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Deformation and fracture of paper during the
in-plane fracture toughness testing—Examination
of the essential work of fracture method

A. TANAKA!, T. YAMAUCHI*
Faculty of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan
E-mail: yamauchi@kais.kyoto-u.ac.jp

The “essential work of fracture” (EWF) method is applied to various machine-made papers.
The deforming and fracturing processes of the paper samples during testing is analyzed by
means of the thermographic observation. Plastic deformation zone appears in three ways
when deep double edge notched tension specimens are strained under in-plane stress: i.e.
1. type (i)—appearing through whole the ligament in a vague manner and developing into a
circular (or oval) zone even before or at the maximum load point; 2. type (ii)—appearing
from notch tip and amalgamating into a circular (or oval) zone after the maximum load
point; and 3. type (iii)—appearing from notch tip and not amalgamating into a circular (or
oval) zone until the sheet failure. Specimens with small ligament length (L) are likely to
belong to type (i), while those with large L to type (ii) & (iii). Among these three types,

type (i) fulfills the original assumption of the EWF method best in terms of the complete
ligament yielding before crack initiation. Thus the specific essential work of fracture
determined using the linear relation of type (i) should be correct, although the estimated
work is a little smaller than that from the linear relation of type (ii) & (iii). © 2000 Kluwer
Academic Publishers

1. Introduction mercial papers, too. The deforming and fracturing pro-

Paper strength evaluation based on fracture mechanicesses of the paper during the testing are analyzed by

has been extensively investigated by many scientists faneans of the thermographic observation. The applica-

last two decades [1, 2]. Especially for “J-integral” and tion of the EWF method to paper materials is discussed

“essential work of fracture (EWF)” methods, standard-in detail using these results.

ization of the experimental method and proposal for

standard testing method have started to be discussed

after piling up of many experimental results [3]. Fur- 2. Theory

thermore a special instrument for standard “J-integral'The EWF method introduced by Seé¢h al. [6,7] is

testing has already become commercially available [4]originally developed for characterizing ductile fracture

However, some basic problems are unsolved yet foby Cotterell and Reddel [8, 9]. If a deep double edge

both methods; for example, different determinationnotched tension (DENT) specimen yields completely

methods do not show the same value of fracture toughbefore fracture, the plastic deformation zone is almost

ness using “J-integral” method and the appearance dfircular on the ligament (between double notches) as

circular plastic deformation zone has not been conshown in Fig. 1. Furthermore the work performed to

firmed in the EWF method. In a previous study [5], fracture such a specimen (Y\can be separated into

deforming and fracturing processes during the EWRwo components:

method testing were observed by means of thermog-

raphy for handsheets from softwood kraft pulp to as- (1) The essential work performed in the fracture pro-

certain stress concentration at around notch tips, stablgess zone (Y.

crack growth after maximum load point and appearance (2) The non essential work performed in the plastic

of circular plastic deformation zone before final sheetdeformation zone (\y).

failure. However, many commercial papers are rather

brittle in fracturing behavior contrasting to that of the The essential work is proportional to the ligament

handsheets from softwood kraft pulp. length ) if it is assumed that the specific essential
In the present study, the EWF method, which is pri-work of fracture (w) remains constant. And the non

marily suitable for ductile material, is applied to com- essential work in the rest of the plastic deformation zone
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of the ligament before crack initiation and the ligament
is in a state of plane stress. Thus there is an upper and
lower limit to the ligament length.. The lower limit
is governed by the sheet thickneg$ &nd is of the
PSR - L. | [J— orderL > 5t. In the case of paper sheet, this limit is
thoroughly cleared up.
The upper limit is determined in two ways. FirstlLif
is not small compared to the width, then the plastic zone
; : size can be disturbed by edge effects. In order to avoid
/—P;iitéc deformation these effectd, is recommended to be kept below 1/3 of
the specimen width. Secondlly, should not be larger
than the size of the plastic deformation zone ahead of
a notch tip. After all, it is proposed that should be
smaller than both of the two criteria:

w
L < (3’ 2rp>

where p is the plastic zone size parameter which is
given by linear elastic fracture mechanics.

1 These relations are valid if there is complete yielding

|

-

3. Experimental
‘ 3.1. Material

Various machine-made papers (sack paper from un-
bleached kraft pulp, machine glazed paper, newsprint
. 1 Deco double ed ched tensi o for the in-ol paper, and filter paper) were employed in this study.
igure eep aouble edge nolchea tension specimen for the in-plan H H : H H
fracture toughness testing and showing the plastic deformation zon?arhe.Ir basic properties .are givenin T.able . .
[8, 9]. (B: specimen widthl.: ligament length). S!ze of DEN_T specimens, notching and specimen
setting to a pair of clamps are the same as those de-
. . I " scribed in the previous paper [5]. Ligament lendth, (
is propprnonal td_2ifitisassumed t'hatthe specificnon istance between double notches, was 1/3 of the speci-
essential work of fracture (yy remains constant. After . \vidth which is in the range of L maL < 21 mm.
all, the model is represented in the simple equation as Experimental plots between work of fracture and lig-
ament lengths were linear in most part of the range. The
Wt = We +Wp (1) specific essential work of fracture {hobtained by ex-
= Ltwe + L% tw, (2)  frapolating the plots in the range of 9 maL was also
given in Table | as fracture toughness. It must be noted

wheret is the sample thickness apds a shape factor that thickness is replaced by basis weight [6] in our
of the plastic deformation zone. By referring all terms Study, too.
to the unit surface,

3.2. Instrumentation
Wi <= %) = We + LW, 3) The fracture toughness testings were made with a
Lt pair of line-type clamps (PAPRICAN Special Clamps)
mounted on an Instron type tensile testing machine
is obtained. According to this equation, a linear rela-(Shimadzu Auto-graph AGS-100) with a span dis-
tionship is expected betwedn and w. And we can  tance of 100 mm and crosshead speed of 10 mm/min.
be obtained by extrapolating to=0, considered as The thermography system (NEC-San’ei Thermo-tracer
fracture toughness. 6T62) was set up to observe the notched area and the

TABLE | Basic properties of the samples

UKP-sack Machine glazed Newsprint Filter
MD CD MD CD MD CD MD CD
Basis weight, g/rh 47 47 41 41 40 40 100 100
Thicknessum 70 70 55 55 66 66 174 174
Sheet density, kg/fn 670 670 745 745 611 611 575 575
Tensile index, Nm/g 79.4 33.9 83.3 25.6 75.0 22.6 29.0 18.9
Elongation at failure, % 1.0 3.0 1.8 2.7 15 2.2 1.7 2.9
Elastic modulus, kNm/g 12.4 35 10.9 3.5 9.1 2.3 5.3 3.0
Fracture toughne8gwe), JIm/kg 27.8 24.1 15.0 11.4 17.3 135 10.1 7.8

aEstimated by the EWF method (ligament length range of 9rim< 21 mm).
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surrounds with a close-up lens. Details of the experitogether (Fig. 3f) to make a circular (oval) zone. And

mental conditions were the same as those described &t the same time, temperature rise at the notch tips (as

the previous paper [5]. All testings were made at thendicated by green or yellow color), which means crack

standard atmosphere. propagation, are observed too. This means that the cir-
cular (oval) zone is attained after crack initiation as
described in the previous paper [5].

4. Results and discussion The case of UKP-sack paper (MDE5 mm) is
4.1. Development of the plastic shown as the example of type (iii). In this case, the blue
deformation zone during the testing colored spots appear around the notch tips in a con-

The developing pattern of the plastic deformation zonecentrated manner, too (Fig. 4e) and begin to increase
under straining varied with sample and ligament lengththeir area (Fig. 4f,g). Their way of developing until the
However, they were able to be classified into threemaximum load point is the same as those in type (ii).
types: 1. type (i)—appearing through whole the liga-But the final sheet failure occurs soon after the maxi-
ment in a vague manner and developing into a circulamum load point (Fig. 4h), so that they do not show an
(or oval) zone; 2. type (ii)—appearing from notch tip amalgamated zone at all.
and amalgamating into a circular (or oval) zone; and 3. In terms of the way of the appearance, type (ii) and
type (iii)—appearing from notch tip and not amalga- type (iii) are essentially the same and they are differ-
mating into a circular (or oval) zone. ent from type (i). The difference between type (ii) and
Typical examples of these types are shown in Figs 2-type (iii) only depends on the length of the period after
4 asaseries of successive close-up temperature distribthe maximum load point till the final sheet failure.
tion images, and the corresponding load-displacement Plastic deformation zone appearance for all speci-
relationships are given in Figs 57, respectively. Everymens were classified and are shown in Table Il. The
initial location of the specimen with notches is super-types vary with ligament length, tensile direction, and
imposed with white lines on temperature distributionkind of papers. Specimens with sméllare likely to
image (Figs 2a, 3a, 4a). Temperature scale is gradlselong to type (i), while those with larde are likely
ated by temperature rise compared with initial averagdéo belong to type (iii). CD specimens have the larger
temperature of specimen. upper limit of L for type (i) than MD specimens; 5 or
The case of UKP-sack paper (AD£5 mm) is 4 mm for CD, 3 or 2 mm for MD. Specimens with the
shown as the example of type (i). In this case, at halfwaynedium condition between type (i) and type (iii) seem
through the plastic deformation region in the load-to belong to type (ii).
displacement curve, the blue colored spots whose tem- Similar results showing the type (i) deformation for
perature is higher than that of the surroundings begitthe specimen with small were also observed in the
to appear through whole the ligament region in a vagusame handsheet used in the previous paper [5].
manner (Fig. 2c¢), and increase their intensity with in- As mentioned before, the EWF method is valid if
crease ofthe displacements. Atthe maximum load pointhere is complete yielding of the ligament before crack
(Fig. 2d), these spots are confined in a circular zoneinitiation, i.e. maximum load point. And its shape is
After that point, higher temperature zones as indicatedheoretically assumed to be circular on the ligament
by green or yellow color begin to appear at around the{see Fig. 1). Taking the matter into consideration, only
notch tips (Fig. 2e) and extend toward the inside (Fig. 2fthe type (i) specimen shows circular (or oval) plastic
g) until the final sheet failure. This means that the circu-deformation zone before or at the maximum load point
lar (oval) zone is attained before or at crack initiation,and fulfills the original assumption of the EWF method
i.e. maximum load point [5]. best among these types. While the plastic deformation
The case of UKP-sack paper (D& 13 mm) is  zone of type (ii) before or at the maximum load point
shown as the example of type (ii). In this case, the blugs small and not circular and that of type (iii) is very
colored spots appear at around the notch tips (Fig. 3b) ismall and far from circular. Furthermore, size ratio of
a concentrated manner and begin to increase their aretie observed plastic deformation zone before or at the
Until the maximum load point, they keep their color maximum load point to the theoretical circular plastic
uniform and they are confined within clear-cut shapegleformation zone as shown in Fig. 1 decreases with
at the notch tips (Fig. 3c,d). After that point, these twoan increase ot.. These results demonstrate that the
spots begin to extend toward inside (Fig. 3e) and joirspecific essential work of fracture can be determined as

TABLE |l Type of theplastic deformation zone appearance for all specimens

L=1mm L=2mm L=3mm L=4mm L=5mm L=9mm L=13mm L=17mm L=21mm

UKP-sack MD (i) [0 (ii) (iii) (iii) (iii) (iii) (iii) (iii)
CD (i) 0] 0] 0] 0] (i) (if) (if) (i)
Machine glazed MD (i) @) @) (ii) (iii) (iii) (iii) (iii) (iii)
CD (i) 0] 0] 0] (it) (if) (if) (if) (if)
Newsprint MD (i) @) (ii) (iii) (iii) (iii) (iii) (iii) (iii)
co () @) @) (i) (ii) (i) (iii) (iii) (iii)
Filter MD (i) @) 0 () (ii) (iii) (iii) (iii) (iii)
Ch (i) 0] 0] 0] 0] (if) (iif) (iif) (iif)
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M O N &0

Temperature rise, °C

Figure 2 A series of close-up temperature distribution images of the UKP-sack papet (GDhm); (a)—(h) correspond to the positions on the
load-displacement curves in Fig. 5.
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Figure 3 A series of close-up temperature distribution images of the UKP-sack papet {(€B/mm); (a)—(h) correspond to the positions on the
load-displacement curves in Fig. 6.
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Temperature rise, °C

Figure 4 A series of close-up temperature distribution images of the UKP-sack papelL{(NsDhm); (a)—(h) correspond to the positions on the
load-displacement curves in Fig. 7.
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Figure 5 Load-displacement curve for the UKP-sack paper (CD/ 0 02 0.4 0.6 0.8 1.0
5 mm). Displacement , mm

. Figure 6 Load-displacement curve for the UKP-sack paper (CD/
proposed by Cotterelland Reddel [8, 9], only in the casa_fmm)_ P paper

of extremely smalL where type (i) deformation occurs.

Straight lines were obtained from these linear plots by
4.2. Experimental plots for the estimation the method of least squares.

of fracture toughness Some examples of -w; plots are shown in Fig. 8
Fracture toughness by the EWF method, ¥8 es- for UKP-sack paper (MD), Fig. 9 for UKP-sack paper
timated by extrapolating linedc-w; plots toL =0.  (CD), Fig. 10 for filter paper (MD), and Fig. 11 for filter
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Figure 7 Load-displacement curve for the UKP-sack paper (MD/

5 mm).
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Figure 8 Experimental plots between work of fracturgjand ligament
lengths () for UKP-sack paper (MD).
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Figure 9 Experimental plots between work of fracturgjand ligament
lengths () for UKP-sack paper (CD).
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Figure 10 Experimental plots between work of fracturesjvand liga-
ment lengthsl() for filter paper (MD).

14 | Filter paper (CD)

g) 12+ /1?,/
E 10! '
= °

8 B : e(i
> n‘,/‘ :> : Iﬁeﬁi?)

O : type(jii)
6L
0 5 10 15 20 25
L, mm

Figure 11 Experimental plots between work of fracturesjvand lig-
ament lengthsL() for filter paper (CD). Dotted line arrows show the
correction considering the size ratio of plastic deformation zone.

paper (CD). Every spot is an average of at least five re-
sults. Although some papers show little difference in
the linear relations between type (i) group and type (ii)
& (iii) group (Fig. 8), many papers show two differ-
ent linear relations for type (i) group and type (ii) &
(iif) group (Figs. 9—11). Considering that type (i) spec-
imens satisfy the original assumption of EWF method,
Wwe obtained from type (i) plots is correct as mentioned
before.

In the estimation of w linear L-w; plots using
Equation 3 assumes that shape factor of the plastic
deformation zonegs is constant. However, the plastic
deformation zone in type (ii) & (iii) deformation at the
maximum load point is smaller than that in type (i) de-
formation as described before. Therefore, if the shape
factor g is a size ratio of the observed plastic deforma-
tion zone to the theoretical circular plastic deformation
zone on the ligament as shown in Fig. 1, and also a cor-
rection to keegB constant is made, the plots of type (ii)
& (iii) have to move upward as shown by dotted line
arrows in Fig. 11. The corrected data may be on the
extension (broken line in Fig. 11) of the linear relation
from type (i) plots.

5. Concluding remarks
The plastic deformation zone observed by thermog-
raphy at the maximum load point is generally small



TABLE IIl Type of the plastic deformation zone appearance for UKP-sack paper. (Effect of specimen dimension and its comparison with effect
of ligament length)

L Width Span length Plastic deformation Span length Plastic deformation
mm mm mm zone appearance mm zone appearance

e Specimen dimension (span length : wigtti00 : 6)

UKP-MD 2 6 100 type (i) 100 type (i)
3 9 150 type (iii) 100 type (ii)
4 12 200 type (iii) 100 type (iii)
2 6 100 type (i) 100 type (i)
UKP-CD 3 9 150 type (i) 100 type (i)
4 12 200 type (i) 100 type (i)
e Specimen dimension (span length : wigl100 : 15)
UKP-MD 5 15 100 type (iii) 100 type (iii)
13 39 260 type (iii) 100 type (iii)
UKP-CD 5 15 100 type (i) 100 type (i)
13 39 260 type (ii) 100 type (ii)

and far from the theoretical circular plastic deforma-ligament length shows the same type of plastic defor-
tion zone on ligament which is the original prerequisitemation zone appearance irrespective of specimen di-
of the EWF method except for the specimens having exmension. Thus, the type depends morelothan on
tremely smallL. Thus, the application of EWF method specimen dimension.

to paper materials should be limited on the specimens

having extremely small. Although the specific essen-

tial work of fracture can be determined using the dateAcknowledgements
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