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Factors affecting work of fracture of uPVC film
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Essential work of fracture (EWF) approach was used to evaluate the fracture toughness of
uPVC film. It was found that the specific essential work of fracture, (we) is independent of
specimen width, specimen gauge length, loading rate and test temperature, but dependent
on the geometry of the test specimens. Test temperature and geometry were the only
testing parameters affecting the specific non-essential work of fracture (βwp) in a very
significant way. The plastic zone shape factor (β) was found to be very sensitive to both the
geometry and temperature. It was established that both we and βwp could be partitioned
into components that are linked to yielding (i.e. we,y and βywp,y) and necking/tearing (i.e.
we,nt and βntwp,nt) processes. The only testing parameter that affected we,y was test
temperature, whereas we,nt was affected by test temperature as well as geometry. All
testing parameters used in this study affected the values of βywp,y and βntwp,nt. C© 1999
Kluwer Academic Publishers

1. Introduction
Linear Elastic Fracture Mechanics (LEFM) approach is
often used to characterise fractures that occur at nomi-
nal stresses well below the uniaxial tensile yield stress
of a material. Under this condition, plastic flow at the
tip of the crack is intimately associated with a fracture
process which is brittle in nature. A single fracture pa-
rameter such as the Critical Stress Intensity Factor,KIc
or the Critical Strain Energy Release Rate,GIc have
been found to be sufficient to characterise this type of
fracture at its critical condition. However, the LEFM
approach can not be adopted in characterising the fail-
ure of ductile and toughened polymers, where a large
plastic zone often exists at the tip of the crack, and,
much of the plastic flow work dissipated in this zone
is not directly associated with the fracture process. For
ductile materials, two approaches have been used in or-
der to characterise the fracture behaviour, namely, the
essential work of fracture (EWF) and theJ-integral.
EWF approach has recently gained popularity due to
its experimental simplicity. This approach which was
proposed by Broberg [1] assumes that the non-elastic
region at the tip of a crack may be divided into two re-
gions: an inner region where the fracture process takes
place, and the outer region where the plastic deforma-
tion takes place. The total work of fracture can then
be partitioned into two components: work that is ex-
pended in the inner fracture process zone to form a
neck and subsequent tearing, and the work which is
consumed by various deformation mechanisms in the
surrounding outer plastic deformation zone. The for-
mer is referred to as “Essential Work of Fracture” and
the latter as “Non-Essential Work of Fracture”. The
method has been used to study the fracture behaviour
of wide range of materials such as metals [2–4], poly-

mer films [e.g. 5–12] and papers [13, 14] under plane-
stress conditions. Studies on these materials indicate
that the method provides a useful means by which frac-
ture toughness can be determined.

In this study, EWF approach was used to determine
the fracture toughness of an uPVC film. The effects
of specimen dimensions (i.e. width and gauge length),
specimen geometry, loading rate and temperature on
EWF parameters for uPVC are investigated in detail.

2. Essential work of fracture (EWF)
This method, was first proposed by Broberg [1] who
suggested that when the ultimate failure of the test spec-
imen is preceded by extensive yielding and slow crack
growth, a toughness parameter called the Specific Es-
sential Work of fracture (SEWF),we which might be
considered as a material constant may be evaluated.

EWF approach is based on the assumption that the
total work of fracture,Wf is the sum of two energy
terms,

Wf = We+Wp (1)

where the first term,We, is called the essential work
of fracture, which is the energy consumed in the inner
fracture process zone (IFPZ), where the actual fracture
occurs (see Fig. 1).We is therefore a pure crack resis-
tance parameter and thus regarded as fracture tough-
ness. The second term,Wp, which is referred to as the
non-essential work or plastic deformation work, is the
energy dissipated in the outer plastic deformation zone
(OPDZ) as shown in Fig. 1, which for polymers involves
microvoiding and shear yielding.
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Figure 1 Inner fracture process zone (IFPZ) and outer plastic deforma-
tion zone (OPDZ) in a double edge notched tension (DENT) specimen.

Taking into consideration thatWe is surface energy
related andWp is volume related, one may write;

wf = Wf

L B
= we+ wpVp(L , B)

L B
(2)

wherewe=We/L B,wp=We/BL2 andVp(L , B) is the
volume of the plastic deformation zone. Assuming that
the volume of the plastic deformation zone,Vp(L , B) is
proportional toBL2 with a proportionality constant,β,
that is independent of the ligament length, we obtain:

wf = we+ βwpL (3)

wherewe is termed the “Specific Essential Work of
Fracture (SEWF)” andwp is termed the “Specific Non-
Essential Work of Fracture (SNEWF)”.

2.1. Validity of the essential work of fracture
Equation 3 predicts a linear relationship between the
specific total work of fracture,wf and the ligament
length, L. To obtainwe, series of specimens which
vary in ligament length are prepared and tested to com-
plete failure. Specimen geometries such as the Double-
Edge Notched Tension (DENT) and the Single-Edge
Notched Tension (SENT) are commonly used for this
purpose. The DENT geometry is generally favoured,
as its symmetry prevents the specimen from twisting,
which could be a problem for non-symmetrical geome-
tries such SENT, particularly if the specimen is thin and
long.

The total area under the load-displacement curve
gives the total work of fractureWf from which the spe-
cific total work of fracture,wf is evaluated. Awe value
is then estimated from the interception of the linear re-
gression of the plot ofwf vs. L as shown in Fig. 2,

Figure 2 Specific work of fracture versus ligament length,L.

with thewf axis (i.e. atL = 0) as required by Equa-
tion 3. The slope of this linear regression line gives
βwp, which is a measure of the specific non-essential
work of fracture. For a given material one would expect
βwp to increases with ductility or otherwise approach a
value of zero with increasing degree of brittleness. The
explicit determination ofwp requires the knowledge of
the shape factorβ whose value is related to the shape
of the plastic zone. For example, volume of a diamond-
shaped plastic deformation zone,Vp(L , B) (see Fig. 1)
with overall height,h, is related to the ligament length,
L, and the shape factor,β, by a simple relationship;

Vp(L , B) = 1
2 BLh= βBL2 (4)

Equation 4 suggests that a linear relationship exists be-
tween the overall height of the plastic deformation zone
(h) and the ligament length (L) with a slope of 2β.

It has been suggested [2–4], that the specimen di-
mensions utilised in measuringwe should satisfy sev-
eral pre-requisites in order to achieve linearity between
wf and L. It should be borne in mind that inherent in
Equation 3 are the assumptions that (i) the ligament
length controls the size of the outer plastic deformation
zone (OPDZ) that surrounds the fracture process zone
and (ii) the volume of OPDZ is proportional toBL2

(i.e. Equation 4). This proportionality may be affected
in the following ways:

• If the ligament length,L, is not small compared to
the total width of the sample,W, then the size of the
OPDZ can be disturbed by the lateral boundaries
of the specimen. In order to confine plastic defor-
mation to the ligament area, the width restriction of
L ≤W/3 has been proposed and frequently used.
• If yielding of the ligament length occurs prior to

crack growth, then the size of the OPDZ is no
longer controlled by the ligament length. In or-
der to ensure that complete yielding of ligament
length occurs before crack growth (thereby main-
taining the proportionality ofWp andL2) the plastic
zone size restriction ofL ≤ 2Rp has been proposed,
where Rp is the radius of the plastic zone at the
crack tip.
• If the ligament length is not too large compared to

the thickness of the sample,B, then the state of
stress in the ligament region could become that of
a plane-strain/plane-stress (i.e. mixed mode stress
state) at short ligament lengths, rather than the
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required pure plane-stress state. As a result, bothwe
andwp become dependent onL giving rise to a non-
linear relationship betweenwf andL as illustrated
in Fig. 2. This nonlinearity is due to the increasing
plastic flow constraint with decreasing ligament
length. To prevent the onset of mixed-mode stress
state, the thickness restriction ofL ≥ 3B−5B has
been recommended and adhered to.

Based on the above limitations, the following liga-
ment size restrictions were recommended empirically,
for a valid plane-stress determination ofwe;

3B− 5B ≤ L ≤ min(2Rp,W/3) (5)

The size of the plastic zone, 2Rp, may be estimated from
the following linear elastic fracture mechanics equa-
tion;

2Rp = 1

π

Ewe

σ 2
y

(6)

whereE andσy are respectively the Young’s modulus
and the tensile yield stress of the material.

To verify how the state of stress may depend on liga-
ment length, values of the maximum net-section stress,
σn= Pmax/L B (where Pmax is the maximum load on
the load-displacement curve) are often plotted against
ligament length,L. According to plasticity theory [15],
if σy is the uniaxial yield stress of the material, then,
under pure plane stress conditionsσn=mσy wherem
is the plastic constraint factor whose value for single
edge notched tension specimen is 1.0 and for double
edge notched tension specimen is 1.15. The value ofm
however increases with the decreasing ligament length,
as the state of stress in the ligament region changes from
one of a pure plane-stress to one of a pure plane strain
for whichm= 3.

2.2. Partitioning of the essential work of
fracture

In some materials, including the uPVC polymer studied
here, the full ligament yielding of the DENT specimen
gives rise to a sudden load drop in the load-displacement
diagram, as illustrated in Fig. 3. Based on this load drop,

Figure 3 Load-displacement diagram of a DENT specimen showing
work of fracture parameters.

it is possible to distinguish between the specific work
of fracture for yielding (wy) and the specific work of
fracture for necking and subsequent fracture (wnt). The
specific total work of fracture,wf may thus be written
as:

wf = we+ βwpL = wy + wnt (7)

Most recently, Karger-Kocsis, et al. [9, 10], demon-
strated thatwy andwnt contributions towf as a function
of ligament length may be expressed as:

wy = we,y + βywp,yL (8)

wnt = we,nt+ βntwp,ntL (9)

wherewe,y andwe,nt represent the specific essential
work of fracture for yielding and necking/tearing re-
spectively.βywp,y andβntwp,nt represent their respec-
tive non-essential work of fracture.

2.3. Estimation of the essential work of
fracture via crack-opening-
displacement (COD)

It has been shown [2, 6–8] that a reasonable estimate of
we can be made by way of crack opening displacement.
If it is assumed, that the load-displacement diagram of a
notched specimen is approximately parabolic in shape,
the total work of fracture,Wf may be related to the
maximum load,Pmax, and the extension to break,eb,
by the following relationship

Wf = 2

3
Pmaxeb (10)

Using the following relationship forPmax

Pmax= mBσyL (11)

and substituting into Equation 10 one obtains;

wf = 2

3
mσyeb (12)

which when substituted into Equation 3 gives the fol-
lowing linear relationship between extension to break,
eb, and ligament length,L;

eb = 3

2mσy
(we+ βwpL) (13)

The value ofeb at L = 0 is identified as the critical
crack opening displacement,eo, from whichwe can be
estimated using the following relationship;

we = 2

3
mσyeo (14)

3. Experimental details
3.1. Fracture tests
The effects of specimen width (W), gauge length (Z),
geometry, strain rate (v) and temperature (T) on the
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TABLE I Experimental programme

Study Geometry Specimen size & testing condition

Effect of specimen width (W) DENT Z= 70 mm,W= 20, 35 and 50 mm
v= 5 mm/min,T = 23◦C

Effect of specimen gauge DENT W= 35 mm,Z= 17, 35, 70 and 105 mm
length (Z) v= 5 mm/min,T = 23◦C

Effect of strain rate (v) DENT Z= 70 mm,W= 35 mm
v= 2, 5, 20 and 50 mm/min,T = 23◦C

Effect of test temperature (T) DENT Z= 70 mm,W= 35 mm
v= 5 mm/min,T = 23, 40 and 60◦C

Effect of specimen geometry SENT Z= 70 mm,W= 35 mm
DENT v= 5 mm/min,T = 23◦C

work of fracture parameters were studied according to
the test programme listed in Table I.

To study the effects listed in Table I on the essen-
tial and non-essential work of fracture parameters of
the uPVC, rectangular coupons of various widths (W)
and overall lengths (H ) were cut from a rolled uPVC
sheet of a nominal thickness 0.26 mm. The length of
the coupons was always parallel to the rolling direction
of the sheet. The sheet was 500 mm wide and several
meters in length. The coupons were then notched to pro-
duce series of DENT and SENT specimens with liga-
ment lengths,L, ranging from 2 to 16 mm. A minimum
of twenty specimens was tested for the determination
of a singlewe value. The measurement of the ligament
length was performed prior to testing, using an optical
microscope.

After notching, specimens were tested to complete
failure in an Instron testing machine using pneumatic
clamps. From the recorded load-displacement curves,
the following parameters were evaluated and their vari-
ations with respect to ligament length,L were studied:

– Net section stress at maximum load,σn(= Pmax/

L B)
– Extension to break,eb
– Height of the plastic deformation zone,h
– Specific total work of fracture,wf (total area,Wf ,

divided by the ligament area=Wf/L B)
– Specific work of fracture for yielding,wy (area up

to the maximum load,Wy, divided by the ligament
area=Wy/L B)

– Specific work of fracture for necking and subse-
quent tearing,wnt=wf −wy

3.2. Tensile tests
Determination of the tensile yield stress,σy, and
Young’s modulus,E, as a function of test temperature
and the rate of deformation (v) was also carried out
using dumbbell-shaped specimens of nominal dimen-
sions 3.8× 0.26× 75 mm. Tensile yield stress,σy, was
calculated using the maximum load and Young’s mod-
ulus was calculated using the initial slope of the load-
displacement curve. Fig. 4 shows some typical tensile
load-displacement curves for uPVC at a test speed of
5 mm/min and test temperatures of 23, 40 and 60◦C.
These curves show that tensile deformation of uPVC
involves necking and cold-drawing. Curves of similar
shape were obtained as test speed was changed.

Figure 4 Typical tensile load-displacement diagrams for uPVC.

Figure 5 Typical load-displacement diagrams for DENT specimens at
room temperature for various ligament lengths,L.

4. Results and discussion
The fracture of all the DENT specimens was completely
stable producing load-displacement curves at various
ligament lengths of the types shown in Fig. 5.

The visual observation of the DENT specimens dur-
ing the test, indicated the following sequence of events:
opening and blunting of the initial crack tips, formation
of a duckbill-shaped yielded zone at each crack tip,
complete yielding of the ligament length, ductile tear-
ing of the ligament and finally complete failure of the
test specimen. Fig. 6a illustrates the progressive devel-
opment of a stress-whitened yielded zone at each crack
tip in DENT specimens. It was observed that maximum
load always corresponded to complete yielding of the
ligament area (i.e. when the two yielded zones over-
lapped mid-way along the ligament length) in DENT
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(a)

(b)

Figure 6 (a) Progressive development of the inner fracture process zone (IFPZ) and the outer plastic deformation zone (OPDZ) in uPVC at room
temperature; (b) Diappearance of the outer plastic deformation zone (OPDZ) in DENT specimens after annealing.

specimens. After yielding, the ligament area necked
down giving rise to a sudden load-drop after the max-
imum load as seen in Fig. 5. This load-drop was suffi-
cient to tear the whole ligament region. It can be said
unequivocally, that upon reaching the maximum load,
the whole ligament area in DENT specimens yielded
instantaneously and therefore the requirement of full
ligament yielding was always satisfed.

It was noted, that by keeping the broken specimens
for few minutes above the glass transition tempera-
ture (Tg≈ 70◦C), the plastic deformation zone dimin-
ished and the shape of the specimen was full restored
(“healed”), as illustrated in Fig. 6b. This healing process
which was also observed by Karger-Kocsis et al. [10] in
an amorphous copolyester, suggests that no substantial
change in the initial entangled network morphology of
the polymer structure had taken place due to loading.
The recovery of the initial shape of the DENT spec-
imens suggests that cold-drawing, and not, true plas-
tic flow, took place in the plastic zone of this uPVC
material.

4.1. Effect of specimen width, W
Fig. 7 shows plots of the specific work of fracture pa-
rameters,wf , wy andwnt versus ligament length,L,

for sample widths of 20, 35 and 50 mm. It is seen that
for samples widths of 35 and 50 mm, the plots are es-
sentially linear over the whole range of ligament length
values used here. As for sample width of 20 mm, a non-
linear behaviour was observed in all the plots, as lig-
ament length exceeded 10 mm (i.e. atL ≈W/2). The
extrapolated values of the specific essential work of
fracture parameterswe, we,y andwe,nt and their corre-
sponding non-essential work parameters (βwp, βywp,y
andβntwp,nt), for different specimen widths were deter-
mined from the linear regression lines drawn in Fig. 7.
The extrapolated values and slopes are given in Table II
with their 95% confidence limits.

TABLE I I Ef fect of specimen width,W, on the specific work of
fracture parameters (v= 5 mm/min,Z= 70 mm,T = 23◦C)

Fracture
parameters W= 20 mm W= 35 mm W= 50 mm

we (kJ/m2) 34.69± 2.54 35.02± 2.60 34.43± 1.46
we,y (kJ/m2) 13.01± 2.21 11.90± 1.36 12.53± 0.67
we,nt (kJ/m2) 21.68± 1.90 22.64± 2.16 21.56± 1.46
βwp (MJ/m3) 2.80± 0.27 3.27± 0.28 3.00± 0.16
βywp,y (MJ/m3) 2.11± 0.16 1.62± 0.15 1.27± 0.07
βntwp,nt (MJ/m3) 0.87± 0.19 1.68± 0.23 1.73± 0.15
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Figure 7 Specific work of fracture parameters versus ligament length,
L, for specimen widths,W, of 50, 35 and 20 mm;T = 23◦C, Z= 70
mm andv= 5 mm/min.

It may be deduced, that the essential work terms are
independent of specimen width. The fact that these en-
ergy terms are unaffected byW indirectly confirms that
plane stress conditions are achieved in the ligament re-
gion. It is also evident that almost 63% ofwe is con-
tributed by the necking/tearing process, i.e.we,nt.

As for non-essential work terms, it is seen that whilst
βwp is more or less independent ofW, βywp,y and
βntwp,nt values are strongly dependent uponW; the lat-
ter increasing and the former decreasing with increasing
W.

The dependence of the net-section stress at the max-
imum load (σn), extension to break (eb) and the height
of the plastic deformation zone (h) on ligament length
for specimen widths of 20, 35 and 50 mm are shown in
Fig. 8.

It is seen from Fig. 8a, thatσn is more or less indepen-
dent ofW, but very much dependent on the ligament
length,L. As stated earlier, owing to plastic constraint
imposed by the notches, the net-section stress for DENT

Figure 8 Net-section stress,σn, extension to break,eb, and the height of
the plastic zone,h, versus ligament length for specimen widths,W, of
50, 35 and 20 mm;T = 23◦C, Z= 70 mm andv= 5 mm/min.

geometry is expected to rise to 1.15 times the uniaxial
yield stress of the material (σy). However, it is evident
from Fig. 8a, thatσn decreases steadily with increasing
L, reaching a steady state value (σns), at large ligament
lengths. According to Fig. 8a,σns≈ σy and not the theo-
retical value of 1.15σy. Moreover, as clearly illustrated
in Fig. 4, while at 23◦C, the material yields at 51 MPa,
due to strain-softening, it undergoes cold drawing at
a constant stress value of approximately 0.78σy (i.e.
σflow≈ 40 MPa). It may be reasonable to assume, that
within the plastic deformation zone, the stress is ap-
proximately 1/2(σy+ σflow)= σu. If this approximation
is accepted, then for large ligament lengths we have,
σns≈ 1.15σu. However, one only needs to refer to stud-
ies by Wu & Mai on linear low density polyethylene
[12], Karger-Kocsis et al. on an amorphous copolyester
[9, 10] and Hashemi on a wide range of polymeric films
[5, 8], to realize that the requirement thatσns= 1.15σy
is very rarely achieved in polymers that show strain
softening phenomenon. What stems from these studies
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is that the linearity betweenwf and L is preserved as
long asσn attains some steady state value. The stress
ratio σns/σy appears to be dependent upon the degree
of strain softening experienced by the material as well
as the geometry of the notched specimen.

As for the requirement thatL should be less than
W/3 to avoid disturbance of the plastic zone by the edge
effects, it is seen from the data presented here, that this
condition is too restrictive. The experimental data for
W= 20 mm, suggests a more conservative requirement
of L ≤W/2, for eliminating edge effects.

The requirements thatL should be less than 2Rp,
is also found to be too restrictive. By substituting val-
ues ofwe≈ 34.62 kJ/m2, E= 3.36 GPa andσy= 51
MPa into Equation 6 we obtain that 2Rp≈ 14 mm.
However, when considering, that ligament region of
all DENT specimens was yielded fully, as indicated by
the sudden load-drop, this condition appears also to be
too restrictive for uPVC. Consequently, neither of the
two requirements give an accurate estimation of the up-
per limit value of the ligament length. Indeed, previous
studies [e.g. 5, 8, 9, 10] led to the same conclusion
regarding both of the aforementioned requirements.

Another feature of Fig. 8a which is worthy of con-
sideration, is the elevated values ofσn at small ligament
lengths. This behaviour is often attributed to the change
in the stress state in the ligament region. According to
Equation 5, a transition from a pure plane-stress frac-
ture to a mixed mode fracture is expected at a ligament
length value of about 3B–5B. This corresponds to a
ligament length value in the region of 0.8 to 1.8 mm
in this study for whichB is 0.26 mm. However, ac-
cording to Fig. 8a, plane-stress/plane-strain transition
in uPVC occurs at a ligament length value in the region
of 3.5–5 mm, i.e.L/B ratio of 13–19. Several stud-
ies using different types of polymeric films have also
indicated a largeL/B ratio at the transition point. For
example, Wu & Mai [12] noted that for LLDPE film the
plane-strain/plane-stress transition occurs atL/B= 14,
Hashemi [5] observed that for PBT/PC blend the tran-
sition occurs atL/B= 20 while Li et al. [16] did not
observe any transition for PP/elastomer blend nor did
Karger-Kocsis et al. [9, 10] in their study on amorphous
copolyester film of thickness of 0.5 mm. These finding
raise the question as to whether the proposed require-
ment thatL/B ratio should exceed 3–5 is indeed uni-
versal or that the ratio depends on the type of material
that is used.

As the plane-strain value of the specific work of frac-
ture is lower than the plane-stress value, it is expected
that in the mixed mode region,wf values fall below
the linear regression line that describes the variation of
wf with L in the region of pure plane-stress. Surpris-
ingly, there is no strong evidence of such nonlinearity
at small ligament lengths (i.e.L < 3.5–5 mm) in any of
the plots presented Fig. 7. Indeed, exclusion of the data
for which ligament length had values of less than 3.5–5
mm, only marginally altered the values of the specific
essential and non-essential work of fracture parameters
given in Table II; the values were well within the±95%
confidence limits.

As regards the dependence of the extension to break
(eb) on ligament length, it is evident from Fig. 8b that

not only the dependence is very linear as suggested
by Equation 13, it is also independent of the specimen
width. The linear extrapolation of the data toL = 0
gives a crack opening displacement (e0) value of 1.07
mm. To estimatewe via Equation 14, an appropriate
choice of value for the quantitymσy is required. It is
the author’s opinion, that the quantitymσy should be
replaced by the steady state value of the net-section
stress (σns) which according to Fig. 8a has a value close
to σy (or alternatively as 1.15σu). This gives awe value
of 36.4 kJ/m2, which agrees quite well, with the average
value of 34.62 kJ/m2 obtained directly from the plots
of wf vs L.

According to Equation 4, the overall height of the
plastic zone,h, is a linear function of the ligament
length,L. This relationship is corroborated by the ex-
perimental results presented in Fig. 8c. The variation
appears to be insensitive toW. The best linear regres-
sion line through the data in Fig. 8c, gives a plastic
zone shape factor (β) of 0.054. Given thatβwp≈ 3.14
MJ/m2, we estimate a specific plastic work (wp) value
of 58 MJ/m2, for this uPVC sheet.

4.2. Effect of Specimen Gauge Length, Z
The load-displacement curves for all values ofZ used
here, were similar to those presented in Fig. 5, i.e. mode
of failure was not affected byZ.

Fig. 9 shows plots of the specific work of fracture
parameters,wf , wy andwnt vs. ligament length,L, for
specimen gauge lengths (Z) of 17, 35 and 105 mm
(plots for the gauge length of 70 mm can be found in
Fig. 7). It is seen that plots are essentially linear over
the whole ligament range. As demonstrated, change in
Z affects values ofwy andwnt in a different way. It
is observed that whereaswnt decreases,wy increases,
with increasingZ. As shown in Fig. 9, the greater con-
tribution to wf for Z values of 17, 35 and 70 mm,
stems from the necking/tearing component (wnt). For
the gauge length of 105 mm, the yielding contribution is
close to, and for large ligament lengths even exceeds the
necking/tearing contribution. This suggests, that larger
values ofZ could lead to instability of the DENT test
specimens. Results further demonstrate that require-
ments thatL < 2Rp and L <W/3 are once again too
stringent for uPVC material.

The extrapolated values of the specific essential work
of fracture parameterswe,we,y andwe,nt and their corre-
sponding non-essential work parameters (βwe, βywe,y
andβntwe,nt), for different gauge lengths were deter-
mined from the linear regression lines drawn in Fig. 9.
The extrapolated values and slopes are given in Table III
with their 95% confidence limits.

It can be observed, that change in gauge length has
no significant effect upon the measured values of the
specific essential work of fracture parameters. This con-
firms, once more, that the state of stress in the ligament
region is that of pure plane stress. Almost 63% of the
total specific essential work of fracture (we) stems from
the necking/tearing component,we,nt.

It is worth stating at this stage, that values of the
specific essential work terms (we, we,y, we,nt) are
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TABLE I I I Ef fect of specimen gauge length,Z, on the specific work of fracture parameters (v= 5 mm/min,W= 35 mm,T = 23◦C)

Fracture parameter Z= 17 mm Z= 35 mm Z= 70 mm Z= 105 mm

we (kJ/m2) 35.10± 1.57 33.73± 1.73 35.02± 2.60 32.64± 1.54
we,y (kJ/m2) 10.27± 1.17 10.98± 0.75 11.90± 1.36 10.58± 1.23
we,n (kJ/m2) 24.84± 1.80 22.75± 1.38 22.64± 2.16 22.07± 1.21
βwp (MJ/m3) 3.40± 0.16 3.00± 0.15 3.27± 0.28 3.75± 0.16
βywp,y (MJ/m3) 0.72± 0.13 1.11± 0.06 1.62± 0.15 2.46± 0.12
βntwp,nt (MJ/m3) 2.68± 0.20 1.89± 0.12 1.68± 0.23 1.30± 0.12

Figure 9 Specific work of fracture parameters versus ligament length,
L, for gauge length values,Z, values of 105, 35 and 17 mm;T = 23◦C,
W= 35 mm andv= 5 mm/min.

practically independent of bothZ and W. This con-
firms that the specific essential work terms are indeed
“material constants” for a given thickness.

As for non-essential work terms, it is observed that
whereasβwp is not significantly influenced byZ,
βywp,y andβntwp,nt values are affected significantly by
Z; the latter decreasing and the former increasing with
increasingZ. The combined effect of specimen width
and gauge length onβywp,y andβntwp,nt values is illus-

Figure 10 Net-section stress,σn, extension to break,eb, and the height
of the plastic zone,h, versus ligament length for specimen gauge lengths,
Z, of 105, 70, 35 and 17 mm;T = 23◦C,W= 35 mm andv= 5 mm/min.

trated in Fig. 10, where values are plotted against the
ratio Z/W. It is seen thatβywp,y decreases andβntwp,nt
increases, with increasingZ/W. The two curves inter-
sect at aZ/W ratio of approximately 2. At this ratio,
βywp,y≈βntwp,nt≈ 1/2βwp.

The plots of net-section stress at maximum load,σn,
extension to break,eb, and the height of the plastic
zone,h, vs. ligament length are shown in Fig. 11. It
is observed, that these plots follow the same trend as
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Figure 11 Effect of Z/W ratio on non-essential work of fracture pa-
rameters for yielding and necking/tearing.

whenW was changed (see Fig. 9). Indeed as depicted
in Figs 10b and 10c, values ofeo andβ do not differ
significantly from those of Figs 8a and 8b. It may be
inferred, that these parameters are also independent of
bothW andZ, for a given thickness.

4.3. Effect of loading rate
All the DENT specimens tested at the loading rates
(v) of 2, 5, 20 and 50 mm/min failed in a ductile
manner. The load-displacement curves obtained from
these tests were similar to those presented in Fig. 5.
The tensile load-displacement curves obtained from
dumbbell-shaped specimens also exhibited ductile fail-
ure (necking and cold-drawing as in Fig. 4) at these
loading rate values. The tensile yield stress at maxi-
mum load (σy) and elastic modulus (E) evaluated from
these curves can be found in Table IV (± represents
standard deviation about the mean value). It is seen that
the yield stress and modulus both increase with increas-
ing rate. The ratio of flow stress to tensile yield stress
(i.e.σflow/σy) was rate insensitive and was consistently
around 0.78± 0.02.

Fig. 12 shows plots of the specific work of fracture
terms vs. ligament length for loading rate values of 2,
20 and 50 mm/min (plots for loading rate of 5 mm/min
can be found in Fig. 7). The extrapolated values of the
specific essential work of fracture parameters and their
corresponding non-essential work parameters were de-
termined from the linear regression lines drawn in Fig.
12. The extrapolated values and slopes with their 95%
confidence limits are given in Table IV. It can be ob-
served, that for the range of loading rate values used

TABLE IV Ef fect of loading rate,v (mm/min), on the specific work of fracture parameters (Z= 70 mm,W= 35 mm,T = 23◦C)

Fracture parameter v= 2 v= 5 v= 20 v= 50

σy (MPa) 49.74± 1.17 51.00± 209 54.03± 1.16 57.69± 1.32
E (GPa) 3.25± 0.21 3.36± 0.11 3.45± 0.08 3.51± 0.09
we (kJ/m2) 34.49± 2.01 35.02± 2.60 34.39± 2.40 34.20± 2.06
we,y (kJ/m2) 11.00± 0.51 11.90± 1.36 13.39± 1.20 13.04± 1.29
we,nt (kJ/m2) 23.49± 1.87 22.64± 2.16 21.00± 1.13 21.16± 1.62
βwp (MJ/m3) 3.32± 0.20 3.27± 0.28 3.47± 0.15 2.84± 0.23
βywp,y (MJ/m3) 1.45± 0.06 1.62± 0.15 2.02± 0.14 2.04± 0.14
βntwp,nt (MJ/m3) 1.87± 0.18 1.68± 0.23 1.46± 0.11 0.80± 0.17
2Rp (mm) 14.42 14.40 12.94 11.48

Figure 12 Specific work of fracture parameters versus ligament length,
L, at deformation rates,v, of 50, 20 and 2 mm/min;T = 23◦C, W= 35
mm andZ= 70 mm.

here,we is indeed rate insensitive, as arewe,y andwe,nt
values.

The specific non-essential work terms show some
variation with respect tov. One may observe that
whereasβywp,y increases,βntwp,nt decreases with in-
creasing rate. It is seen also, that although at lower rates
of 2 and 5 mm/min, the specific work of fracture for
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Figure 13 Plots of net-section stress,σn, extension to break,eb, and
the height of the plastic zone,h, versus ligament length,L, at deforma-
tion rates,v, of 50, 20, 5 and 2 mm/min;T = 23◦C, W= 35 mm and
Z= 70 mm.

yielding,wp,y is significantly lower than that of neck-
ing/tearing, at higher rates (e.g. 20 and 50 mm/min), it
is close and even exceeds necking/tearing contribution
(wp,nt).

The effect of loading rate on net-section stress, exten-
sion to break and the overall height of the plastic zone
can be found in Fig. 13. Generally speaking, variation
for each parameter with respect to ligament length is
similar to what has been found thus far, in this study.
It is seen from Fig. 13a thatσns≈ σy at each rate. Of
particular interest are the plots ofeb andh as shown
in Figs 13b and 13c, respectively. Fig. 13b shows that
extension to break is independent of loading rate. The
extrapolated value,eo, agrees quite well with values
determined from the width and gauge length studies.
This further supports the view that direct and indirect
measurements ofwe are in good agreement.

Figure 13c shows that the overall height of the plastic
zone may depend on the loading rate. The best linear
regression lines drawn through the 2 mm/min and 50
mm/min, gaveβ values of 0.040 and 0.052 respectively.
The data however, contains high degree of scatter which
prevent us to say, with some degree of certainty, as to
whetherh is dependent on or indeed independent of,
the loading rate.

4.4. Effect of temperature
Figs 14a and 15a show typical load-displacement
curves for DENT specimens with various ligament
lengths at test temperatures of 40◦C and 60◦C respec-
tively. The curves show the same features as the load-
displacement curves at room temperature (see Fig. 5).
The main differences being, lower maximum load and
greater extension to break, as temperature is increased.
As illustrated in Figs 14b and 15b, the sequence of
events happening during crack propagation also follows
that of the room temperature tests. The main differences
being, a greater crack opening displacement and vol-
ume of plastic deformation zone at higher temperatures,
for the same ligament length value.

The effects of temperature on the specific work of
fracture terms, net-section stress at maximum load, ex-
tension to break and the height of the plastic deforma-
tion zone are shown in Figs 16 and 17 for test temper-
atures of 40◦C and 60◦C respectively.

Figs 16a and 17b show the variation of specific work
of fracture terms as a function of the ligament length.
It is seen that increase in temperature reduceswy but
increaseswnt. This is expected as values of tensile yield
stress and extension to yield, both decreased with in-
creasing temperature. As a consequence, less energy
is required for the material in the ligament region to
yield. On the other hand, increase in temperature leads
to a larger crack opening displacement which in turn
increases the energy required for tearing of the liga-
ment region. Table V compares the values of the spe-
cific essential and non-essential work terms for the three
test temperatures. Also given in Table V are the values
of tensile yield stress and modulus at each test tem-
perature. It is evident, that whereaswe is practically
insensitive to temperature,we,y andwe,nt are both af-
fected strongly by the temperature. The latter increasing
and the former decreasing with increasing temperature
for reasons already discussed. As for the non-essential

TABLE V Fracture parameters as a function of test temperature,T
(v= 5 mm/min,W= 70 mm,Z= 70 mm)

Fracture parameter T = 23◦C T = 40◦C T = 60◦C

σy (MPa) 51.00± 209 41.50± 0.94 25.00± 1.89
E (MPa) 3.36± 0.11 3.19± 0.11 2.16± 0.074
we (kJ/m2) 35.02± 2.60 35.18± 1.99 34.50± 2.02
we,y (kJ/m2) 11.90± 1.36 8.40± 0.89 5.92± 0.50
we,nt (kJ/m2) 22.64± 2.16 26.78± 2.19 28.65± 2.24
βwp (MJ/m3) 3.27± 0.28 3.82± 0.19 4.43± 0.22
βywp,y (MJ/m3) 1.62± 0.15 1.17± 0.09 0.73± 0.05
βntwp,nt (MJ/m3) 1.68± 0.23 2.65± 0.20 3.70± 0.24
wp (MJ/m3) 62.89 51.37 32.82
2Rp (mm) 14.40 21.21 37.95
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(a)

(b)

Figure 14 (a) Typical load-displacement diagrams for DENT specimens at 40◦C for various ligament lengths,L; (b) Progressive development of the
inner fracture process zone (IFPZ) and the outer plastic deformation zone (OPDZ) in uPVC at 40◦C.

(a)

(b)

Figure 15 (a) Typical load-displacement diagrams for DENT specimens at 60◦C for various ligament lengths,L; (b) Progressive development of the
inner fracture process zone (IFPZ) and the outer plastic deformation zone (OPDZ) in uPVC at 60◦C.
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Figure 16 Plots of the specific work of fracture parameters, net-section
stress,σn, extension to break,eb, and the height of the plastic zone,h,
versus ligament length,L, at 40◦C; W= 35 mm,Z= 70 mm andv= 5
mm/min.

work terms, it is observed that whilstβwp andβntwp,nt
increase with increasing temperature,βywp,y decreases
with increasing temperature.

As for the effect of temperature on net-section stress,
it is observed from Figs 16b and 17b, that the steady
state value,σns, reaches 1.15σy as temperature is in-
creased. This suggests, thatσns depends not only on the
material, but also on the conditions to which it is sub-
jected to. The universal condition that 1.15σy therefore
needs to be carefully studied.

As for the effect of temperature on extension to break,
it can be deduced from Figs 16b and 16c and also 8c
that extension to break increases with increasing tem-
perature. Moreover, as depicted in these figures, the
crack opening displacement value,eo, also increases
with increasing temperature. This is consistent with the
photographs shown in Figs 6a, 14b and 15b. Using the
proposed relationship thatwe= 2/3eoσns, we estimate
we values of 34.31 kJ/m2 and 30 kJ/m2 for 40◦C and
60◦C respectively. These values further confirm that
we is not very sensitive to changes in temperature.

Figure 17 Plots of the specific work of fracture parameters, net-section
stress,σn, extension to break,eb, and the height of the plastic zone,h,
versus ligament length,L, at 60◦C; W= 35 mm,Z= 70 mm andv= 5
mm/min.

As far as the shape factor,β, is concerned, it is seen
that β increases from a value of 0.052 at 23◦C to a
value of 0.135 at 60◦C. As shown in Table V, the esti-
mated value of plastic work done,wp, decreases with
increasing temperature.

4.5. Effect of specimen geometry
To study the effect of specimen geometry on fracture
parameters, several SENT specimens of dimensions
W= 35 mm,Z= 70 mm were prepared from the same
uPVC roll and tested at room temperature at a con-
stant loading rate of 5 mm/min. Fig. 18a shows typical
load-displacement curves obtained for SENT specimen
at various ligament lengths. These curves indicate that
SENT specimens like DENT fail by ductile tearing of
the ligament region. However, there was no evidence of
load-drop at maximum load in any of the SENT curves
obtained in this study. It is worth pointing out that firstly,
the full yielding of the ligament region in SENT speci-
mens occurred only whenL ≤ 7 mm. This is illustrated
by the photographs in Fig. 18b, where each specimen
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(a)

(b)

Figure 18 Typical load-displacement diagrams for SENT specimens at 23◦C for various ligament lengths,L; (b) The extent of the outer plastic
deformation zone (OPDZ) at maximum load in SENT specimens with different ligament lengths.

in the photograph was unloaded as maximum load was
reached. Secondly, crack growth in SENT specimens
was initiated prior to attainment of maximum load.

Fig. 19a compares the plot ofσn versus ligament
length for both geometries. It is seen thatσn for SENT
specimens is always lower than that of DENT speci-
mens. Whilst for DENT geometry,σns≈ σy, for SENT
geometry we haveσns≈ 0.78σy or σns≈ σflow. The
steady state value (σns) appears to have been reached
once the ligament length exceeded 5 mm. As illustrated
in Fig. 19b, plots of the specific work of fracture terms
were linear over the whole range of ligament length
values. This may be attributed to the localised nature of
the duckbill-shaped plastic zone at the tip of the crack.

The comparison of Fig. 19b with Fig. 7b clearly
demonstrates that for the specimen dimensions and test-
ing conditions, the relative position of the plots ofwy
andwnt vs. ligament length is different for two geome-
tries. Whereas in DENT specimens,wnt was always
greater thatwy for all values ofL, in SENT specimens
wnt>wy for L < 7 mm andwnt<wy for L > 7 mm. It
must be noted however, that only for ligament length
values of 7 mm and less, the complete yielding of the
ligament region, coincided with maximum load. Con-
sequently the way in whichwy andwnt values are calcu-
lated is not strictly accurate forL > 7 mm. The extrap-
olated valueswe, we,y andwe,nt are nonetheless given
in Table VI and compared with the values obtained by

TABLE VI Fracture parameters for SENT and DENT specimens
(v= 5 mm/min,W= 70 mm,Z= 70 mm)

Fracture parameter DENT SENT

we (kJ/m2) 35.02± 2.60 43.48± 2.75
we,y (kJ/m2) 11.90± 1.36 12.47± 3.87
we,nt (kJ/m2) 22.64± 2.16 30.91± 1.60
βwp (MJ/m3) 3.27± 0.28 4.62± 0.31
βywp,y (MJ/m3) 1.62± 0.15 3.76± 0.27
βnwp,nt (MJ/m3) 1.68± 0.23 0.87± 0.18
eb (mm) 1.07± 0.07 1.47± 0.12

way of DENT specimens. It is seen that as far as the
specific essential work terms are concerned, values of
we andwe,nt for SENT are higher than the correspond-
ing values for DENT. However, both geometries give a
similarwe,y value. It may be suggested thatwe,y may
represent the initiation value of the specific essential
work of fracture in uPVC.

It can be observed also that the specific non-essential
work of fracture,βwp, for SENT specimens is higher
than that of DENT specimens. This difference is com-
monly attributed to the difference in the plastic zone
shape factor,β, of the two geometries. It is seen from
Fig. 19c that a linear relationship exist between the
height of the plastic zone in SENT specimens and the
ligament length. From the slope of the line which is
2β, we obtain aβ value 0.143 for SENT specimens
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Figure 19 Plots of net-section stress,σn, the specific work of fracture
parameters, extension to break,eb, and the height of the plastic zone,h,
versus ligament length,L, for SENT specimens at 23◦C; W= 35 mm,
Z= 70 mm andv= 5 mm/min.

compared to a value of 0.052 for DENT specimens.
This gives a plastic work done (wp) of 32.31 MJ/m3 for
SENT compared to 62.89 MJ/m3 for DENT specimens.

Finally, the value of specific essential work of frac-
ture was estimated via crack opening displacement. As
shown in Fig. 19c, a linear relationship is also obtained
between extension to break and ligament length, for
SENT specimens. The extrapolation of the best linear
regression line toL = 0 gives a crack opening displace-
ment value of 1.47 mm. Accordingly,we, was estimated
using Equation 14 withmσy≈ 0.78σy. This estimation
gave awe≈ 39 kJ/m2 which agrees reasonably well
with the value of 43.48 kJ/m2, obtained by the direct
method.

5. Summary
From the results presented in this paper on an uPVC
film of thickness 0.26 mm the following conclusions
were drawn:

• The specific essential works of fracture (we) was
more or less insensitive to changes in specimen
width, specimen gauge length, loading rate and
temperature. Thewe value for SENT specimen was
25% higher than that of DENT specimens.
• The specific essential work terms relating to yield-

ing (we,y) and necking/tearing (we,nt) were lin-
ear functions of the ligament length. These energy
terms showed no significant variation with respect
to specimen width, specimen gauge length and the
loading rate.we,nt was always greater thanwe,y.
Whilst the latter was found to be independent of
specimen geometry, the former was found to be
geometry dependent, being higher for SENT ge-
ometry.
• The specific non-essential work term,βwp, was

found to be more or less insensitive to all the pa-
rameters studied here, except the geometry of the
test specimen and test temperature, where a sig-
nificant change in shape factor,β, was also noted.
Values ofβwp andβ both increased with increas-
ing temperature, and both were significantly higher
for SENT geometry. On the other hand, the non-
essential work of fracture for yielding,βywp,y,
and for necking/tearing,βntwp,nt, were found to
be strongly affected by all the parameters studied
in the present work.
• The ligament length requirement ofL ≤min(2Rp,

W/3) was found to be too restrictive for this poly-
mer.
• The condition that the steady state value of net-

section stress should be;σns= 1.15σy for DENT
and σns= σy for SENT, was not appropriate
for uPVC material. For this material,σns= σy=
1.15σflow for DENT andσns= 0.78σy= σflow for
SENT.
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