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Image analysis of plastlc deformatlon in the
fracture of paper

DERRICK M. S. WANIGARATNET, WARREN J. BATCHELOR*, ANDREW B. CONNS AND IAN H. PARKER*

r
f.

A new imaging technigue has been devel-
oped to characterise the outer plastic
deformation field resulting from a fracture
process in a sample of deep Double-Edge
Notched Tension (DENT) geometry. This
technique has the ability to measure
strains of less than 0.1%. Commercial
copy paper samples were used during the
establishment of this technique. The
results indicate that the plastic deformation
field for fracture in the CD direction is
mare significant than that for fracture in
the MD direction.
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The fracture toughness (FT) of a material
is its ability to resist the propagation of
existing cracks or flaws when under
stress. For paper, FT is a fundamental
mechanical parameter, which is important
in manufacturing and printing or other
transformation  operations. This is
because paper web breaks résulting from
insufficient FT cause significant financial
losses to the industry. Paper runnability
studies have shown that most web breaks
originate from intrinsic defects such as
shives, holes ete. in the paper web (1).

In paper manufacturing and other
converting operations most of the loads
are applied in the plane of the sheet.
Although the industry traditionally uses
Elmendorf or similar tear tests to evaluate
the resistance of paper to crack propagation,
these types of tesis have been criticised
because they involve out-of-plane forces.
In-plane FT testing techniques have been
considered as alternatives to the
Elemendorf tear test (2,3). Direct
application of Linear Elastic Fracture
Toughness Mechanics (LEFM), which is
appropriate for ideal elastic materials,
was tested for applicability to paper as
long ago as 1975 (4). '
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When sufficiently large tensile stresses
are applied to a paper sheet containing a
crack, rupture of fibre-fibre bonds and
fibres occurs in a region ahead of the
advancing crack tip. This region is
commonly called the Fracture Process
Zone (FPZ). For an elastic material the
FPZ is small and all permanent
deformations are confined to this region.
The irreversible work associated with the
fracture process in the FPZ is defined as
the specific essential work of fracture of
the material (35). The FT of a material is
the specific essential work of fracture per
unit crack area. While the specific essen-
tial work of fracture is easy to measure for
an elastic material, only paper made from
mechanical pulps is linear—elastic to
fracture. Paper made from chemical pulps
generally displays elastic—plastic behaviour
and has a low yield stress.

When an elastic—plastic material is
strained, irreversible deformations occur
not only in the FPZ but well outside this
region. Application of LEFM is not simple
for an elastic-plastic material like paper
since plastic deformation occurs outside
the FPZ. The work consumed in a region
outside the FPZ is not essential to the

fracture, The area under a non-linear
load-extension curve obtained by applying
tensile loads to a cracked specimen
represents both essential and non-essential
work, Thus to successfully measure the
fracture toughness of an elastic-plastic
material the essential and non-essential
work must be separated.

In the measurement of the FT of ductile
materials, two non-linear elastic methods:
the ‘J-integral’ (6) and ‘essential work of
fracture’ (7) approaches have been used.
In the J-integral method, the specific
fracture energy or the critical value of the
strain energy release rtate has been
described as a line integral around the
crack tip. The J-integral method has been
applied to paper for measuring specific
fracture energy (8,9).

The other method, the essential work
of fracture technique (EWF), hag the ability
to separate essential and non-essential
work involved in the process of fracture,
This method uses the deep Double-Edge
Notched Tension (DENT) geometry,
which consists of notches, where fracture
is initiated, cut either side of a central
ligament of length (L), as shown in
Figure 1. It has been tested for various
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handsheets and commercial papers (/0).
If the shape of the outer plastic zone is
assumed to be circular then the non-
essential work of fracture will be
proportional to L2, while the essential
work of fracture will be proportional to L.
Assuming the outer plastic zone is
circular, the total work of fracture Wy is
expressed mathematically (10) as,

Wi = w.Lt+ L%tw, [1]

Which can be rewritten as,

wp (=W¢Lt) = w, + BLw, [2]
where
W, = total work of fracture

= work consumed per unit crack
area (FT)

L = ligament length

t = thickness of the sample

B = shape factor for the outer plastic

' zone

W, = non-essential work dissipated
per unit volume of the material

The fracture toughness, w, can then be
obtained from the y-intercept of a plot of
W against L.

With either the Jf-integral or essential
work of fracture techniques, the fracture
toughness should be an intrinsic property
of the material and independent of specimen
or crack geometry. However, it has been
shown that in some situations the values
obtained using the J-integral method are
not completely independent of sample or
crack geomeiry (3). In addition, when
values of fracture toughness measured by
the two techniques are compared, it is
found that the J-integral method seems to
determine the fracture toughness correctly
only for brittle, low fracture toughness
papers. For ductile, high fracture
toughness papers, it seems to seriously
underestimate the fracture toughness (1.1).

The main advantage of the J-integral
method is that it is relatively simple and
can be done on a standard size strip used
for testing tensile strength. As the essential
work of fracture method requires multiple
measurements at different ligament

lengths, it is more time-consuming and

consumes disproportionately more sample,
as the width of the test piece must be at
least three times the ligament length. The
time and effort required for a FT
measurement could be reduced if the
work in the outer plastic zone could be
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estimated without needing measurements
at multiple ligament lengths. In order to

achieve this, more information about the .

work in the outer plastic zone is required.

So far only a few attempts have been
made to observe or estimate the size of
the surrounding outer plastic zone during
fracture and also to test the validity of
equation [2] for paper. Infra-red thermo-
graphy has been used to visualise the
plastically deformed region as a function
of temperature (12). The deformed area
was observed to be circular but no
quantitative measurements of permanent
strain in this region were obtained.
Further thermographic studies carried out
by Tanaka and Yamauchi (I3) on DENT
specimens have classified the developing
pattern in the plastic deformation zone
into three categories. A deformation field
that extends through the whole ligament
and eventually develops into a circular or
oval zone before or at the maxinum load
point was designated as type I. Specimens
with small ligament lengths (L<6 mm)
were found to belong to this category. A
deformation field that begins from both
notch tips and then extends and overlaps
to form a circular or oval zone after the
maximum load point is reached was
designated as type II. A deformation field
that appears from both notch tips and does
not extent to form a single plastic
deformation field before final failure was
categorised as type III. Specimens with
larger ligament lengths were identified as
belonging to type I or I1L

Electronic speckle photography has also
been used to determine the local
displacements in the region of the crack
tip. A study using this technique was carried
out to estimate the critical load prior to
crack propagation, which is required in
the J-integral approach (14).

The present paper discusses a novel
image analysis technique that has been
developed to estimate the plastic strain in
the deformation field.

EXPERIMENTAL METHOD

Sample preparation

Samples with DENT geometry and
ligament length L < 1/3B (B=sample
width) were tested. Graphic design software
was used to print very fine vertical lines,
250 pm apart, on the sample. Additional
larger horizontal lines, drawn 2 mm apart,
were used as guide lines to locate regions
of interest in the sample during testing,
This design was printed on the paper

sample using a HP LaserJet SMP, 600 dpi
laser printer. The paper was fed into the
printer to obtain fine lines normal to the
straining direction. '

For the initial tests presented here,
samples of 80 g/m? (~ 100 pm thickness)
‘REFLLEX’ commercial copy paper with
dimensions of 100 mm (span) x 60 mm
(width) and L=15 mm (L/B = 0.25) were
nsed. The double notches were introduced
to the sample using a specially designed
‘cutting-jig’ consisting of two sharp tool
blades, one of which is adjustable to
obtain the required ligament length. The
jig was mounted in a Fly-press (consisting
of quick action multiple start threads in a
spiral track), which enabled a uniform
force to be applied to improve the repro-
ducibility of cutting of the fine notches.
Samples were then conditioned at 23°C
and 50% RH and all the tests were carried
out at the same conditions. In the work
that follows, samples are identified as
either MD or CD. These labels indicate
that the samples were cut so that the tensile
load was applied along the indicated
directions.

Image analysis

Images of the region of interest (ROI)
were captured using an OLYMPUS SZ40
microscope, a PULNiX TM-6CN CCD
camera and a personal computer equipped
with a MACH Series DT 3155 frame capture
card (see Fig. 2), before and after in—plane
straining.

As equation [2] was derived assuming
that the outer plastic zone is circular with
a diameter L., the images for this analysis
covered an area larger than this circular
zone. To accomplish this task a series of
images, at a spacing of 1.25 mm, was
captured along a 25 mm line, normal to
and centred on the ligament. The micro-
scope magnification was set to capture
images containing 7 or 8 lines (in an area
of about 2x2 mm?) so that the average
line spacing could be obtained accurately'.'

Figure 3 illustrates a ROI of a sample
near the crack tip. A typical captured
image is shown in Figure 4. Optimas
image-processing software was used to
obtain an average gray scale value for
each pixel in a line parallel to the direction
of the applied stress. The gray scale values
were inverted by subtracting them from
the maximum gray scale value of 235 to
obtain the lines as peaks rather than valleys.
The resulting data were exported as a text
file. The centres of the peaks and Full
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Fig. 2. Experimential set up for image capturing system.

Width Half Maximum (FWHM) were:

obtained using a peak-fitting program.
Figure 5 shows a typical inverted gray
scale plot (for the image in Figure 4) with
the fitted curve obtained from the peak-
fitting program. Finally, with aid of
spreadsheet software, the average line
spacing and the uncertainties for each
image were obtained. '

Sample straining

The samples were strained using a
specially designed (15) pair of line type
clamps mounted on an Insiron, model
5566 universal testing machine. The
crosshead speed of the Instron was set at
0.5 mm/minute. Two guide rods with low
friction, high-precision linear bearings,
ensured that the sample was loaded
in—plane. A microscope was used to
observe the notch tip and to determine the
critical point to stop straining before the
crack began to propagate.

Calibration

To check the accuracy of the technique
for determining strain, real-time images
of the middle of a printed CI) tensile test
piece (dimensions 100 mm. x 13 mm) of
commercial copy paper were captured
using the image capturing system while
straining at the above rate. The printed
lines were normal to the applied stress.
The frames were captured at a rate of 1.8
frames/second. A comparison = was
obtained between the set linear strain rate
{0.0083% per sec.) and the experimental
strain rate determined by image analysis.

Real-time images of an area close to
the crack-tip (an area similar to that
shown in Fig, 3 as ROI) of a DENT sam-
ple were also captured. The cross-head
speed was set to 2 mm/minute in this test.
The line spacing variation or strain of this
region with respect to the linear crosshead
speed of the Instron was obtained.

Fig. 3 Part of a DENT sample near a crack _tip;

CALIBRATION RESULTS

CD Tensile test piece

Figure 6 shows the results obtained from
the CD tensile test piece. The strain rate
of the tensile sample was measured to be
0.0091% = 0.0003% per second, at a set
strain rate of 0.0083% per second. There
is thus a small difference between the
experimental and set strain rates,
However, considering the fact that the
paper is non-uniform (i.e. local and global
strain rates differ), these results can be con-
sidered as quite reasonable. The most sig-
nificant feature is the resolution of the
technique, which was better than 0.01 pixel
{0.03 pm). Therefore this technique has the
ability to measure strains of less than 0.1% |
in this particular measurement system.

DENT Specimen

Non-linear line spacing variation is
clearly evident in the DENT (CD) sample
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Fig. 4 A typicai image showing 7 lines. (Lines are Fig. 5 Inverted average gray scale plot for image in

250 ym apart).

September 2000

Figure 4. Broken line gives the fitted curve.
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subjected to constant clongation (see
Fig. 7). This behaviour is a result of high
stress concentration at the crack-tip
compared to the stress distribution in
other areas of the sample.

RESULTS AND DISCUSSION

The CD and MD load-elongation behaviour
of DENT samples is shown in Figure 8. A
linear variation in the first part of the curve
{up to about 0.2 mm extension} in the CD
direction indicates an elastic type straining.
The deviation from linearity in the latter
part of the curve is indicative of elastic-
plastic behaviour. For the loading in the CD
direction the maximum load and extension
obtained just before crack propagation
were about 33 N and 0.5 mm respectively.

Figure 9 shows the variation in the
average line spacing, in pixels, for each
image captured along the first guide-line
in the CD. The x-axis gives the distance
from the ligament to the centre point of
the image.

One data set (filled circles) shown in
this figure was obtained from images
captured before straining the sample. A
second set (open circles) was obtained
from images.captured soon after the
straining. A third set (filled diamonds)
was obtained from the images captured
after leaving the sample at 23°C and 50%
RH for nearly 16 hours. It is assumed that
this is an adequate time for any sirain
recovery to have occurred. In the second
data set, the image located close to the
middle of the ligament (0 mm distance)
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Fig. 6 Line-spacing variation of a CD tensile test piece of Fig. 7 Line spacing variation of DENT sample near the
copy paper with time. crack tip. Left insert shows an expanded view of
the image area.

has the highest line spacing. The estithated
average line spacing for this image was
92.04 pixels. The average line spacing for
the corresponding image in the third set
was 91.92 pixels. The reduction in line
spacing of 0.12 pixels corresponds to an
absolute 0.13% reduction in strain.

The maximum change in line spacing
due to straining of the sample (for the
image at the ligament) was about 1.4 pix-
els, This is equal to an absolute plastic
strain of 1.48%.

Figure 10 shows the strain (%) as a
function of position along 5 guide-lines
normal to the ligament length. The position
of maximum strain (%) along each guide-
line was at the ligament position except for

that obtained along the 4th guide-line.

The position of maximum strain along the
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Fig. 8 Load against extension data for copy paper in the Fig. @ Variation of line spacings with image distance
CD and MD directions on a DENT sample. In both : (from the ligament, along 1st guide-line) for copy
instances straining was stopped before crack paper strained in the CD direction. |
propogation. - o _ ' : |
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Fig. 10 Strain (%) versus image distance along each Fig. 11 Line spacing variation with image distance (from

guide-line for copy paper in cross direction (CD)

after straining. These data were taken after 16

hours conditioning.

4th guide-line was located 1.25 mm away
from the ligament position. It is interesting
to see that the irreversible strain field is
getting broader (although less in magni-
tude) in the middle of the ligament compared
to near the crack tip. The strain plots in
Figure 10 indicate that the effective
deformation field estimated along guide-
lines 2 - 4 in the sample extended a distance
of about 5mm on both sides of the
ligament. A significant variation of strain
in the images taken from the same distance
from the ligament but along different
guide-lines, even well away from the
notch-tips, is apparent. One reason for
such behaviour could be due to variations
in local strain ficlds, which is an obvious
fact for a non-uniform materiat like paper.
However, the appearance of negative
strains suggests that there could be some
differences in the image positions when
capturing an image at a particular distance
along one guide line, before and after
straining.

The overall strain distributions along.

the guide-lines show that the deformation
field is approximately elliptical or circular.

The line spacing in the MD, even
before straining, showed considerable

variation along the guide-lines (see .
Figure 11). This variation was more

severe when paper was fed in the MD to

the printer. The data shown below were

obtained from a paper fed in the CD to
reduce the variation. This must be the
result of stresses applied by the printer. In
the after-strain data, the highest magnitude
of plastic strain occurs at the ligament.

September 2000

The strain variation along the first
three guide-lines from one of the crack
tips is shown in Figure 12. It is quite
significant that the plastic strain along the
second and third guide-lines is almost
negligible compared with that in the CD
direction. This indicates that the deforma-
tion field is located only around the
notches and does not extend over the
whole ligament. However, the strain field
for the CD sample has extended over the
whole ligament of the sample.

According to Tanaka and Yamauchi’s
(13} classification, the development of the
deformation pattern in the CD can be
labelled as type II Since L=15mm and
the deformation fields have extended to
the whole ligament it is reasonable to

ligament), afong 1st guide-line for MD direction.

label it as type I1 rather than type L. On the
other hand, the deformation field in MD
can be identified as type III, where the
deformation field did not extend to form a
single field.

CONCLUSIONS

This study shows that this new imaging
technique can be used as a powerful tool
to characterise the deformation fields in
paper. This techmique can be used to
measure strains of less than (.1% in this
system. The plastic deformation field
when straining in the CD was approxi-
mately elliptical or circular.

Continued page 482.
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Fig. 12 Strain (%) versus image distance (from ligament) .
obtained along three guide-lines for copy paper in.
cross direction (MD) after straining. These data
were taken after 18 hours condifioning.
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and indicate that there was a significant
increase in the lower end of the particle
size range (0.02 to 0.04 mm?2) compared
with corresponding products made with
no DIP,

CONCLUSIONS

A scanner-based system for measuring
dirt has been developed at Amcor
Research and Technology in- conjunction
with the Royal Melbourne Institute of
Technology. Over a wide range of
applications, the method has been found
to be rapid and reliable, with good
repeatability. Most importantly, it elimi-
nates the inconsistency and observer bias
associated with the visual measurement
used in the past. The scanner system is
also superior to camera-based systems in
speed and area coverage and can be

readily adapted to quality control mea-
surement in a mill environment.
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