,, can be written as in
the following equation [16, 17]: '

K B b, { B, cos (J’z/z) _ B, cos (71/2) }

o, =
Qar)'? B, — B e p,"?
K, 1 B, cos (yl /2) B, cos (y2/2)
o, = - ’
y (27[‘7‘)1/2 B> — B pi/z p;/z
3
where
p; = (cos® 0 + p;sin’0) 12 @
tany; = ﬁjtane Gg=1, 2),

with r and @ indicating polar coordinates at any points
around the crack tip, and the origin of which is on the crack
tip. In addition, f, and f, are the imaginary parts of the roots
of the following equation:
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Substituting Eq. (3) into the equation about £ in Eq. (1)
gives the following equation:

as the surface for observation, and resin soot was applied
as a random speckle pattern after the surface was finished
with a hand planer with a knife of carbon tool steel to
improve the accuracy of DIC. A cutting tool was fixed to

(b12ﬁ22

. = K; 1 (by — b]zﬁlz)ﬂz cos (7’1 /2) N
Y (271'1’)1/2 b — b p\/?

/’21/2

- b22)ﬁ1 Cos (Yz/z) } 6)

To calculate the stress intensity factor, a least-square
estimation is applied using Eq. (6), which is the theoreti-
cal strain, and ey(ri, Hi), which is an actual measurement
of strain calculated by DIC at the coordinates (r;, 6;) [37,
38]. If the strains on m points are gained by DIC, the error
between theoretical and actual strains on each point can be
calculated, and the total error ERy is written as:

m 2

K A;
ERy = Z (21 rl)1/2 B, — B —&,(r 0)) | (7
where,
_ (byr = b12ﬂ12)ﬁ2 cos (71,/2)
a py;'/?
2 —_ .
+ (buﬂz b22)1ﬁ/lzcos (721/2) (1 <i<m) ®)
P

As ERyis a minimum when the differentiation of the right
side of Eq. (7) with K| equals zero, the value of Kj at that
point can be considered as a likely value of K;. Therefore,
Eq. (7) is differentiated with K| and it equals zero as follows:

m
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Solving Eq. (9) gives K; as the following equation:

Z [ 1/2£ (rz’ 1]
) ————

— (10)
7]

Ky =m)'* (8, -
Materials and methods

Two pieces of air-dried hinoki (Chamaecyparis obtusa),
approximately 12 (L) x5 (R)Xx 20 (T) mm in initial size,

was used as a workpiece. The density of the specimen
was 0.39 g/cm’. The LT surface of the workpiece was set

@ Springer

a three-axis stage, and the workpiece was mounted on the
path of the cutting tool (Fig. 1). The wedge angle of the
cutting tool was 25° and the clearance angle was 5°. The
tool was made of high-speed steel (SKH51), and its rake
face was coated with chromium nitride at a thickness of
about 5 um. Eight depths of cut were employed, that is,
40 pm, 50 pm, 52 um, 80 ym, 105 um, 113 um, 146 um
and 159 um, respectively. Orthogonal cutting parallel to
the grain in the RL surface was conducted.

A digital microscope (VW-6000, KEYENCE) was used
to take images of the cracks that propagated in the process of
cutting and their surroundings (Fig. 1). The microscope was
fixed with its optical axis perpendicular to the LT surface of
the workpiece. The image size employed was 1920 x 1440
pixels and the field of view was 0.61 X 0.46 mm. The shutter
speed in image capturing was 1/125 or 1/250 s. In addition,
the workpiece was lit by LED lights (OPS-S20W, Optex FA)
from both right and left sides. In the cutting experiments, an
image was captured before the cutting tool started to cut the
workpiece, and then the workpiece was cut by feeding the
cutting tool manually. The cutting procedure was temporarily
suspended when the cutting edge reached the field of view.
After the suspension, an image of the cutting process was
captured after every tool feed step of approximate 10 um,
and around 50 images were taken in total. The cutting speed
in this study was 18 um/min. It was estimated as the average
of the time intervals for the tool feed of 10 pm. This series of
operations was conducted for each depth of cut.

workpiece

Fig. 1 Experimental apparatus in cutting experiments



Journal of Wood Science (2018) 64:758-766

761

Among the images gained from the cutting experiments,
the ones suitable for analysis were selected and analyzed
with the DIC software coded by us in MATLAB (R2016b)
language [42]. Images taken during the cutting process and
an image taken before the cutting were designated as refer-
ence images and a target image, respectively. A region of
interest (ROI) was defined in each reference image, and the
dimension of each ROI was 320 200 pixels (102 X 64 um)
in horizontal and vertical (L and T) direction. The ROI
position on each reference image was adjusted such that the
middle point of the ROI’s right edge was allocated at the
crack tip (Fig. 2). The ROIs were divided into virtual grids
with grid points (reference pixels) placed every ten pixels
in both horizontal and vertical directions inside the ROI. In
the DIC process, the displacement of all grid points between
the reference and target images was estimated to calculate
the strain distribution inside the ROI. The size of subset,
which is the region around the reference pixels and referred
to when the displacement of grid points is estimated, was
set as 71 X 71 pixels. Although it is normal to set one ROI
on the image before deformation and to compare the image
with the deformed images in typical DIC analysis, in this
study ROIs were set on the images during the cutting pro-
cess and they were compared with the image before cutting.
The locations of the crack tips were determined by manually
confirming their locations on the digital images, and crack
propagation lengths (Aa) per 10 um feeding of cutting tool
were calculated by comparing the locations of the crack tip
between consecutive images.

— ' Z% A5 chip
5 320 pixels crack tip
200 pixel
il LY - .
. > " ROIL : cutting tool
g, LR surface
100 pm workpiece

Fig.2 An example of cutting image and region of interest (ROI)

The x and y directions defined in the previous section
correspond to longitudinal (L) and tangential (T) directions,
respectively, and the x direction also corresponds to the cut-
ting direction. Parameters r and 6, the polar coordinates orig-
inating at the crack tip, were calculated from the locations
of the grid points after DIC analysis, and were substituted
into Eq. (10) with the strains in y direction calculated by
DIC. The physical properties of hinoki were assumed to be
as follows: E; =13.1 GPa, E;=0.62 GPa, G;;=0.63 GPa
and y; p=0.5 [43].

Results and discussion

Crack propagation in wood cutting

Chip types found at each depth of cut are shown in Table 1.
The depth of the crack surface from the top surface of the
workpiece (Fig. 3) for each depth of cut is also shown in

Table 1 because there were some cases in which the crack
did not propagate at the same height as the cutting edge

depth of crack surface

depth of cut

crack tip

workpiece

cutting tool

10 pm

\

crack propagation length

Fig.3 Schematic diagram of depth of cut, depth of the crack surface,
and crack propagation length

Table 1 Shutter speeds,

. Depth of cut (um) 40 50 52 80 105 113 146 159
observed chip types and depths
of crack surface Shutter speed (s) 1/250  1/125  1/125  1/125 17250  1/250  1/250  1/250
Chip type 0 0 0 0 I 0/1 0 I
Depth of crack surface (um) 40 61 52 80 88 86 139 111
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Fig.4 Examples of two types of
chip formation, Type 0 and I

travelled. In Fig. 3, crack propagation denotes the length
of the crack generated in each tool feed of 10 um. Figure 4
shows the example of the images of chip Type 0 and I. Crack
propagation ahead of the cutting edge as crack tip. The pro-
cess of the crack generation generated by the tool feed can
be considered as being fracture mode I. In 100 pm or less of
the depths of cut, the chip types observed were Type 0. Type
I appeared in some cases in more than 100 pm of depths
of cut. The chip at 113 um of depth of cut seemed to have
features of both Types 0 and 1.

Stress intensity factor K, near crack tip

The stress intensity factors Kj at each travelled length of the
cutting tool for two depths of cut, 40 pm and 113 pm are
shown (black plots) in Fig. 5 a, b, respectively. At the same
time, the crack propagation lengths between two consecutive
images (Aa) at each travelled length of the cutting tool are
shown as bars. The values of Aa are the crack propagation
length between two moments at which K; were calculated, so

(a) depth of cut: 40 um

that the bars of Aa are allocated between plots of Kj. Hereby,
the travelled length of the cutting tool denotes the distance
the cutting tool was fed from the moment at which an image
was acquired just after the start of tool feed of 10 um. In this
analysis, the moment of crack propagation is so defined as
the time of event when the apparent crack propagation was
confirmed visually by compering a couple of serious digital
images. It was confirmed that there was a tendency for K;
to increase when the crack propagation lengths were small,
and to decrease when the crack propagation lengths were
large. The value of K| periodically fluctuated as the cutting
tool travelled.

To clarify the relationship between the crack propagation
length and K, the difference of two consecutive K values,
AK;, (AK=AK},,,—AK},, n=1,2...) was calculated, and
its relationship to the square root of the crack propagation
length (Aa'’?) was examined. The result is shown in Fig. 6.
All the results for different depths of cut are plotted in the
figure altogether. A negative correlation was found between

(b) depthof cut: 113 um

0.21 70
. ®K * g
0.18 M Crack propagation length 60 E
0.15 50 2
— <
Q p=
£ 0.12 40 5
£ g
= 0.09 30 5,
M"‘ <
0.06 L4 20 §
o
* o o . -
0.03 . 10 8
O

0.00 0

0 20 40 60 80 0 50 100 150 200 250

Travelled length of cutting tool [pm]

Fig.5 Changes of stress intensity factor Ky and the crack propagation lengths (Aa). a 40 pm and b 113 pm of depths of cut. A bar indicates the
crack propagation length between two consecutive images and a black plot indicates K at each travelled length of the cutting tool
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Fig.6 Relationship between the square root of crack propagation
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Fig. 7 Relationship between depth of the crack surface and maximum
value of K; in each depth of cut

Aa' and AK, although relatively large disperse in AK;
exists.

The results of Figs. 5 and 6 indicate that the larger propa-
gation of crack causes more decrease in K|, and thus larger
amount of strain energy released at the crack propagation.
This relationship between crack propagation and the change
in Kj is consistent with the general idea of fracture mechan-
ics, where the amount of crack propagation is explained to
increase in accordance with the energy release per crack
increase according to the Griffith’s theory [44]. However, the
plots in Fig. 6 dispersed. This can be attributed to anatomi-
cal features of wood specimen; layer structure consisted of
tracheid walls and ray tissues and their variance. Due to the
heterogeneity of the workpiece, the initiation of the crack
propagation, crack length and direction varied largely, and
the resultant amount of strain energy released at each crack
propagation also varied.

Influence of depth of crack on K|

The relationship between the maximum value of K; for each
depth of cut and the depth of the crack surface was consid-
ered (Fig. 7). There was a positive correlation between the
depth of the crack surface and the maximum value of K in
Fig. 7. Assuming the maximum value of K] is the fracture
toughness, which is the limit K could take, the result in
Fig. 7 indicates that the fracture toughness varies with the
depth of the crack surface.

It is generally accepted that each material has a particular
fracture toughness value, but under conditions where one
side of the crack is extremely thin, like the cutting experi-
ments in this study, it showed fracture toughness changes
depending on how thin that side is. One possible reason for
this tendency is the stress concentration in thinner side. As
the depth of the crack surface becomes smaller, a greater
concentration of stress occurs around the crack tip and crack
propagates with less strain energy. This suggests that the
stress concentration decreases inversely with the depth of
the crack surface, and the fracture toughness will average at
around the specific value of the material.

The maximum K; value for each depth of cut ranged from
0.09 to 0.36 MPa-m'”? in this study. The fracture toughness,
K¢, is the stress intensity factor at which a thin crack in the
material begins to grow, and it is a measure of a material’s
resistance to brittle fracture. The values of fracture tough-
ness Ko of wood reported in the former studies take the
values from 0.2 to 1.0 MPa-m'? [14, 21]. The maximum K;
values in this study were slightly smaller than the generally
accepted K. values of wood [20-29]. The reason for the
discrepancy is not clear. However, one possible reason could
be that the strain energy which accumulated before crack
propagation was smaller due to the less wood substance in
the thinner chip. As the result, K- was estimated lower. The
maximum values of K| increased with the depth of the crack
surface in Fig. 7 supports this reasoning. However, the val-
ues estimated in this study are almost in the same order of
those in the literatures.

Calculation of K using strains in 102 (L) X 64 (R) pm
region could be also a factor of K being small. It is possible
that some local variance in physical properties due to cell
walls and intercellular layers could have lowered K| value.
The validity of applying physical properties obtained by
experiments in the literatures using specimen much larger
than those in this study to the calculation of K| should be
discussed more in detail.

Applicability of LEFM to wood cutting
In this study, crack propagation in the cellular structure was

analyzed in a scale much smaller than those normally dis-
cussed in the literatures. According to the theory of LEFM,
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there is no scale limit for its application, so long as the
anisotropy of the material properties is properly taken into
account. But we have to pay attention the variance in mate-
rial properties due to the anatomical features on the variation
of the calculated K.

We have got four evidences for the applicability of LEFM
to wood cutting; from the image of cutting process in Fig. 4,
the crack propagation ahead of the cutting edge can be cat-
egorized as fracture mode I. The calculated K| using the data
obtained by DIC method (Fig. 5), increased prior to crack
propagation and decreased just after the crack propagation.
The values of AK; decreased in accordance with the crack
propagation length (Fig. 6), although the variance in AK;
could depend on the relationships between the resolution of
DIC method and the dimensions of cellular structure. The
calculated Kj in this study was almost on the same order as
reported in the literatures.

On the other hand, the result of Fig. 7 shows, K is influ-
enced by the depth of crack. This could be attributed to the
deviation of the crack position in the specimen due to the
removal of thin chip from the wood surface. This situation
is not supposed in LEFM.

From the discussion above, it can be concluded that the
mechanism of chip generation in longitudinal orthogonal
wood cutting can be discussed using the theory of LEFM,
although we have to pay attention to the influence of the
variance in physical or mechanical properties of wood in the
region of interest on the variance of K.

Analysis on mixture of fracture modes | and I

Fracture mode II of wood and the stress intensity factor for
this mode were also discussed by a few researchers [30-36].
Yoshihara intensively discussed the mode II fracture not
only for solid wood but also for medium density fiberboard
[34, 36]. In the process of wood cutting in this study, the
generated chip is pressed by the travelling cutting edge in
feed direction, that is, in the longitudinal direction of wood,
so that we have evaluated the stress intensity factors Kj and
K;; for the fracture modes I and II, respectively. The factors
were calculated in the same manner as in the previous sec-
tions, but with the following formula as one of the basic
formula:

_ K; S Ky I{C))
Qzr)' 2 B =B  Qar)\* PP

€,(r,0) an
Hereby f(0) and g(@) are the functions of 6 for two frac-
ture modes I and II, respectively. They are introduced by the
same way as for formulas (4) and (6).
Figure 8 shows changes in the stress intensity factors K;
and Kj; and the crack propagation length (Aa) for 80 um of
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Fig.8 Changes of stress intensity factor K, Kj; and crack propaga-
tion lengths (Aa). 80 pm of depths of cut. A bar indicates the crack
propagation length between two consecutive images. A black plot and
a white plot indicate K; and Kj; at each travelled length of the cutting
tool, respectively

depth of cut. There were some cases, the values of Kj; (white
plots) took the values almost same as the ones of K; (black
plots); however, they took mostly small values, or negative
small ones in some cases. This can be attributed to the fact
that the stress component in the normal direction associated
with Kj; was very small and it was not detected significantly
by DIC method, and as a result, the error in the calculated
values became relatively larger. In Fig. 8, the plots for nega-
tive small values of Kj; were considered as zero. It is con-
firmed, Type O chip was generated in these cases. Moreover,
as the chip generation in Fig. 4 shows, the fracture mode I
was dominant in both cases of Type 0 and I chip generation
in the orthogonal longitudinal cutting. This tendency was
conformed for all cases of depths of cut. The compression
strain in the direction of crack propagation discussed on the
mode II fracture generates correspondingly in the longitu-
dinal direction in this study, that is, in the direction of the
highest elasticity, so that the compression or buckling strain
associated to mode II fracture could be negligible.

Conclusions

The method of DIC was applied to the digital image of
orthogonal cutting parallel to the grain of hinoki, and the
strain distribution near the cutting edge was evaluated. The
fracture associated with chip generation was considered as
mode I fracture and the stress intensity factor K; was calcu-
lated from the strain distribution according to the theory of



Journal of Wood Science (2018) 64:758-766

765

LEFM for the anisotropic material. From the change in K|, it
can be concluded that the mechanism of chip generation in
the longitudinal orthogonal wood cutting can be discussed
using the theory of LEFM, although we have to pay attention
to the influence of the variance in elastic moduli and Pois-
son’s ratios of wood in the region of interest on the variance
of K. In addition, for the case of chip generation Type O or I,
the fracture of mode I was dominant in the crack propagation
near the cutting edge.
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