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Abstract

Poly(ether-ether-ketone) (PEEK) has been used as a load bearing orthopaedic implant material with
clinical success. All of the orthpaedic applications contain stress concentrations (hotches) in their
design; however, little work has been done to examine the stress-strain behavior of PEEK in the
presence of a notch. This work examines both the stress-strain behavior and the fracture behavior of
neat PEEK in a uniaxial loaded condition, and in circumferentially grooved round bar specimens
with different elastic stress concentration factors. It was found that the material shows ductile necking
in the smooth condition and that this is almost completely suppressed in the notched conditions.
Additionally, the deformation and fracture micromechanisms changed drastically, from one of plastic
deformation and void coalescence to one dominated by crazing and brittle fast fracture. This change
in mechanism was explained via Neuber's theory of stresses at a notch.

Introduction

Poly(ether-ether-ketone) (PEEK), is a semicrystalline polymer that has an approximate
crystallinity of 30-35% and a Tg of 143°C [1]. PEEK is a polymer of interest to the medical
community because of several attractive properties: PEEK, and its composites, are transparent
to X-rays, show no artifacts created in CT images, and have shown excellent biocompatibility
[1,2]. Both carbon fiber reinforced (CFR) and hydroxyapatite (HA) filled and/or HA coated
PEEK have been developed. This has the benefit that the mechanical properties of the material
can be tailored by altering the composite formulation [1]. Due to their high strength, both neat
(unreinforced, unfilled, uncoated) PEEK and CFR PEEK are both being used in several
orthopaedic applications, including the femoral component of total hip replacements, bone
anchors, and spinal implants [1]. Recently, there has been investigation into the suitability of
CFR PEEK for use as an acetabular bearing surface [3].

All of the aforementioned orthopeadic PEEK-based implants contain design features that result
in stress concentrations upon loading. In the field of engineering design and failure analysis,
it is well known that a preponderance of failures emanate from stress concentrations such as
microstructural or geometrical discontinuities (geometric stress concentrations are generically
termed as notches) [4-7]. The presence of a notch alters the stress state near the notch and may
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increase the tendency for brittle fracture (as opposed to gross yielding) in potentially four ways:
by introducing high local stresses; by creating a triaxial stress state ahead of the notch; by
causing high local strain hardening; and by magnifying the strain rate locally [8]. Thus, it is of
interest to know how neat PEEK behaves in the presence of a design stress concentration. There
are reports in the literature on the fatigue crack propagation behavior of PEEK [9-11], and also
on the stress-life (S5-N) behavior in the presence of notches [12], however the authors have
found no work to date that reports the monotonic tensile behavior of PEEK in the presence of
a stress concentration. Therefore the objective of this study was to investigate the axial true
stress-strain behavior of PEEK with and without the presence of a stress concentration.

Materials and Methods

The PEEK material used in this study was OPTIMA LT1™ (Invibio, Inc., West Conshohocken,
PA), which is a neat PEEK formulation. Four tensile specimen geometries were machined and
tested. The control geometry was a smooth cylindrical waisted specimen with an 8 mm diameter
in the gauge region (“unnotched”). Two circumferentially U-shaped grooved specimen
geometries, “Moderate” (OD=8mm, ID=6mm, notch radius=0.9mm, Kt=2.1) and

“Deep” (OD=8mm, ID=6mm, notch radius=0.45mm, Kt=2.7) were tested to examine the effect
of a notch and the effect of elastic stress concentration factor (Kt) on the monotonic tensile
behavior. A circumferentially razor grooved dog-bone (“Razor”, OD=8mm, ID=6mm, Kt>10)
was also tested, primarily to examine the effects of an extreme stress concentration (Figure 1).
Prior to mechanical testing, specimens were soaked in a 37°C phosphate-buffered saline bath
for 8 weeks to simulate physiological conditions.

For all test groups, monotonic testing to failure was conducted (Instron 8511 servo-hydraulic
load frame) at two displacement rates (6mm/min and 30mm/min) in air at 37°C. Six to ten
specimens were tested in each of the eight geometry/rate groups. Load-time data was collected
using LabView and strain data was collected for the unnotched and the U-notched geometries
using non-contacting video-based methods. True axial stress-strain curves were then derived
for the unnotched and U-shaped notched geometries; additionally von Mises stress-strain
curves were generated for the unnotched geometry. The specific methods and assumptions
used in the calculation of the true and von Mises stress-strain curves are described in the
appendix.

To aid in interpreting the deformation and fracture mechanisms that occurred for the notched
test specimens, estimates of the elastic stress distribution in the U-shaped notched geometries
were made using Neuber's solutions for the elastic stresses in a circumferentially notched bar
with a notch radius of p (Appendix)[13,14]. The solutions were used to derive the distributions
of the von Mises stress (aypm(r)), the hydrostatic stress (oy(r)), and the ratio of the hydrostatic
stress to the von Mises stress, also known as the triaxiality ratio (TR).

Differences in the maximum axial true stress and maximum axial true strain between the
unnotched and U-shaped notch geometries, and between the two rates, were tested using t-tests
(0=0.5). Additionally, for the unnotched specimens, differences in axial yield stress and strain
were tested between the two rates. For the razor specimens, the difference in engineering
fracture stress between the two rates was tested.

To evaluate the effect of notching on deformation and fracture micromechanism, a
representative fracture surface from each of the eight geometry-rate combinations was
examined using scanning electron microscopy (SEM, Hitachi S-4500, Tokyo Japan) at 5kV.
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Significant necking occurred in the unnotched specimens with propagation of the neck
sometimes extending throughout the entire gauge length (Figure 2). The load-time curve
revealed that there is a dramatic decrease in the applied load once necking occurs, with the
load remaining constant during propagation of the fully formed neck. At the onset of fracture,
there is a slight dip in the load curve prior to complete rupture (Figure 3).

Both the axial true and the von Mises stress-strain curves showed that there is significant strain
hardening in the necking region (Figure 4). For the unnotched condition, increasing the
displacement rate caused a statistically significant increase in the true axial yield stress, the
true axial yield strain, the true axial maximum stress, and the true axial maximum strain (Table
1).

The U-shaped notched geometries displayed more brittle behavior. The load-time curves
showed no distinct yielding (Figure 3). There was minimal reduction in the diameter across
the notch upon loading (~2% reduction). The axial stress-strain curve showed deviation from
linear behavior near failure, which indicates that the proportional limit of the specimen had
been reached, and that there was some plastic behavior (Figure 5). This deviation from linearity
was greater for the moderate compared to the deep notch condition.

Notching caused a significant reduction in the maximum axial stress (Figure 6) with increasing
severity causing a significant reduction between the two U-shaped notch geometries at each
displacement rate. Increasing the displacement rate also resulted in a small but significant
increase in the true axial stress at fracture in each of the U-shaped notch geometric conditions.

The razor-notched specimens also showed a highly linear load-time curve. A significant
increase in engineering fracture stress upon increase of displacement rate was also found (Table
1).

The von Mises stress distribution across the notch for both U-shaped geometric conditions
(found using the Neuber stress distributions at the applied fracture stress) showed that the
majority of the specimen was below the von Mises yield stress at the time of fracture (Figure
7). The distributions suggest that moderate notch condition has a larger area undergoing plastic
deformation than the deep notch condition.

For the unnotched test group, all the fractures were visually observed to be of the cup-cup
variety. It was noted that the inner region of the fracture surface was visibly whitened for
fractures with an internal initiation site; this was not true for fractures with an external initiation
site. For all the unnotched specimens, it was observed that the outer rim of the fracture surface
was darker than the initial specimen color.

Examination of the unnotched fracture behavior via SEM demonstrated that the fractures
initiated either at the surface, or in the interior of the specimen (Figures 2 and 8). When the
initiation site was internal, the mechanism of fracture initiation was void coalescence, whereas
there did not appear to be void coalescence for fractures that initiated at the surface. Regardless
of initiation site, initiation was followed by a region of crack growth, followed by a region of
aridged appearance, with the ridges becoming closer together as the distance from the initiation
site increased. Finally, there was a transition region to a fast fracture region (Figure 8). The
micromechanism of fracture was the same at both displacement rates.

The fracture micromechanism changed dramatically upon notching. In all of the notched
conditions (including the razor notch condition) there were areas showing void coalescence
ahead of the notch (Figures 9 and 10). The frequency of these voids increased, and the distance
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from the notch edge decreased, as the severity of the notch increased. This was especially
evident in the razor notched specimen, which had many voids directly along its edge (Figure
11). Crack initiation occurred due to this void coalescence. As the crack proceeded inward, it
left behind regions of patchwork morphology, consistent with crack growth through crazes.
These “patches” became smaller and more numerous in the direction of crack advance. Finally,
at a central location within the specimen, there was a region of fast fracture (Figures 9 and 10).

Discussion

The mechanical behavior of PEEK changed with notching in that gross yielding was
suppressed. For the notch geometries examined in this study, notching also significantly
lowered the maximum axial true stress and the maximum axial true strain at fracture (35 % or
more). Additionally, increasing the displacement rate caused small but significant increase in
the yield stress (3.0%) and strain (10.5%) of the unnotched condition, and in the maximum
axial stress (less than 7%) of all the specimen geometries. Maximum axial strain generally
increased with increasing rate as well (10% or less). The fact that all of the rate effects were
small in magnitude is consistent with the reported low strain rate sensitivity of PEEK [1].

Consistent with other reports for PEEK materials, the unnotched tensile specimens showed
ductile behavior in the form of a stable, propagating neck [1]. For polymers that undergo
necking during axial deformation, there is increased chain alignment at the surface of the neck
compared to the interior [15]; this could be the reason for the observed darkening of the neck
upon formation and propagation in this study. The observed whitening, such as that seen in the
interior of the fracture surfaces of the unnotched specimens, is indicative of cavitation, which
is a precursor to void coalescence [16]. The dip observed in the load-time curve near fracture
(Figure 3) is consistent with the onset of fracture due to void coalescence and crack growth for
an internally initiated failure or crack growth from an external initiation site. In support of this,
afinite element analysis of void coalescence in glassy polymers predicted a similar dip behavior
in the stress-strain response of the bulk polymer [17].

The dramatic change in the fracture mechanism with notching can be considered with respect
to cavitation. Cavitation is related to the hydrostatic stress (o) present in a polymer and occurs
when this reaches a critical cavitation stress [18,19]. Yielding is predominantly associated with
the von Mises stress [20]. In tensile drawing of semicrystalline polymers, there is a competition
between cavitation during elastic deformation and activation of crystal plasticity. Elastic
cavitation occurs in semicrystalline polymers with crystals of higher resistance to the onset of
plastic behavior, while plastic deformation occurs in crystals of lower plastic resistance [16].
Significant yielding occurred in the unnotched specimens in this study and plastic flow was
the dominant phenomenon. However, with notching, yielding was suppressed and elastic
behavior and cavitation predominated.

The Neuber stress distribution analysis indicated that, for the notched specimens, the majority
of the specimen was well below the von Mises yield stress (Figure 7). The yielded zone at the
notch root was therefore constrained by the unyielded material. This condition causes a triaxial
plastic stress field in the yielded zone. If perfectly plastic behavior is assumed (cvmv = oyielq)
in the yielded zone, then it has been shown that the triaxiality ratio in the plastic zone will
increase toward the center of a notched round bar [15], and can be estimated by:

rpo T V3
(TVM

1+21n(1+f)
o
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where x is the distance from the notch [17]. From this equation it can be deduced that the
smaller the notch radius, or the greater distance from the notch (within the yielded zone) the
greater the hydrostatic stress, and therefore the greater the tendency for cavitation and void
coalescence [19,21]. In notched tests of metals, it is well known that the greater the triaxiality
ratio in the plastic zone the greater the void growth rate [21,22]. This is consistent with the
observation in this work that the number of voids near the notch root was greatest for the razor
notched specimen (with the lowest p) and lowest for the moderate notched specimen geometry.
It was also observed that the distance of the voids to the notch was greater with for the U-
shaped notches when compared to the razor notch (Figures 9 and 11). This would be expected
because, for the U-shaped notch geometries, the plastic zone is larger and, therefore, the
location where the hydrostatic stress is large enough to cause cavitation would be expected to
be more interior than for the razor notch geometry. Taken together this suggests that, similar
to metals, the triaxiality ratio in the plastic zone plays a significant role in the void formation
and coalescence behavior of notched PEEK specimens.

Crazing was not evident in the unnotched geometry condition. In contrast, crazing was
observed in the notched geometry conditions. According to Gensler et al [23], the occurrence
of scission crazing can occur in PEEK, particularly under plane strain conditions and highly
triaxial stress states where shear yielding is suppressed. Also, the Neuber solutions show that
the triaxiality ratio increases toward the center of the specimen [14] (see appendix). They also
show that both the hydrostatic and von Mises stresses in the elastic (unyielded zone) are greatest
toward the notch (zone Il in Figure 12). However, the von Mises stress in this region is not
sufficient to cause yielding, while the hydrostatic stress may be great enough to cause
cavitation. Therefore, it would be expected that if crazes were to form, they would form toward
the notch, where the minimum hydrostatic stress necessary to initiate cavitation was reached,
but where the yield stress was not reached due to the triaxiality of the region. This explanation
is supported by the fracture surface appearance of the notched geometries, which showed that
the crack propagates through crazed regions leaving behind a patchwork morphology. This is
consistent with work by Narisawa and Ishikawa in which they observed crazes ahead of a notch
in PEEK using notched 3-point bend specimens [19].

At the center of the specimen, the stress state is purely elastic and well below the yield stress
(zone I in Figure 12). The hydrostatic stress is also at its lowest in zone 11, and if it is below
the minimum cavitation stress there would be no evidence of crazing. This appears to be what
occurred in the notched PEEK specimens in this study. There was no evidence of crazing in
the final fracture region, as the surface appears to be one of brittle fast fracture.

A limitation of this study was that, since fracture of the unnotched specimens always occurred
in the region of neck advance, it was not possible to know exactly where the fracture occurred
in the analyzed video. Thus, it was not possible to obtain the axial true stress and strain at
fracture because the fracture plane was uncertain. Therefore, instead, the maximum axial stress
and strain in a section through which the neck had completely propagated was determined. A
second limitation of this study is the assumption of predominantly gross elastic behavior made
in the analysis of the moderate notched specimens. There is significantly more gross plasticity
in this geometry at both rates than in the deep geometry (Figure 5). Thus, modeling the entire
average cross sectional behavior as elastic may overestimate the strain (since plastic
deformation is incompressible and the radial strain is used to find the axial strain). However,
as seen from the von Mises stress distribution determined by the Neuber analysis (Figure 7),
the majority of the specimen is below yield, even at fracture, which supported use of the
assumption of primarily elastic behavior of the moderate notch geometry.

Biomaterials. Author manuscript; available in PMC 2010 November 1.
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Conclusions

Appendix

The notched specimens demonstrated significant notch sensitivity. There was a large drop in
the maximum true axial stress and maximum true axial strain (average across a cross section)
upon notching. Notching caused a suppression in the overall ductility of the specimen and
greatly altered the deformation and the micromechanism of fracture, by allowing for craze
formation, which was not present in the unnotched (uniaxial) tested specimens. These findings
support the need for careful consideration of the location and severity of notch risers in
orthopaedic components utilizing PEEK.

Geometry-Specific Testing and Analysis Methods

Poisson's ratio (v) was taken as 0.36 and the elastic modulus (E) as 3.5 GPa, based on room
temperature tests conducted and reported by the manufacturer [1,24]. It was also assumed that
the material obeys a von Mises plastic flow criterion.

Smooth Specimen Tests

To measure strain, unnotched specimens were marked with 15-17 circumferential lines
throughout the length of the specimen at 2mm intervals. This divided the specimen into 14-16
sections. A video recording (960x720 pixels, 15 frames per second) was made of the tensile
test for each unnotched specimen. Custom-written MATLAB programs, relying on iterative
threshholding [25] and SUSAN edge detection [26] techniques, were used to find the minimum
diameter and the distance between black marks, in each section of a specimen from the video
of the tensile test (Figure Al).

The minimum diameter of the entire specimen was used to calculate the radial engineering
strain (eragial), the nominal stress (S), and the true axial stress (oaxia1) throughout the entire test.

r—ro
Eradial =
ro (1a)
g P
nr’ (1b)
o S
(Eradial+1)? (1c)

where r and r, are the current and the initial radii, respectively, in pixels, and P is the load.

In the initial stages the material is only deforming elastically and the axial engineering strain
(eaxial) can be found in two ways, as can axial true strain (exxial)-

1
saXialculcululed == ;sl'adial (23)
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-1
lp (2b)

Caxialmeasured =

Eaxial=In (1+&axial) (2¢)

Where |, is the initial distance between two black marks (in pixels) and | is the current distance
in pixels between two black marks.

Once the calculated axial strain (based on v) starts to deviate from the measured axial strain
(that which is found directly using the black markings), the proportional limit has been reached.
This is the point where the basic equations of elasticity are no longer applicable.

Beyond the proportional limit, some of the material is beginning to deform plastically.
Therefore, the axial strain (average across the entire cross section) for the rest of the test
(including necking and neck propagation) can be calculated by assuming series elastic-plastic
behavior.

(-2)(+d)

Eaxial = >
(1+&adial) (3a)

A S
Emia=2In (1 - f) +In (”E) — 2In (14+&nagian) .

where E is the elastic modulus and all other terms are the same as previously defined. This
model assumes that plastic deformation is isochoric.

Additionally, once neck propagation has been completed in a section between two black marks,
those black marks can again be used to calculate the axial engineering and true strains as in
equation 1 for that section.

It was also of interest to calculate the von Mises stress and strain for the purpose of obtaining
the yield criterion. Necking causes a triaxial stress state in the vicinity of the neck. Therefore,
the yield stress calculated solely based on current cross sectional area underestimates the
maximum von Mises stress in the neck, and that is what determines the onset of plastic flow.
Because tangential strain and radial strain are equal in an axisymmetric body, the von Mises
strain (eypm) can be calculated as:

€w=3 [€axial — Eradiall @

for the entire duration of the test.

Prior to neck formation the von Mises stress (ay\) can be found by
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During neck formation, due to the geometrical constraints imposed by the neck, it is no longer
permissible to assume that the von Mises stress is equal to the axial true stress. Therefore, to
calculate the von Mises stress the Bridgman formula is used [27,28].

€axial T axial

"M:e‘,M (Hz%)ln(H#ﬁ(_) (6)

Here, R, is the radius of curvature of the neck, and r is minimum radius of the neck.
R vs r data was collected for three randomly selected smooth specimens at each displacement

rate at several instances during the necking stage. An experimental —:f (&radial) function was
created by using a polynomial curve to fit the collected data. (In this work a5t order polynomial
was found to approximate the data well:

R,

= 2908 . — 17456 . — 766283 . | — 7362 . +27.948 410 +8.299, R?=0.853,
.

radial radial radial radia

Once the neck has reached the propagation stage, the stress state is again uniaxial and equation
5 is once again valid in sections through which the neck has propagated. There was good
agreement between the axial strain calculated using equations 3a and 3b and that found using
the black marks and equations 2b and 2c in sections through which the neck had propagated
(2.1+1.9% difference, depending on the specimen, with a maximum observed difference of
5%).

U-Shaped Notched Specimen Tests

Video was again utilized for the U-shaped notched specimens to acquire radial strain using a
previously reported method [29]. The true axial stress and strain (average across the entire
reduced cross section) were calculated using equations 1c and 2c.

Razor Notched Specimen Tests

For the razor notched specimens, only the load and crosshead displacement were recorded.
Video was not utilized because the extremely narrow area of interest in the vicinity of the razor-
notch made recording unfeasible with the available video system. Therefore, only the
engineering fracture stress (equation 1b) could be found for the razor specimens.

Neuber Analysis

Neuber [14] derived theoretical solutions for the stresses in a cylindrical bar with a
circumferential notch based on linear elasticity. At the cross section of minimum area, the
hyperbolic coordinate system that Neuber used in his derivations (elliptical, hyperbolic, and
tangential directions) is coincident with the axial (z), radial (r), and tangential (¢) directions of
a cylindrical coordinate system. At z=0, the z,r,6 directions are also the principal basis for the
stresses and strains in the specimen and therefore, Neuber's equations can be greatly simplified
to the following (valid only at the minimum cross section):
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(@=D=y)

Trr (r) " )(ll+h()’2l ) (h(r))* -
_L n(r)(1—a)(l+y 2 _

g ) |=i5| T Y ta 72

0z (r) y@-1-y)—-1--L

(h(r))*

_ r2 _ ] _ _-S 1+
h(r)=4/1- R V= ,/R‘(TP,(Z—Z(I -v),C=5% (—H(zﬂgywl) o

where R is the radius of the minimum cross section, p is the notch radius of curvature, v is the
Poisson's ratio, and S is the nominal stress at the minimum cross section.

From the equations for the principle stresses the distributions of both the hydrostatic stress
(on(r)) and the von Mises stress (oym(r)) can be calculated as well as the distribution of the
triaxiality ratio, TR(r):

O (1) +0g9 (r) +0 - (1)
T ()= 3 (8a)

(@ (1) = 009 (024 (00 (1) — 072 (1) +(0 2 () = 71y (1)
U-VM (V) - 2
(8b)

ay (1)

TR (r)=
Oy (1) (8c)

Fig. AL. This figure illustrates the basic algorithm for analyzing one frame of the video
recording of an unnotched specimen. The image is cropped. Then edge detection is run and
the minimum diameter in each section is found (dg is the minimum diameter of the 9t section).
Next iterative threshholding and object detection are used. The centroids of each mark are
found (* in the figure). The distance between centroids is then found for each section (lg is the
length of the 8t section). Thus, for the entire test the minimum diameter and the length of each
section are known.
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Fig. 1.
The four geometries of specimens used in the testing. All of the specimens had an outer diameter
of 8mm. The notched specimens had an inner diameter of 6mm.
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Fig. 2.
Left: The stages of deformation in an unnotched specimen. Right: SEMs of the external
initation site from this specimen.
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Fig. 3.

Load-time curves for an unnotched specimen (left, 6mm/min) and a deep notched specimen
(right, 6mm/min).
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Fig. 4.
Axial true stress-strain (left) and von Mises stress-strain (right) curves for the unnotched
geometry. The von Mises yield stress is slightly higher than the axial yield stress.
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Fig. 5.
Axial true stress-strain for the moderate and the deep notched specimens at both displacement
rates.
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The maximum axial true stress and strain for the unnotched and the two U-shaped geometries.
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Fig. 7.

Von Mises stress distributions along the radius of the notch for the moderate and deep notches.
These were found using the Neuber equations. The von Mises yield stress for the 30mm/min
displacement rate is also shown. The distributions are identical for both rates, since the analysis
is purely linear elastic, however, the yield stress is lower for the 6mm displacement rate.
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2.8 kV x45.8

Fig. 8.

SEM fractograph of a smooth specimen (30mm/min). Zoomed in views of the labeled regions
surround the main fractograph. The regions are as follows: a) critical flaw, b) slow crack
growth, ¢) a ridged region, d) a transition region, e) fast fracture region.
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Fig. 9.

SEM fractographs for the moderate, deep, and razor geometries at the 6mm/min extenstion
rate. Regions of void coalescence (V), patchwork morphology indicating fracture through
crazes (C), and fast fracture (FF) are marked. Fracture initiated at the voids marked by “V.”
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Fig. 10.

a) Fracture initiation site showing coalesced voids. b) Zoomed in view showing the ductile
nature of the coalesced voids. ¢) The patchwork morphology indicative of crazing. d) The fast
fracture region.
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Fig. 11.
Fractographs showing the abundance of voids directly by the notch edge for the razor notched
specimens.
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Summary of the behavior of the U-shaped notched specimens. All the plotted quantities were
found using Neuber's equations. S is the nominal stress at fracture.
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