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Abstract

The fatigue crack propagation (FCP) resistance and fracture surface

morphology of a commercial grade of poly(vinyl chloride) was studied as a

function of test frequency and temperature. Experiments were conducted at -30,
.

0, 22, 35, 45, and 55°C at testing frequencies of 1, 10, and 100 Hz. The FC

Y

resistance of this grade of PVC  improved| with increasing {requency an
decreasing testing temperature in accordance with tjme-temperature superposition
principles. The FCP behavior of this grade of P at various temperatures
was found to parallel that observed for polystyfene. In addition. this study
re~veal,ed that an Arrhenius relationship exists between the crack growth rate,
da/dN, and the inverse absolute temperature. This relationship was found to
exist at all t(?sting frequencies and AK levels examined. Computed apparent
activation energy values were observed to be less than the activation energy
associated with the glass transition and the beta peak. This implies that
segmental main chain motion and side chain motions do not dominate the
fatigue process. However, the existence of a single activation energy (Q) value
for a given cyclic frequency is consistent with the observed presence of a single
fracture mechanism - discontinuous crack extension.  The implications of
increasing Q with decreasing frequency are discussed. ;

The effects of testing {requency and t,erl'lperatﬁre on the macro and
micromorpho]ogy of discontinuous growth bands (DGB;S) were also studied.
Although the DGB size was observed to Increase w(i_Lh decreasing frequency and
Increasing temperature, the bands exhibited a less than second-power dependence

ori “AK. - Consequently, the Dugdale model could-not be used to infer the yield...

strength of the - material at various temperatures. The fracture surface

/




appearance of the DGB’s was observed to degenerate slightly with each decade
drop in f{requency, while DGB’s formed. at the higher temperatures were
dist,inguifshed‘ by a sharper void gradient and a clearer, more distinct stretch
zone. Bands produced at temperatures below 22°C exhibited a void gradient as
well, but wefe unpredictable in size and often did not possess a classical DGB
micromorphology.

A comparison was made between the measured width of the stretch zone
and the calcﬁlated crack opening displacement (COD).  Stretch zone width
measurements taken from samples tested at 100 Hz and at temperatures
between 22 and 55°C were in agreement with calculated values, thereby
suggesting that the stretch zone represents the profile of the blunted crack tip.
However, measured stretch zone widths were found to be approximately twice
those determined for tests conducted at 1 and 10 Hz in the same temperature
range. Subsequently, the values of the J-integral computed from the measured
stretch zone width and the yield strengths for the 100 Hz condition were
compared with those calculated from the Griffith energy criteria. If corrections
are made to allow for changes in stress state, good correlation was noted

between the J-integra.l values found by using the two different computational

methods.




Chapter ‘1
Introduction

1.1 Background

Due to the increased usage of engineering plastics in pipe systems and
oﬂ.h‘er important structural application's, it is of practical interest to study the
mechanical behavior of these materials under a variety of loading and
environmental conditions. Fatigue crack propagation studies are particularly
significant, as most components probably contain imperfections which can grow
to failure under cyclic stresses well below the yield strength. Consequently, for
most plastics' the majority of a specimen’s lifetime is spent 1n the propagation
of a crack.! Many investigators® > have demonstrated that linear elastic fracture
mechanics is useful in the evaluation of the fatigue crack propagation (FCP)
responsé of PVC and other polymeric materials.

The rate of crack extension of a pre-cracked specimen has been found to
depend upon the magnitude of the stress intensity factor range, a measure of
the stress amplification at the advancing crack tip. The stress intensity factor
range is defined as*

AK = YaoVa . (1.1)

where AK is the change in the stress intensity factor, Y is a correction
factor to account for specimen geometry, Ao 1s the applied stress range, and a
is the cr&ck length. Paris® related the quantity AK to the rate of crack growth

per cycle, da/dN through the equation

da/dN = AAK™ | e (1.2)

e 1 e & . .

where A and m are constants and a function of material and test

A L% | o4 . -»'-" _(l" ¢ w ) wf‘,* > A < . Y ' < .‘,“ X . v",' ‘. ;x."\'- Y \:-(, . ‘ ('u‘i: .
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variables.  This relationship describes FCP behavior at intermediate AR levels.
At low AK levels, crack extension is characterized by vanishingly slow growth
rates. while at the high AK level, crack growth becomes rapid and unstable.
Due to their viscoclastic nature. the FCP behavior of most plastics 1s
sensitive to such test variables as cyclic frequency and temperature. It s
known that the fatigue crack growth rate of many plastics. including PVC,
decreases with increasing cyclic frequency. although some exceptions have been
reported.® This phenomenon has been attributed to crack tip blunting resulting

from local hysteretic heating and to the inhibition of molecular motion due to a

. . . - C v . .
shortened deformation response time.” % 7 While the effect of testing

temperature on fatigue crack propagation has not been studied extensively, 1t
has been reported that the fatigue resistance of polystyrene and poly(methy]
methacrylate) improves as the testing temperature 1s decreased.” 1Y In this case,
the effects of decreasing temperature are similar to that of increasing frequency.
From the study of known temperature and frequency behavior. the FCP
response of many plastics can “be  expected to reflect  time-temperature
equivalence.

Crack formation and growth can be thought of as representing the
accumulation of thermally activated breakage of primary and secondary bonds.!
The Zhurkov/Bueche model postulates that one can apply actlvation energy

barrier concepts to physical processes such as fracture, and that the application

of a stress will reduce this energy barrier.!’ The Arrhenius relationship for this
. ) 2
rate controlled process is expressed as'® I3, 1.
o \ o

(1.3)

- N s N T o

da/dN = C exp'®@"7/RT) = C explQ/RT)

% 48




1

activation energy

'~ apparent activation energy
activation volume
effective stress

gas constant

= absolute temperature

where

_H W < OO .
|

As implied by Equation 1.3, fracture processes which follow the
Zhurkov /Bueche model will exhibit a linear relationship between the logarithm
of the crack growth rate and the inverse absolute temperature.

Crazing is the dominant deformation mechanism 1n neat PVC. During
craze formation, a lenticular damage zone forms in highly stressed areas and
consists of microvoids and polymer fibrils oriented parallel to the tensile axis.
Craze growth occurs either by stretching of“the existing fibrils or through
viscous flow. the latter involving the drawing of fresh polymer into the craze
from the bulk material.’® ! 17 During the cyclic growth process, weak fibrils
break resulting in a redistribution of the load to the remaining fibrils.
Extension and thickening of the craze is then believed to continue until the
thickness of the craze approaches the critical value of the crack opening
displacement corresponding to a particular stress intensity level.!® At this point,
craze breakdown occurs abruptly and the crack propagates across the craze.

Depending upon the nature of the crack- tip deformation process, cyclic
loading will generate striations or discontinuous growth bands on the f{racture
surfaces of engineering plastics. Striations are oriented normal to the direction
of crack growth and represent the successive position of the crack front after

each loading cycle. Consequently, the striation spacing can be compared to the

macroscopic growth rate, which increases with Increasing AK.'® Discontinuous

4 4
e A
PR e |
e

Lo -
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.

nds {DGB’s) ‘also lie perpendicniar to the direction of crack growth,
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rowth”
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but represent the position of the crack front after hundreds to thousands of
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loading cyeles.  Studies have shown that the size of the DGBs correspond to

the length of the plastic zone ahead of the crack tip. as computed using the
e

Dugdiale formulation®’:

o n/8(K? /et (1.4)

max/ ys)

where K 1s the maximum stress intensity factor and T is the yield

strength.  Skibo et al*! and Rimnac et al** have successfully used Equation 1.4

to infer the vield strength for polystyrene and PVC from DGB measurements
and associated stress intensity values.

DGB size and micromorphology are also known to be sensitive to testing
parameters. It has been observed that the bands increase in size and also
degenerate in appearance with decreasing frequency. Little is known about the
effect of Lemperalture on DGB micromorphology; a study of this subject is
considered herein for PVC.

Discontinuous growth bands are distinguishable from fatigue striations by a
void gradient that exists across the band width. As shown in Figure 1.1, the
voids decrease in size in the direction of crack growth, though the void diameter
is greatest at a short distance from the crack tip.  The location of the
maximum void size is believed to correspond to the region associated with the

2
[0

. . . g 2 . . . .
maximum triaxiality of stress.®> Separating each band 1s a narrow deformation

zone referred to as a stretch zone (see also Figure 1.1), which 1s thought to

represent the location where the crack tip arrests after striking through the

pI’CViOUS craze ZODG.ZI

i\

As shown in Figure 1.2, the stretch zone (i.e., profile of the arrested crack

tip, or crack tip ralldi‘us) is equivalent to one-half the critical crack opening

displacement (COD), as given by 4

........




Figure 1-1: Discontinuous Growth Band Morphology at 22°C, 50 Hz,
AR 0.4 MPaY m, A) Void Gradient, B) Stretch Zone




%

4 K' _ 2bo , (1.5)

max Vs
where d = crack tip radius
Kmax = maximum stress intensity factor
E = Young’s Modulus
Ive = yield strength

The value of the crack opening displacement as determined from the width
of the craze can then be used to infer the J-integral. which is a measure of the
elastic-plastic stress-strain fields at the crack tip. Hashemi and Willhlams have

. . . . 9r
shown that J can be described according to the relationship™ :

J o mog d (1.6)
where J = J-integral
Oflow ~ (Uys+0ts)/2
d = crack opening displacement

m = constant = 1.0 - 2.0
(depending upon the stress state)

The J-integral value calculated by this method can then be compared to
the value calculated from the Griffith fracture energy criteria; for elastic

conditions where J is equivalent to the crack driving force, G.17

e 2 2\ po -
(] (1 - }\ max/r( -V )IJ (]l)
where J = J-integral
v = Poisson’s ratio '
E = Young’s Modulus
Kmax -~ maximum stress intensity factor

1.2 Objectives

The overall objective of this thesis is to study the combined effect of
testing temperature and frequency on the fatigue resistance and the kinetics of
the FCP process in PVC. Since this material has been reported to develop

DGB’s over a wide range of AK conditions, this study will examine the effects
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Figure 1-2:
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Schematic of the Relationship of the Stretch Zone to
the Crack Opening Displacement




of testing  temperature  and  frequency on o the discontinuous  growth  band
formation process and on  DGBmorphology. In  addition, quantitative
‘”' .

measurements of fracture surface features will be used to infer by suitable

calculations both material properties and test conditions.
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Chapter 2

Experimental Procedure

2.1 Materials and Properties

This research was conducted using a commercial sheet grade of PVC
manufactured by Dynamit Nobel [tradename Trovidur ®, ASTM D1784-8, Class
11452-B.  Material specifications are given in Table 2.1.  The material is clear
in appearance. and comprised of nine layers (each 0.529 mm 1n thickness).
indicative of a calendered sheet.

An automated Rheovibron DDV-III was used to obtain the dynamic
mechanical spectrum of the PVC at a test frequency of 110 Hz. with a scan
rate of 1°C per minute (see Figure 2.1). The glass transition temperature for
this material was found to be aproximately 73°C. Tensile specimens were raised
to temperatures above ambient through the use of heating tape. and tested in
accordance with ASTM Specification D638." A graph of the yield strength of

this grade of PVC as a function of temperature is shown in Figure 2.2.

2.2 Fatigue Crack Propagation (FCP) Testing

Fatigue specimens were cut in the same direction from the PVC sheet 1n
order to avoid any orientation effects on the fatigue behavior of the material.
The orientation of the material is unknown. Single-edge- notch‘and'compact
‘tension specimens were used to generate FCP data during the course of this
st,udy.,? Single-edge-notch specimens (50.8 mm in width) were machined
according to the diagram given in FigureA 2.3.

*Test results provided by Steffanie Sunday, Lehigh University

11




. . - . res . ST
Table 2-1: Mechanical Property Specifications of r()vldur® 26
perty 5]

Property ASTM# Value

Yield Strength D638 70.33 MPa
Modulus of Elasticity D838 2.94 GPa
Ultimate Elongation D638 38 %

Notch Impact Strength D268 27.76 J/m of notch
Rockwell Hardness D78b 116 "R"

12
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Figure 2-1:  The Dynamic Mechanical Spectrum for Trovidur ®
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Figure 2-3:  Diagram of a Single-Edge-Notch Specimen for the
Generation ol FCP Data
(a = crack length, w = specimen width)
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The stress intensity factor range AK for this specimen configuration was

. . . Y
determined from the corresponding relationship!™:

AK - Va(AP/bW)fla/W, (2.1)

where

AP = applied load range

W = specimen width
b = thickness
a = crack length

f(a/W) = 1.99-0.41(a/W)+18.7 (a/W)2-38.48(a/W) 3+563.86(a/W)*

Compact tension specimens. illustrated in Figure 2.4, were machined 1n
accordance with ASTM Specification D647-81T. The stress intensity factor can
be calculated for this specimen configuration with the use of the {following

- 19
(rxprcssmnl ;

AK=AP/BNW!I2: (a/W)/(1-a/W)!®if(a/W) (2.2)

where

AP = applied load range
B = specimen thickness
W

specimen width
crack length

f(a/W) = O.886+4.64(a/W)-13.32(a/W)2-14.72(a/W)>-5.8(a/W)*?

Y
I

Fatigue crack propagation tests were conducted under manual control on
an Instron Model 1350 servohvdraulic unit with a 8896 N load cell.  Tests were
conducted inside an Applied Test Systems Series 3720 Split Type Oven using a
Model 2010 Control System with temperatures inside the oven being monitored
with the use of an Omega Model 660 Type J Thermocouple. Subambient
temperature tests were conducted in this oven by passing N, gas into a 30-liter
Dewar flask filled with liquid nitrogen. The chilled gas in the Dewar flask 1s

then fed through a solenoid valve into the oven. Photographs of this apparatus

‘are given in Figure 2.5.

16
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Figure 2-4: Diagram of a Compact Tension Specimen for the
| Generation of FCP Data
(a = crack length, w = specimen width)
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Figure 2-5: The Fatigue Testing and Temperature Control Apparatus
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Frequency and  temperature conditions  were  varied  with  tests  being
conducted at -30. 0, 22, 35, 45. & 55°C for the frequencies of 1, 100 & 100 Hz.
Fatigue experiments were performed under constant load range conditions using
a sinusoidal wave form and a load ratio (P . /P_ ) of R = 0.1. Precracking
of the specimens was completed at 100 Hz and at the testing temperature of
study in accordance with ASTM Specification E647-81.  Crack lengths were
monitored with the use of a Gaertner traveling microscope, and recorded after
approximately 0.2 mm of additional crack extension.  Crack growth rates,

da/dN, were calculated using a modified secant formula

(dd/dN)n - (an+1- 1)/(Nn41-Nn-]) (23)

In- T

where a 1s the crack length and N_—1s the total number of cycles

corresponding to the n = crack tip reading.

2.3 Fractography

Fracture surfaces were examined initally with reflected light on a Zeiss
Axiomat optical microscope at a magnification of 50 times. Prior to viewing,
the fracture surface area was removed from the body of the specimen for easier
handling. Fiduciary markings were introduced at 0.2 mm increments to identify
specific crack length locations in association with the analysis of particular
fracture surface regions. The use of a calibrated microscope eyepiece facilitated
the measurement of the widths of discontinuous growth bands.

Microscopic examination of the fracture surfaces was conducted with the
use of an ETEC scanning electron microscope. Fracture surfaces we‘i'e removed
from the fatigue specimens, mounted on stubs with carbon paste, and sputter

coated with a gOld-palladium alloy before viewing. The accelerating voltagé

19




used was 20 kV. and the specimens were oriented horizontally so that vertical
fracture lines could be observed without any foreshortening effects. An on-

screen micron marker was used to make measurements of fracture surface

features.
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Chapter 3
RESULTS AND DISCUSSION

ad

3.1 The Effect of Testing Variables on Fatigue Crack

Propagation Bechavior k

In work conducted by previous investigators, it was shown that the FCP
resistance of PVC was strongly dependent on testing frequency.?” This was also
found to be the case at temperatures both above and below ambient for the
present PVC supply (see Figures 3.1 - 3.3). From these results, 1t 1s observed
that the K . values increase with increasing testing frequency at each
temperature studied; AK values required to produce a particular growth rate are
plotted against temperature in Figure 3.4 and reveal that AR increases linearly
with decreasing temperature for a given growth rate at the three frequencies
studied.

While not much is known about the effect of temperature on fatigue crack
erowth in PVC, investigators have noted increased FCP rates with Increasing
testing temperature in poly(methyl methacrylate) and polystyrene.™ 19 48 The
fatigue results for PVC at the various temperatures described abouve are shown
in Figures 3.5 - 3.7 for given test frequencies. It is apparent that the FCP
resistance of PVC also improves with decreasing temperature. For those
specimens which were tested to failure (all except for two tested at 1 Hz: 0°C
and -30°C), the K . values also increased in value with decreasing temperature,
similar to that observed with increasing frequency. The slope of the da/dN -

AK curves for PVC and polystyrene!® (see Figure 3.8) decreased with decreasing

temperaLUre, but then rosesharply at t,emperatures below 0°C.

21
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The frequency  sensitivity factor (FSF). or the multiple of the change
erowth rate per decade increase in frequency. was found to range from 1.5 to 3
for this grade of PVC at the temperatures studied. These values are in general
agreement  with those observed previously for PVC at room temperature.’
Figure 3.9 shows the frequency sensitivity for the material as a function of
testing temperature normalized with respect to the beta transition temperature
to be in reasonable agreement with results for other materials except at test
temperatures corresponding to 45 and 55°C (i.e. T - Tﬂ == -29 and -19°C,
respectively).?®  The increase in FSF  at these two temperatures may well
correspond to test conditions associated with the alpha transition. Accordingly.
these data were replotted as a function of the testing temperature normalized
with respect to either the beta or alpha transitions, depending on the actual
test temperature (see Figure 3.10). It Is apparent that a general increase In
frequency sensitivity exists at temperatures near both the alpha and beta peaks
for this grade of PVC. The increase in FSF values where Tg and Tﬁ are
minimized can be interpreted as reflecting the influence of enhanced localized
hysteretic heating which occurs in association with damping maxima at both the

beta and alpha transition peaks (see again Figure 2.1).%

3.1.1 Fatigue as an Activated Process in PVC

A linear relationship was founéi to exist between the crack growth rate
da/dN, and the inverse of the absolute temperature at all frequencies and stress
intensity ranges studied (see Figures 3.11 - 3.12). As such, these data are
consistent with the Zhurkqv/Bueche model, which may be used to describe the
fatigue behavior of“‘t‘his gradé”of PVC.!! Ac’c‘ordingiy, crack growth ‘is'A believed

to be thermally dependent with the activation energy Q being reduced by some
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. . . ] 9 3
appropriate measure of stress (see bquation 1.3). 1= 15 1

Calculated apparent activation energies Q' at various test frqu»e/gci;:s and
stress intensity conditions are listed in Table 3.1. Note that Q' increases with
decreasing frequency and AK.

The activation energy for a deformation process often corresponds to a
single micromechanism dominant for that process. For example, at T/T >
0.5, the activation energy for creep in many metals and ceramics corresponds to
the activation energy for self-diffusion.!® Y In polymers, the dynamic mechanical
spectra characterizes the motion of side chain and backbone segments of the
molecules in terms of various damping peaks that occur at temperatures relative
to the glass transition temperature (Tg). For PVC, the activation energy value§
(which have not been corrected to allow for the effect of stress) for the alpha
and beta peaks have been reported to be approximately 100 kJ/mol and 60
kJ mol. respectively. 1t 31
l<t i« apparent from Table 3.1, that the activation energies for the alpha
and beta peaks are considerably larger than the apparent values associated with
the fatigue process.  This lack of agreement with most of these activation
encrgy values implies that main chain segment or small main chain axis motions
do not dominate the fatigue crack growth process except at the lowest test
frequency examined. Despite this general lack sof agreement in activation
energies, it must be noted that the single \'ajue of the activation energy
calculated for each of the test frequencies examined and for the two stress
intensity conditions studied correspond to the single fracture mechanism observed

at these conditions - discontinuous crack extension (see Section 3.2.2) For this

reason it is concluded that a common activation process must exist, involving
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the motion of molecular segments smaller than would be defined by the beta
transition. It is interesting to speculate whether continued reduction 1 (:.ycli('
frequency would reﬂzeﬁal an asymptotic vg]uo of activation energy comparable to
that associated with Adamping peak segmental motion processes.  As noted
above, the apparent activation energy for the fatigue process in this grade of
PVC was observed to decrease with increasing stress intensity level and test
frequency despite the presence of the same basic fracture mechanism (i.e. DGB
formation).  However, differences in the DGB appearance were observed (see
Section 3.2.2), which presumably reflect the observed changes in apparent
activation energy values. Attempts to analyze the apparent activation energy
values further in terms of the activation volume and the effective stress were

made. but this investigator was unable to find reasonable combinations of these

-~

two parameters.
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Table 8-1: The Influence of Frequency on Apparent Activation Energies

r——

AK 0.7TMPav m

Frequency Time Apparent Activation Energy, Q’
(Hz) (8) (J/mole)
100 .01 24,100
10 1 26,700
1 1 29,100

AK -0.5MPav'm

Frequency Time Apparent Activation Energy,
(Hz) (s) (J/mole)
100 .01 36,100
10 1 36, 600
1 1 41,700
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2 92 The Effect of Testing Variables on Discontinuous Crack

Growth in PVC

3.2.1 DGB Macromorphology and Band Size as a Function of A K
Previous studies of discontinuous growth band sizes have indicated that
these measurements often correspond to values predicted by the Dugdale
m()del.él' 22, 32 Iy the present study. however. the band sizes for this grade of
PVC were found to have an other than second power dependenjce on the
quantity (}\'/oys)2 (see Figure 3.13).  Consequently, it was not possible to infer
the vield strength of this material from the Dugdale relationship for comparison
with the experimental tensile values described above. Rimnac® attributed a less
than second power dependence of band size on K to the occurrence of a
grcater amount of strain  hardening which increased with Increasing AK.
Accordingly, the yield strength would be expected to vary moderately with AK.
Although the Dugdale model could not be used to predict specific DGB
sizes for this grade of PVC. the band sizes did increase. as expected, with
decreasing testing frequency (see Figure 3.13) as previously observed for PVC

X
D

. o= , : . . .
and other plastics.”” 7= Band sizes were also observed to increase with
increasing  temperature. in  accordance  with  time-temperature superposition

principles (see Figures 3.14 - 3.16).
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3.2.2 How Testing Conditions Affect DGB Micromorphology
:

Since test frequency and temperature changes will affect the nature of the
craze breakdown process. it is of interest to examine their effect on the fatigue
fracture surface micromorphology. As the crack opening displacement, (COD) is
believed to be the controlling factor in the craze breakdown process, the craze
thickening progess. and therefore the competition between viscous flow and
orientation hardening during fibril growth must be considered.'® 1If the dominant
flow process is orientation hardening. then fibrillar failure will occur at a COD
less than the maximum value associated with the prevailing AK level. A DGB

‘ would then be m;pe(tt,ed to form at low AK levels, high frequencies. ana low
temperatures where orientation hardening is dominant.  As AK increases with
increasing crack length. it would be expected that the DGB’s will experience a
slight breakdown in morphology as the test progresses. If fibrillar growth
becomes dominated by viscous flow processes, then craze thickness would likely
increase to the prevailing COD level without fracturing.  For this condition,
DGB formation would‘not, occur: instead. striation formation or some other
vielding process(es) would be expected.  Since viscous flow is associated with
low test frequencies. high temperatures, and high AK levels, one would expect
to find the above mentioned fracture mechanism transition as was reported

prx(\lg)a}:]y 3¢ })ol);st;yren(—*. However, PVC exhibited DGB’s over a wide range of
frequencies, temperatures and AK levels, though changes in the testing
conditions did affect the structure of the DGB. It would then appear that

craze thickening in PVC is dominated by orientation hardening with viscous

drawing playing a secondary role over a broad range of experimental conditions.
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Changes in AR frequency. and testing lm.npvral,nrv influenced  fracture
surface morphulogt\'. When the fatigne testing temperature was increased above
roomi temperature. the discontinuous growth band size and stretch zone width
ereased in size and became more clearly defined.  As shown in Figure 3'.17,_
(he stretch zone at the higher temperature was larger. clearer and straighter,
and the void gradient present across the body of the higher temperature DGB
became steeper than that found in association with fracture surfaces produced at
room temperature (see also Figure 3.17). A speamen that was fatigue tested at
65°C (i.e. 8°C below Tg) and 100 Hz experienced extensive viscous flow with no
DGB formation being noted: due to the amount of viscous flow present. linear
olastic fracture mechanics concepts could not be used to describe the crack
growth of this material at this temperature.

The fracture surface micromorphology was found to change dramatically
when fatigue tests were conducted below room temperature. Figures 3.18 - 3.23
show fracture mn:fa('(’s produced at progressively lower frvquencies below ambient
temperatures.  For temperatures of (0 and 230°C at the 100 Hz condition, and
20 °C at the 10 Hz condition, it is apparent that major differences in fracture
surface appearance exist (see' Figures 3.18. 3.19, 3.20). The large smooth bands
(Figures 3.18 and 3.19) that are widely spaced correspond to the Aa increments
at which the test was stopped to take crack length measurements. The
narrower and irregularly spaced bands found at these two test temperature
conditions lie between the large smooth bands and are 1 - 10 X smaller than
the macroscopic growth rate; these small bands are rough In appearance.
Although the ]arge.smooth bands.are approximate in size to that which would

be expected for fatigue striations, these bands possess a void gradient and are
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probably bands of creep damage corresponding to the load-hold periods.

l’ R
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Figure 3-17: DGB Morphology With Increasing Temperature
(22°C and Above) at 10 Hz, AK — 0.5 MPaym
a) 22°C, b) 55°C

Vv




Figure 3-18: Fracture Surface Morphology at 0°C, 100 Hz
AK = 0.7 MPaVm
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Figure 3-19:  Fracture Surface Morphology at -30°C, 100 Hz,
AR 0.7 MPaym

48




Figure 3-20:  Fracture Surface Morphology at -30°C, 10 Hz
AK - 0.7 MPa\ym
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For the testing conditions of 0°C and 10 Hz (see Figure 5.21) flat bands

with a wavy trailing edge are apparent. with a size smaller Lh&n that of the
Macroscopic érowth rate at low AK levels.  The wavy, scdlloped edge appears
to be similar to the morphology doscribcd. by the meniscus instability
mechanism. and suggests that these irregular bands represent cracking through
incompletely formed crazes that form at the advancing crack tip.”* As AK
nereases. these bands increase in size. but deteriorate in shape. The fracture
surface takes on a morphology similar to that observed at the conditions of 0 &
.30°C. 100 Hz and -30°C, 10 Hz as previously described.  Similarly. at the
30°C and 1 Hz condition (see Figure 3.22). bands are observed which are
smaller in size than da’dN at the low AK levels. and deteriorate to the flat
band appearance with a wavy trailing edge as noted previously at the 0°C and
10 Hz condition. The frécture surface morphology then again changes to that
of small irregular bands which lie inbetween large smooth ones. The only bands
which were found to be larger than the macroscopic growth rate in size were
those produced at 0°C and 1 Hz (see Figure 3.23).  These bands app(’ary to be
very similar to classical DGB’s, but gradually break down as AR increases to a
morphology similar to that of the flat bands described above.

- From the above. a series of fracture surface morphologies are observed
which depend on different testing conditions and stress levels.  DGB’s are
favored at temperatures equal to and above room temperature. As the
temperature is decreased, and the {requency and stress Intensity range 1S
increased, the DGB’s first break down into numerous scalloped flat bands, and

then into a combination of two band types where small bands lie between the

“y g . 1‘7‘\' hoS ¢ o PR . o2

large ones, the latter corresponding to crack extension during the time periold
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when crack tip readings were made. 1t s intmlvst.ing (o note that these bands
are formed at low test temperatures in association with high test frequencies.
Since creep crack extension during load-hold time periods would be expected to
be more pronounced at high temperatures and low frequencies, the observed
presence of these bands at low temperatures and high frequén(:ies 1S most
surprising. It is speculated that creep crack expension is, indeed. responsible for
the presence of these bands but that they form preferentially under test
conditions near Tﬂ where hysteretic heating occurs in the crack tip region.

Steps were observed on the fracture surface of all specimens tested below
ambient. except at the 1 Hz 0°C condition. indicative of the occurrence of
multiple crazing during the deformation process. From band life calculations
taken from f{racture surfaces gencrated at testing temperatures of ambient and
above (see Table 3.2), it is shown that the band hfe increased dramatically with
decreasing temperature and AK.  This reflects the fact that craze growth and
breakdown kinetics become more sluggish at lower temperatures and stress
intensities. as would be expected.  Therefore, 1t may be more energetically
favorable for the deformation energy imparted into the system during the course
of each loading cvcle to be dissipated by the formation of additional crazes.
This is analogous to the nucleation and growth ol precipitates observed in
metallic alloys. Under high temperature conditions, the growth of precipitates 1s
more thermodynamically favorable as opposed to their nucleation, and vice
versa. There is, however, an optimum temperature where the driving force for
craze‘ nucleation and growth processés are equivalent. Likewise, a testing

_temperature.,.approximate to 0°C can be thought of as a cross-over temperature

between single craze (DGB formation) and multiple craze (non-DGB formation)

»
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1\ 2

-

deformation behavior.  Figure 3.24 shows that for neat PVC with various noteh
: . M . o, . . . . - v)“r

sizes. the ductile to brittle transition for this material is in the 0°C range.”™ It
is speculated, that below this temperature, the nucleation of multiple crazes 1S

dominant. while at temperatures of ambient and above. single craze nucleation

and subsequent growth is dominant.
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Table 3-2:

—
AR 0.5MPavm

The Effect of Temperature, Frequeney., & AK on DG Band Life

66°C
Frequency (Hz) DG Band Life, N* (cycles)
1 180
10 3056
100 613 ’
22°C
Frequency (Hz) DG Band Life, N* (cycles)
1 422
10 68640
100 12560
0°C
Frequency (Hz) DG Band Life, N* (cycles)
1 182b
AK=0.7TMPaVm
22°C
Frequency (Hz) DG Band Life, N* (cycles)

10
100

200
392
720
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DGR formation is also favored by conditions associated  with increased
testing frequencies  (see  again Table 3.2).7 '™ In accordance with previously
observed behavior, discontinuous growth band structure was also observed to
chaﬁgo with increasing frequency for this grade of PVC for specimens tested at
room temperature. It s apparent from Figure 3.25 that the void gradient
becomes stecper at lower test frequency. This was also observed for a given
frequency when the testing temperature was increased, suggesting that a time-
temperature relationship exists for DGB ‘m()rphology as well.  No significant
frequency effects on the stretch zone appcarancv were noted.

At temperatures. above ambient. the discontinuous growth bands were
observed to become rougher 1n appearance with increasing crack length and
corresponding  stress  intensity level, as illustrated in  Figure 3.26. This
observation is in agreement with known DGB  behavior.” As previously
mentioned, DGB formation 1s favored at low AK levels. It then follows that
the bands will experience a breakdown in appearance as the stress intensity level

Increases.
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3.2.3 The DGB Stretch Zone

As previously indicated, the stretch zone separating cach DGB is thought
to represent the blunted profile of the crack tip after it has passed through the
craze and arrested in fresh material.*!  Since L}}e stretch zone is a measure of
the crack tip radius (sce again Figure 1.2), then the crack opening displacement
(COD) should correspond to twice this value and describe the extent of plastic
straining at the crack front.“* Accordingly. the vield strength and the COD are
interrelated.

In order to determine if quantitative fracture surface measurements can be
used to estimate the COD. stretch zone measurements were compared to
corresponding values calculated from the stress intensity conditions and known
material properties. In Figure 3.27, a one-to- one relationship 1s noted for
measured and calculated values of the crack opening displacement for specimens
tested at ambient temperatures and above at 100 Hz.  For the frequency
conditions of 1 & 10 Hz. however, observed stretch zone values were found to
be approximately two times larger than those calculated (sece Figures 3.28 -
3.29).  No convenient explanation for this diminished correlation is available at
this time. Although there is an effect of frequency, /strain rate on the yield
.st,rength of most plastics, it was felt that such a correction 1n Ty would have
had little effect on the room temperature data.*® In addition, the correction for
the effect of frequency on PVC at temperatures above room temperature was
not available. » v

It is speculated that the additional Lim’e for deformation available at the

"lower frequencies enables the material to behave in a more viscous fashion,

thereby resulting in greater stretch zone dimensions than those observed at the
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high  frequency. At 100 Hz. the material is restricted inits  deformation
response, an(.i therefore. exhibits a more  clastic response.  The one to one
correspondence observed at 100 Hz 1s significant because 1t confirms that at this
frequency (i.c. for elastic conditions) the stretch zone is indeed a measure of the
crack tip radius and 1s equivalent to one-half the value of the COD.

The J-integral is another parameter that is used to describe fracture
conditions In a component experiencing both elastic and plastie deformation. J
1s the energy made available at the crack tip per unit extension, and can be
approximated by the crack driving force. (l' (i.e.  fracture toughness) under
clastic conditions.’® Therefore. J can be computed from either the Griffith
energy criteria or from COD considerations (see Equations 1.6 and 1.7).  The
constant m in Equation 1.6 is used to allow for changes from the plane stress

f)
25 1n order to

to plane strain state induced by changes In testing temperature.
compare these fwo methods of ca]culating J. stretch zone measurements taken
from samples tested at temperatures above ambient were used to infer the value
.

of the J-integral. The nferred values were then compared to values computed
from the Griffith energy criteria. A good correlation was seen between J values
computed by the two different methods only at the 22°C. 100 Hz condition,
similar to that observed in Figure 3.27 (see Tligure 3.30). It is once again
speculated that this 1s due to the predominately elastic behavior of this material
In association with testing at 100 Hz.

J values calculated from COD-considerations were found to be much larger
than values calculated from Griifith energy criteria for frequency conditions at 1

& 10 Hz for temperatures at ambient and above, as illustrated in-Figures 3.31 -

3.32. This sugge’sts‘tha;t,* at the ,frequenciés of 1 and 10 Hz, the comparisons of

-
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nferred and calculated J values as well as measured and calculated streteh zone
sizes are invalid due to the increased time-dependent plasticity of the material

in association with longer testing times.
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Chapter 4

Conclusions

The FCP resistance of this grade of poly(vinyl chloride) was found to
improve with increasing frequency, as had been previously obsverved
for pV(J. As implied from time-temperature superposition principles,
the FCP resistance of PVC improved with decreasing temperature as

well.

An Arrhenius relationship is shown to exist between the fatigue crack
growth rate and the inverse of the absolute temperature at the
testing frequencies and stress intensity levels studied.  The value of
the apparent activation energy calculated using the Zhurkov/Bueche
model was observed to be lower than the reported values of the
activation cnergies for the alpha and beta peaks. However, the single
value of the apparent activation energy found corresponds with a
single tvpe of fracture surface morphology observed - discontinuous

crack extension.

Discontinuous growth band measurements revealed that the DGB
sizes ncreased with increasing temperature and decreasing frequency,
also in accordance with time-temperature superposition principles. A
power of two relationship was not observed between the band size

and the stress intensity range. This was attributed to strain

ot opardening effects in . this grade of PVE. « v« e 0 4 e v e
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The expected influences of frequency and AR on DGB morphology
was noted for specimens tested at room temperature and above.
DGB’s were produced at t.empvrai,urvs up to 55°C. When the testing
temperature was increased above ambient. it was observed that the
DGB void gradient became steeper and the stretch zone width
became clearer. For specimens tested at temperatures below ambient.
it appears that there is a secries of fracture surface morphologies that
arc dependent on different testing conditions and stress levels. It s
speculated that at 0 °C (the lowest temperature at which classical
/
DGB's were observed) there is a transition between single craze and

multiple craze deformation kinetics analogous to nucleation and

growth in metals.

Measured DGB stretch zone sizes of specimens tested at 100 Hz for
temperatures at ambient and above were found to correspond to
calculated values of the crack opening displacement. confirming the
hypothesis that the stretch zone represents the radius of the crack tip
which blunts in fresh material upon passing through the craze.
Subse(‘]umt]y. values of the J-integral calculated from measurements
of the stretch zone at 100 Hz and temperatures at ambient and
above were found to reasonably (torrcspo‘nd to values calculated from
material properties. Modifications are necessary when the above
comparisons are made for specimens tested at frequencies of 1 and 10

@

Hz at the same temperature conditions.
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