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l. Intreoduction

Facilities and financial support for the research programme
i
reported in this thesis have been generously provided by the Rubber
and Plastics Research Association of Great Britain. This Association,
with its close connections with the polymer supply and user industries
is in a unique position to identify problems and oppoftunities
connected by polymer applications. In such an envifonment it is there- -
fore not difficult to devise research preogrammes with creditable
technological objectives. However there are strong commercial pressures
which tend to limit the depth and rigour of any investigation. The
approach to the objective tends to be direct in deference to the law
of diminishing returns. These commercial pressures do not operate to
the same extent if the identified problem is a severe one. One such
problem is the high incidence of brittle failure of load bearing thermo-
plastic components in service. These failures are generally qﬁite
unexpected because engineering thermoplastics, i.e. thQSe chosen for
load bearing applications, are invariably ductile on the evidence of
standard material tests. RAPRA initiated a comprehensive research
“programme entitled 'Strength Critéria for Plastics' with the objectives
of identifying the cause(s) of service induced embrittlement and the
development of design criteria for the avoidance of this type of
failure. The work reported here is one part of the strength criteria
Programme which concentrates on the simulation of service performance
of rigid PVC (UPVC), It is reasonable to suppose that the behaviour of

UPVC will be characteristic of other glassy amorphous polymers.



Research activity into the response of £hermoplastics to applied
stress has tended to concentrate on deformation behaviour rather than
strength. Such a bias would be justified if the apparent ductility
of the thermoplastic could be relied upcon in service, because the
design limit for extensible materials is appropriately a deformation
limit as determined by the component's function. One explanation for
the research bias in favour of deformation could be the faith of
those researchers divorced from such activities as failure diagnosish'.
in the resistance of so called engineering thermoplastics to brittle
failure. Also, deformation studies}which generally involve a
continuum mechanics analysis, can portray a degree of elegance that
is difficult to match with strength studies. A study of strength in

J A um
isolation is often a very unsatisfactory pgsrsuit.A Strength datA is
esgentially single point and therefore to generate a functional
relationship between strength and a material or service variable

- art

requires many individual tests. In addition brittle strength data }é

relatively erratic, perhaps because of the localised nature of fracture.

The approach adopted here has been to look for discontinuities
in the deformation behaviour of UPVC and to attempt to corrglate these
with the brittle failure process. This apprdach has the premise that |
deformation and the initiation of the failure process have a strong
interaction, i.e. one perturbs the other. Evidence to support this
interaction in UPVC (and other glassy amorphous polymers) is abundant,
The connecting link between deformation and failure could well be craze

initiation and growth. The evidence is as follows:



1. The critical flaw size for crack growth in glassy polymers is of

of the same order as craze dimensions.

2. The critical flaw is known not to be inherent and therefore
must be generated under lcocad. Crazes are not inherent and

are also known to be generated under load.

_3. The fracture surfaces of failed specimens exhibit craze like
£

a-
layers. Also crazes have been seen to proppgate in advance

of a moving crack.

4. The growth of crazes can, if this is sufficiently rapid,
perturb the deformation process. For instance there is a
significant increase in creep rate after the initiation of

solvent induced crazing.

The craze induced perturbation of the deformétion process under

simulated service cénditions, where craZg growth is not rapid, would

not be detectable by merely examining the creep response.- A spgg?él
testing procedure was developed whereby the perturbation is in effect
magnified and detectable. This so called‘qﬂ'£échnique forms the basis

of a mechanical (non-visual) method of detecting craze initiation and
assesging craze growth in opague as well as transparent polymers. The
resolution of the method is such that the critical combinations of stress,
strain, time and temperature for the initiation of the perturbation

could be analysed in some detail. This analysis indicated that the



cause of the perturbation, and by implication craze initiation, is the
generation gf a critical level of relaxed ténsile strain. This
ériterion is apparently independent of all service variables, including
chemical environment. In addition the gene;aﬁion of the critical level
of relaxed strain is shown to coinciée with the initiation of the
failure process where this initiation is connected with an observable

mechanical instability.

The paradox raised by the observed difference in the failure
of glassy amcrphous polymers.under laboratory and service conditions.
can be explained in terms of craze nucleation and growth. In the
laboratory the conditions of test tend to favour craze nucleation
at the expense of craze growth. ;n service, craze growth is
encouraged by such factors as low stress levels énd mechanical
perturbations. It is generally accepted that a high craze (site)
density precédés;duétileﬂ(yield)‘failure.and.spa:se.crazipg promotes
brittle failure. It is conéistent thergfore to propose tﬂat under
conditions which cannot be simulated in the laboratory (iong service
lifetimes) thé primar§ cause of failure continues to be the_initiation'
‘of crazes. Thus proéided the relaxed strain crite;ion for craze
"initiation continues to operate at long times, (as it; s%ngularity
under laboratory tests would indicate) a design criterion based on
this should provide a rational methed for aveoiding in-service

component failures.



2. The Mechanical Properties of Glassy Amorphous Thermoplastics

2.1 An introduction to the Glassy Amorphous State

Commercially available étactic.unplasticised polyvinyl-
chloride (UéVC) is described as a glassy amorphous themmoplastic at
ambient teméeratures. " Other important polymers in this category
include polymethylmethacrylate (PMMA), polystyrene (PS), polycarbonate
{PC), styrene acrylonitrile (SaN), polyphenylene coxide (;PO), and
polysulphone. 1In addition rubber modified polymers include high impact
polystyrene (HIPS), acrylonitrile-~butadiene-styrene (ABé), and modified
PPO (Nory; ).

The molecular andithérmodynamic characteristics typical of
the glassy state can be visualised by reference to the kinematical
processes that oceur during the cooling of the molten polymer to the
‘sdlid state. In the molten state the kinetic energy of the molecules
that constitute the material is sufficient to overcome all inter- and
many intra- molecular energy barriers. Thus rotation and flexing of-
the molecular chain, chain segments, and, where these exist, side
groups, are free to oceur. Thus altﬁough the mglecdléﬁ_conformﬁtions
are completely irregular and chaotic, the melt as a wﬁéle is in
equilibrium with its thermal environment. On cooling,the volume of
the polymer will deérease at a rate that initially maintains this
‘equilibrium. At lower temperatureé the viscosity of the melt will
beg%n to increase significantly with the result that at high-rates 6f

cooling the volume will be unable to 'relax' at a rate sufficient



to maintain equiiibrium. Tﬁis condition is reached at lower temp-
eratures at. léwer rates of cooiing. This effect is illustrated
in Figure 2.1. As the material is cooled further the viscosity
increases considerably and at a level of “Jlojﬁqs/mz the liquid
'is considered substantially immobile. The frozen in amorphous
{liguid-like) structure that results f;om such a ¢ooling process
is characteristic of the glassy state. Although this state is
never in thermodynamic equiliﬁrium it is considered to be a meta-
stable state in that changes in the direction of equilibrium (e.q.

volume relaxation) generally occur so slowly that they are insign-

ificant over the time scale of most observations.

‘The characteristic temperature at which the polymer changes
from a liguid in eguilibrium to that of a meté—stable glass is
identified as the glass transigion temperature Tg. The value of the
glass tran;ition temperature is both rate (1) and pressure (2)
dependent. It is alsc dependent to some degree on the mechanical ({3)
" and thermal (4) history of the polymer in its glassy state. Volume
relaxation is only one of many transitions that can be observed and
hence usgd as the basis of measuring Tg. Other notable parémeter
relaxations include; ‘enthalpy, electrical and‘mechan;cal enerqgy
absorption, stress/sﬁrain moduli, aﬁd yield strength.zifhe relaxation
time't , associated with the response of the polymer to thermal,
mechanical, electrical, or electromagﬁetic stimulation X{t) can be

defined by the equation: ¢

_ o Xe) =0, t<o
R(.H Q(o:‘)e “—j—sr x({;)r)(j + 20



—~—— DENSITY

- VOLUME

P
s/

|
|
t
'
!
)
b
1
§
]
'
1
1
|
|
1
!
|

‘1
|
I
I
l
|
|
|
1
L]

| Tg1 T92 TEMPERATURE ——

FIGURE 21 VOLUME TEMPERATURE RELATIONSHIP OF A
GLASS FORMING LIQUID, GLASS2, FAST
COOLING; GLASS1, SLOW COOLING. T, AND ng
ARE GLASS TRANSITION TEMPERAT%RES_



where R{t) is the amplitude of the response to e%}tation. Formally
T is the retardation time if -the transition parameter is extensive

rather than intensive.

Tg is normally associated with primary (main chain)
molecular relaxations. The main chain molecule of UPVC can be defined

as:

|
]
T — —I

C

~ Other sub-molecular units can also relax in response to eg}tat&on.
These are referred to as secondary relaxations, The relaxation and
retardation times are shorter, and the transitions are at lower
témperatures than those associated with a primary relaxation. A
labelling system has become established to assist in the identification
of different relaxations,these being in order of decreasing transition
temperature!a {(primary) and B,tf,s, vsi-ses. [secondary). In the cése
of atactic UPVC which has no chain side groups, the source of the B
relaxation has become associated with 'local mode relaxation of short
chain segments' {5). By comparison PMMA exhibits a B and § transition

5
which can be traced to side group-rotation of efher and methyl groups.

The secondary transitions increasingly influence the
mechanical behaviour of glassy polymers with decreasing temperature
below Tg. This has been demonstrated for yielding in UPVC (6) (7},

PC (8) and PMMA (9). Boyer (10) has proposed that the 8 transition



‘plays a dominant‘role in the craze initiation of Polystyrene, The
evidence for this is that the a;tivation energies for craze initiaticn
(35-40 Kcal/mol}and the B transition (35 Kcal/mol) are éimilar.
Similarly Sternstein and Sims (11} have reported that the respective
.actiyation energies for crazing and the B transition in PMMA are 20

and 21 Kcai/mol.

The pressure dependence of the B relaxation process in UPQC
and the independence of both the £ and § processes in PMMA (12) with
pressure can be accounted for in terms of 'free volume'. Many other
relaxation phenomena including gross effects such as macroscopic
yielding (13) (14), the pressure (2) and tensile stress (15) dependency
of Tg etc., have been interpreted using free volume models. The models
differ generally in their quanﬁitative definifion of free volume VF or

rather their definition of occupied volume Vo' The total volume of the

glass V is defined universally as:
= + '
v VF Vo

'VF is commonly termed the expansion volume where this is coﬁpﬁted from..
thé thermal expansiop-volume increaée. V0 is £he_miqimum (closg packing)
volume at OCK. Fractional free volumes computed by u;iﬁg thermal
expansion data for glassy polymers at Tg are in the range 0.12 - 0.14 (16).
"With regard to the pressure dependeﬂce of the B relaxation process in

PVC, this is seen as evidence that local mode relaxations are volume
sensitive. Side group rotations of the type responsible for the B and

8 relaxations.in PMMA are sensibly independent of free volume in that



these can proceed without velume cﬁange.

2.2 Creép and Recovery

2.2.1 Step input of Stress

The strain response of a viscoelastic material to a step
input of stress defines the creep compliance C(t) of the material,

Thus:

n

€)= —§£€L where
= Hys, " e

o,t < O
1,t 2> 0

r

Recommended procedures_for the ekpé?imeﬁtal determination
of C{t) are included in BS (4618) (175. These emphasise the experi-
mental requirements of suéh measurements notable of which are the
need for good temperature éontrol, lpw.friction, and rapid but critically
damped load application {18}. The same set of documents (17) also
recommend that creep data_shgpld bétpresented in a graphical format.

ord . : .
The basic creep data £(t) i« plotted as ‘a function of log t with stress
level as the parameter. This is.shdwn'diagramatically in Figure 2.2(a).
CrOSS-ploté taken from the bésic creepndata'are shown in Figure 2.2 (b)
and 2.2 (c) these geing termed the isochronous‘stress/strain, and iso-
metric stress/time plots respéctively. These reveal more obviously‘
any nOn:li;earity {stress or strain dependencé of the compliance) in the
material's response. The isometric data can be used directly in design
- Thew

where the maximum permissible strain is specified. }M can also be used
as an approximation to the stress relaxation characteristic. The
isochronous data can be used conveniently as design data when the life-

time is specified. An additional graphical format shown in Figure 2,2(4d)

is C(t) versus log t with the parameter of stress or strain. The value

~-10-~
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of C(t) cobtained from such a ﬁlot and relevant to the specified
lifetime of the designed component can be substituted as the
inverse of the elastic modulus in standard elasticity equations
{e.g. elastic instability, deflection of beams etc). This process

has become known as'pseﬁdo—plastié désigﬂ.

Apart from being temperature dependent the creep
‘compliance is also generally stress and strain dependent at sign-
ificant levels of stress, strain and time. This has been established
for UPVC in tension, uniaxial compression (19) and shear {(20). The
bulk compression compliance for UPVC however has been reported as
being independent of stress and strain {(21). In tension glassy
amorphous thermeoplastics tend to display an apparently linear region
up to experimen£ally significant strains and to exhibit a sharp dis-

continuity to non-linear behaviour (22) (23).

With reference to the difference noted (2.1) in the responseA
of the B relaxation processes in UPVC and PMMA (the former being
pressure dependent and the lafter pressure independent) it is of interest
to compare the creep response of these polymers. At loﬁ stress levels -
the creep characteristics are similar. At high stress levels the ipitial
strain responses are still similar, but at longer times the creep
compliance of UPVC increases dramatically in comparison to that of PMMA.
This could be taken as evidence fer the tensile stress dependence of Tg
reported by Andrews (15) for UPVC ' (UPVC has a lower Tg than PMMA).
The similarity of the initial compliance of the two polymers together

with the differences at long times and at: high stress might well also

-12-
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be connected with the volume changes observed by Benham and
McCammond (24). Under uniaxial tensile stress the volume of
PMMA increases initially but does not increase further with time
under stress. PVC however was observed to inqrease in veclume

initially and with time under stress.

The relationship betwéen creep characteristics at
d;fferent temperatures is complex and canncot be normalised by
simple time/temperature super-position {25). This may be partly
due to the problem of defining the reference state at different
temperatures. Turner (26) has demonstrated that the preconditioning
time at the temperature of test has a considerable influence on the
shape of the creep characteristic of UPVC. Even after 2000 hours
preconditioning time there was no evidence that a stable state was
being approached. ©On this evidence alone it would be suxprising if
time-temperature superposition was éver pessible with UPVC. Sternstein
and Ho (3) have suggested that changes in free volume in glassy—
polymers do not have equal effects on different retardation processes.

-

This may at least partially explain the phenomena. Specifically, the

long term processes are preferentially affected.

The molecular processes responsible for creep in glassy
amérphous thermoplastics are not known in detail. This must be due
partly to the difficulty of qualifying the molecular structure or
conformation of these polymers. On a maéroscoPic scale, shear (deviatoric)
deformations occur at constant voiﬁme. Thus it might be argued that the

time dependent tensile creep strain of PMMA, which occurs without volume

change (24) is totally due to shear deformations and that in PVC the

-13-



deformationf is partly due to shear processes and partly due to
dilatational processes. This concept has been developed successfully
by'Bﬁcknal}and Clayton (27) as a means of assessing the dilatational
contribution (crazing)to creep.deformations in rubber modified glassy
‘polymers. At a microscopic level however, particularly in the amor-
phouslétatejthe nature of shear has not been established.. It is
‘conceivable for instance that the occuéied (ﬁolecular) volume could
change in response to an applied stress such that the total volume,
which includes both free volume and occupied volume remained constant
{28). This might imply, on a macroscopic level that the deformation
is totally deviatoric, but at a molecular level this interpretation

would not be strictly ceorrect.

2.2.2 Gate Input of Stress

A gate input of stress can be formally defined as:

Z) = 0, M) awhewe HE)=0, TEE<O
¢ | © HE)- /5 0<E<T

A step input of stress, of amplitude O_ is applied at

o

t = 0; at a time T the stress is removed step-wisely. The period
t > T is known as the recovery period. The strain/time path of the

recovery can be quantified in terms of either the residual strain

eres or the recovered strain Er. These terms are defined in Figure

2.3. The Boltzman (29) superposition principle would predict that a

linear viscoelastic material weould recover along a path! . .
E o) = COo - C(e-T)o; — L1
& ¢t **00,{"_“# O)

Thus the Boltzman superposition integral would predict
complete recovery if sufficient time is allowed to complete this

process. It is experimentally difficult to check this because at

~-14-
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low leveis of residual strain the retracé¢tive forces are so weak that
friction in the measuring equipment could prevent further recovery.
According to Turner (18) egquation cI} represents a good approximation

to the measured recovery behaviour of glassj amorphous thermoplastics
provided the prior creep strain and creep time are ' not éxcessive.
However the recoﬁery behaviour from 'severe' stress histories is anoﬁal—
ous in two respects. At small values of (t - T), that is short recovery
times, E; (£) excgeds that predicted for lineax viscoelastic materials
by the Boltzman superposition integral. At large values of {t - T)

the reverse is observed. Turner did not find these observations
surprising. 1In fact he pointed out that the form pf the non-linearity
of these materials, that is 'strain softening', would be expected to
lead to excessive initial recovery. However in the %ame papér he reports

¢

that although the apparent compliance of the material éf?increases with
: o
time under stress the actual compliance {Ae/ A O)t decreases with _i:_reep

time. Thus the strain softening explanation for the observed high initial

rates of recovery would not seem to be valid.

Menges and Schmidt {(30) have proposed that in;omplete recovery
in glassy polymers is due to micro-damage initiation and growth during
the creep period. They further prbposeithat the initiation of such
micro~damage in the form of wveiding or crazing, is responsible fof the
onsét of non-linear viscoelastic behaviour. Menges did not exténd thié
hypo£hesis to explain the excessive initial recovery behaviour {which
is a form of non-linear interaction). In Section 4.1 of this thesis

such an explanation is proposed.

The recommended format (17) for the presentation of recovery
behaviour is derived from the work of Turner (31}). By the use of two

=-16—-
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non-dimensional variables this format attempts to normalize recovery
data over a wide range and combination of maximum creep strain

EC(T) and creep time (T). These two variables are defined as:

Lo
&6

Fractional Recovery F.R. - =

and

] - € -7
Reduced time R.T. : (f’ -+ ;)

The format is illustrated diagramatically in Figure 2.4{a).
The advantage of this format is that the recovery data from widely
ranging creep strains and times tend to superxpose. A disadvantage is
that it does not reveal réadily the devia;ion {if any) of the recovery
at short recovery times compared with that predicated for a linear
viscoelastic material. This can be appreciated more readily in the

alternative format shown in Figure 2.4 (b}.

2.2.3 Repeated Gate input of Stress

The growth of creep strain under conditions of intermittent
stresses is of relevance in many component applications. Benham and
Hutchinson (19) have investigated the strain ox stress response of UPVC

to the following stress or strain histories:

Mode (1) Repeated gate input of tensile stress.

= —ehone ¥) = +/1 % (2N+I)T>t,;'24\!7‘
&) o5 #(e) #{;)) - 0. ?;Z; @n-D)T £ €< 2N T

where N is the cycle number and T
= recovery period per cycle = creep period per cycleaand Uo'is the

tensile stress amplitude.

_.18_.



Mcde (2)' Repeated tension/compression stress cycling

B odose HE)< T/ Gr+e)T >t 7 nT
oW %KY Ko ot J G e e < o

where the compression stress amplitude

= tensile stress amplitude = /OB/

Mode (3) Repeated tension/compression strain cycling

Lt e ae)T T > 2R
O = & H) wobere ;;g)c : i (n-)TSE < 2NT

where the compression strain amplitude

)&, = 128 7o

= tensile strain amplitude =
Benham and Hutchinson employed a superposition technique

involving non-linear compiiance functions and compared the experimental

data with the predicted response. The non-linear compliance functions

were established by generating compressive and tensile creep data at

stress levels egual to the stress amplitudes as used in Modes (1) and -

(2) above. The stress relaxation modulus at a strain of 1.25% was

used via a similar superposition technique to predict the stress

response to the Mode (3) strain history. During the iﬁitial pericd of

the cycling programmes the predicted and experimental strain responges

were in close agreement particularly for Moae (1) stressing. The

observed strain did however increase more rapidly than the predicted

response after an extended period of cycling at high stress amplitudes.

Under Mode (2) stress conditions this transition to higher than

predicted strain growth rate occufred earlier, at lower sfress amplitﬁdes,

and was chserved to be so severe that it could be readiiy associated with

the onset of fatigue failure. The authors established by additional

-19-



experimentation that this so-called 'cyclic softening' phenomenon was
not the effect of temperature increase. PMMA was cbserved (32} to

exhibit this phenomenon but to a lesser extent than UPVC.

The above observations are of particular interest here
because the transition to cyclic softening represents a rational
stability criterion for design against cycli; fatigue. The proposition
that the transition is not thermally. induced piomotes some confidence
in the extension of such a criterionEEO apply to 'low stimulus’® fatigue

situations i.e. realistic fatigue lifetimes.

Jaksch (33) studied the sﬁrain rééponse of polyethylene
under intermittent tensile'stressing.-Although the poly??r is not
glassy amorphous, the detail of his sﬁudy is such that it is useful
to include a reference fo it here. Jéksch. cbserved ;hat the main
?ontribution to strain growth unde;qst?ess conditions defined by
Mode (1)} above w%s due to Eﬁéﬁincréése in the instantaneous (unrélaxed)
strain respons; with successive cyéling. _?he time-dependent response
(relaxed strain component) remained redscnably cyclerindependent for
extended périads. Jaksch attributed this to ‘additiénal retardétion

mechanisms with very short retardation times arisiﬁg from the amorphous

regions’.

2.2,4 Craze and crack detection by creep testing

Apart from the visual detection of micro-damage during creep,
which will be discussed fully in the next Chapter, two basically mech-
anical techniques have been used to detect, and assess the growth of,

crazes during tensile creep. These techniques are only'aﬁequate if the

_20_



craze contribution to apparent défbrmation is considerable.
hY
Bergen {34) has compared the tensile creep behaviocur of

UpvC and other_gléésy amorphou;_po;ymefs in air and iﬁmefsed in organic.
solvents. The solvents induced severe crazing or cracking in the
polymers, The stress, strain and time, coordinates for the
initiation of this damage could be ascertained by the transition
from a comparatively slow creep raté to a fast creep rate. One set
of creep data, for UPVC in air and igpproéanol is reproduced in

Fig. 2.5. Bergen proposéd on the evidence of this and other similar
sets of data on ABS, PC, HIPS and SAN in ényironments of either
‘n-Hexane or isopropanol that craze a@d crac# initiation occurred at
A characteristic level of tensile strain. He further proposed that
" these critical strains, tébulated in Table 2.1, are indepepdent

of stress level.

i CRITICAL STRAIN

inipropanol| in N-Hexane
BVC -.1;20‘ I o.80
;ABS | 0.3 | o.48
PC 1S ' 1.09
HIPS 0.36 Swelling
SAN - . 0.30 | 0.40

Table 2.1. The critical tensile strains for craze or crack

initiation in solvents. (After Bergen (34) ).

The .form of the craze instability in UPVC and the strain
range for its initiation are similar to that observed for cyclic

softening {discussed in 2,2.3).
' -21-
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Bucknall (35) and ﬁucknall and Clayton (27) have developed
a different technique for assessing the separate contributions of
dilatational and éhear deformations te total uniaxial tensile creep
strainjsuitable for rubber modified glassy amorphogs pelymers in an
air environment. Dilatational deformations were assumed to arise from
cavitafional mechanisms such as crazing, cracking or voiding. On the
evidence cobtained from microscopy,crazing was shown to be the predomin-

ant mechanism.

The technigque involved the simultaneous measurement of both
lateral and longitudinal creep strains. The volume strain during
| Koot

tensile creep was thus established. From Epi§'data Bucknall and

Clayton (27) were able to make the following deductions regarding

craze initiation and growtﬁ in HIPS.

1. Crazing is the major factor in the non-elastic creep deformation
of HIPS, For instance at a total tensile creep strain of 5% the
crazing processes were responsiblgAfor an estimated -3.8% strain.
Other contributions were, instantaneous elastic strain l1.1%, and

time dependent elastic strain 0.1% (shear ‘viscoelastic

effects').

2. Crazing was initiated at between 0.9% and 1.1% tensile creep

strain.

3. The inductlon time t. for craze initiation increased with decreasing

stress level O such that:
- Ao
€, = Ae
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where A and b are constants. This approximates to the Eyring (36)
rate eguation. A similar ielationship was established feor the rate
of dilation (érazing). Both.pfocesses had the séme apparent
activation volume. Thus craze initiation and craze growth were
concluded to be one_ahd the same process,ltﬁis being void-nucleation

and growth.

4. The yield drop (yield instability) observed in glassy polymers

is due to craze growth.

If craze initiation is responsible for an instability
in the behaviour of a glassy'amorphous polymer after.long service
lifetimes then the induction time for this instability shown in
Figure 2.6 might foer a more rational design criterion than for
instance static fatigue data. 'Unfortunately.Bucknall and Clayton's
technigque would not be suitable for detecting craze initiation in
unmodi fied glassy polymers in a passive-environment because the

level. of dilatational strain would be small and the crazes wi591Yi

dispersed,

2.3 Stress Relaxation

The stress relaxation modulus M(t) is defined by the stress

response 0 ({t) to an applied step input of strain 'H'lt) 50 such that:

. . <
M({:) = O"({:) tvbore Hé) O/é o
) €, He) =/ , € zo
Oberst and Retting (37} have evaluated M(t) for UPVC over a
ark
wide range of temperature. Some of their data ;é’included in Table

2.2. The applied ténsile strain was 0.5%.
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M{t) MN/ m2

t secs . 23°C 70°C

1 3200 1000

10 3100 600

102 3000 200

3

10 2900 50

104 2800 -

Table 2.2. The tensile relaxation modulus M(t) of

UPVC (after Oberst and ﬁetting (37».

Oberst and Retting established the 'long term' relaxation
spectrum H{T ) using the eguation: .
Bo - - MO o (LyMB)|
&-eosb £t ="

and extended the spectrum to short times by measuring the loss.

modulus E" over a range of frequencies, The equation used was:
b
Heey = 2 E'(w)
T W=y
where &2 is the angular velocity. Thus the relaxation spectrum of

relaxation times between 10“4 and lO4 secgonds was established. The

230¢ séectrum is reproduced in Figure 2.7. Thé H (T)

minimum separates the o (main chain) relaxation and‘f?(local mode)

relaxation processes.

The dependence of M(t) on strain was not investigated by

Oberst and Retting. Sternstein and Ho (3) have however shown that

.
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PMMA exhibits non-linear tensile stress relaxation above applied
tensile strain levels of ~v1.0%, The torsional stress relaxation
behaviour of the same material was reasonably linear over the

strain range investigated i.e, at strains less than 2%, Sternstein
and Ho concluded that the non-linearity-is induced by the dilatational
stress or strain component associated with uniaxial tensile stress or
strain. In combined tensioﬁ—torsion éxperiﬁents the dilataticnal
strain due to the tensile stress component increased the rate of
torsional (shear) stress relaxation. However shear in a plane
transverse to the tensile axis did not effect the tensile relaxation‘
behaviour, Dilatational stress or strain influenced the rate of

relaxation and the transition to non-linear behaviour.

Yannas, Sung and Lunn {22) have studied, in detail, the
transition to non-linear stress relaxation behaviour in polycarbon-
ate. The transiticn was observed to be sharp with a well defined
strain range for linearity. The critical tensile strain fér the
transition decreased wi£h increasing temperature andltime. Some

values are given in Table 2.3.

CRITICAL TENSILE STRAIN %
o ] -_— .
C. tR 10s tR _ 167
20 o 1.30 1.10
40 1.29 1.09
60 1.28 1.08
80 1.25 1.06
100 1.17 0.95
120 1.05 0.78

Table 2.3 — The critical tensile strains for transition
from linear to non-linear relaxation modulus E (tR) at various temp-

eratures below Tg. (After Yannas, Sung and Lunn (22) ).
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Mercier, Aklonis, Lit£ énd Tobolsky (3B) have demonstrated
that above its Tg polycarbonate exhibits a stress relaxation modulus
that is indepeﬂdent of strain up teo elongations of ~25%. Yannas
and co-workers have proposed that a minimum critical strain for the
initiation of non—linear behaviour occurs at a temperature equal to
the Tg of the polymer. In a later paper by Yannas {(39) the critical
stress/strain coordinates of both gensile creep and tensile relaxation

tests were found to be linearly related i.e.

& = 035t ko

where é; (%) and q; are the critical sﬁréins and stresses for the
transition to non-linear viscoelastic behaviour. % is a constant
that is independent of tgmperature aﬁd time. It might be reasonable
to conjecture here that at long times_or at Tg:

-Oz-a'o
and that the minimum critical strain is 0.35%. If non-linearity is
connected with'irreversiblé?damagé-iﬂitiation then this minimum strain
could be a potential rational dgéign ;imit. Yannas, Lunn and Doyle
(40) in fact provided evidepce thaf the.ﬁoﬁ~linear viscoelastic
behaviour of polycarbonate is‘due to the rﬁpture of secondary, inter-

chain wvalence bonds.

2.4 Macroscopic Yielding

Yielding of amorphous glassy polymers belo@ Tg has beeﬁ
regarded as evidence of a stress or strain induced transition from the
visco-elastic to the quuid staté. Conceptually the yield process is
initiated when the deformation réspénse is nd longer completely recover-—

able -~ i.e. at the onset of plastic flow. This however is difficult
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to determine experimentally. In practice, like other diffuse
transitions’yield is characterised by defining a yield point,
which is readily identifiable under conditions of constant strain

rate. The yield stress at the yield point is commonly defined as:

Jo -
4 S0, et £+ Llemnskank).

" The yield point togethex with typical post-yield behaviour are

illustrated in Figure 2.8,

From an engineering design aspect the yield stress of
a glassy polymer is of limited use. Although it represents the
ultimate load-bearing capacity of the polymer, prematufe brittle
failure commonly precludes yield. This is particularly the case
at long service lifetimes, or when tensile stresses are involved
or if immersed in a non-passive chemical en?ironment. However
there is considerable evidence that the phenomenclogy of m;crOSCOpi§
and microscopic yielding are similarx. Therefore a khowledge of

‘gross vielding is useful in understanding craze-phenomena. It is

for this reason that this section has been included.

2,4.1. VYield Behaviour

In common with other trghsitions iﬂ'fhe:bghéviour of a
glassy polymer the &ield point changes with (strainiafate and -
temperature. The pol&ﬁer in its response to shear stress can be
classed as a highly non-Newtonian liquid which requires activation
before flow can proceed. The Eyring (36) viscosity equation has
been adopted by ;ome workers and modified by others to model the

measured temperature,ahd strain rate dependence of yield. This

equation can be expressed conveniently as:

£ = Aexp (s0—0oV/KT
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where O is the shear stress, &OU the activation energy of the
(vield) flow process, V’is the activation or flow volume, k is
Boltzmanns constant, and T the absolute temperature. The equation

predicts that: :

— .‘LkT/V
F‘Z&) _’S) In €

AU
d th = =Y +
and Ehat O}A' VT (V B

Thus assuming a constant activation wvolume V the relationship
between and ln El is linear with a gradient that is

independent of temperature.

Bauwens-Crowet, Bauwens and Homes (7) have established’
that the unmecdified Eyring equation accurately fits the measured
yvield stress behaviour of polycarbonate over 5 decades of strain
rate, from 219C to 140°C and down to yield stressesréflo MN/m2,
The same authors found that the generalised Ree Eyring (41) equation
was required to fit their UPVC yield data. The generalised. equation
can include several activation modes with different activation

: . Lo 2ot

energies and volumes, The UPVC data (Figure 2.9) yaé modelled success-
fully by using two activation energies, these being 70 and 14 k cal/mol.
These energies were identified with the & and/é? relaxation processes.
Roetling (9) similgrly reported for PMMA, activation energies of Bi
and 24 k cal/mol, these being close to thoseof the o(and/g'transitions
(42). The reason given for the Eomparatively regular behaviour of

Polycarbonate was that the 4 and//g processes of this polymer are

widely separated compared with UPVC.

The yield strength of glassy polymers decreases with

increasing temperature., At test temperatures that approach Tg the’
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yield stress of PVC (7}, PMMA (43), PC, and PPO and polysulphone {13)
havé béen shown to approach zero. This feature has promoted the

proposition that yield is a 'stress induced reduction of Tg (44),or a
stress induced increase in free wvolume- (14) (45). The fact that both
yield stress and the glass transition temperature increase similarly

with hydrostatic pressure lends some support to this hypothesis.

The dependence of yield stress on hydrostatic pressure has
been the subject of several studies (46), {(47), (48), the main object~
ive of which has been to develop yield stress criteria. Rabinowitz,"
Ward and Parry (46) have measured the shear yield stress of PMMA up to
pressures cf 700 MN/m2. The yield.stress_oﬁy increased linearly with

hydrostatic pressure P according to the relationship:

oy = $§0.3 + 0.204FP (MM/:»&)

The shear yield strain was observed to increase with increasing hydro-
static pressure froma~s 0.15 at atmospheric to ~~ 0.3 at 300 MN/m2 and
.thenAto decrease with further increases in pressure. The linear
dependence of shear yield strength yith hydrostatic pressufe is simiiar
to the Coloumb yield criterioh (49) which states that:
’ 0
O'_j:: Oj—f/&(.(?;\

where C& is the compressive stress on the yield plane.

The increase in yield stress with hydrostatic pressure
would be expected to léad to the prediction that dilation §ccurs in
édvance of, or at'yield._IWhitney {50) has demonstrated that this
indeed is the case with PS, PMMA and PC under uniaxial compression
and tension. Volume increases of up to ~0.5% were recorded. However
other workers have reported a similar decrease in volume at yield

under tension (52) and compression {51). The decrease in volume at
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yield, presumably due to moiecular orientétionhhas thrown some
doubt (53) on free volume explanations for yielding. One
possible approach which does neot seem to have been considered

is to lcok upon free volume as a vector quantity. Molecular
orientation egually implies orientation of free wvolume. Thus
although the total free volume may be reduced (density increased),
the effective free wvolume and its influence on decreasing the

resistance to shear yielding is increased.

Dibenedetto and Tracﬁte (13) have proposed a strain
criterion for yielding in glassy polymers. The tensile stress/
strain behaviour of polycarbonate, PPO, polysulphone, and PMMA
up to yield was recorded over a wide temperature range. Dibenedetto
et al observed that the 'viscous strain' component at yvield was
linearly proportional to TT - Tg,where TT-is the test temperature

"and T _ the glass transition temperature of the polymer under test.
Tluwg ante
thié data ;s’reproduced in Figure 2.10. The definition of wviscous
strain é; was given as: _ . _

&= &~ %/E
whexe £ y and "y are the tensile strain and stress at yield and
Eo is the initial modulus. This defines the relaxed or time
dependent strain component at yield rather than the viscous strain,
é distinction not made by the ;uthors. Dibenedetto et al proposed
that the increase in free volume Zi‘; with dilatation is due only to
viscous strain. That is,elastic strain does not involve conformational

changes and therefore does not generate free volume.

. AVf = (/”ZV){V
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where V is Poisson's ratio. Using the definition of free volume
change proposed by Litt and Tobolsky (54) together with the above

equation, it is stated that:
&) = (G- (vc (Tg- T
(y)fteﬁo( (j - 1--2))

where 0(' and 0( are the volumetric coefficients of thermal
ga gec

expansion of the poiymer in its amorphous state and close packed

(crystalline) state respectively and where Va and Vc are the amor-

phous and crystalline specific volumes. These are regarded as

constants., The data shown in Figure 2.10 all qualitatively agree

with this analysis. Furthermore the slope of the Polycarbonate

data is in good agreement with that found independently by Litt and

Tobolsky (54).

I

.

Basically the critical 'viscous' strain theory proposes
that yield occurs when the Tg of the polymer is depressed tolthe
test temperature where this depression is brought about by the
'viscous' dilatational strain. The importance of the viscous,
dilatational or anelastic strain in che yield process has been further
emphasised by Robertson and Patel (55). They recorded the plastic
(non—recoverable) elastlc (lmmedlately recoverable} and anelastic

Shtwu

{delayed recovery) of polycarbonate prior to tenSLle yleldlng They
calculated that at the yield point the elastic, anelastic and plastic
strains.were respectively 6.75%, 3.90%, and only 1.35%. Robertson et
al deduced from this that the molecular processes responsible for
yield wexe associated with anelascic strains. It was proposed that

Robertsons' previous theory of yielding (56) should be modified to

account for this evidence. The original theory visualized yield as
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the stress induced 'liquifaction' of the polymer due to molecular
shape distoxtion or the formation of 'kink band;‘. This was
quantified by identifying two molecular segment energyvstates;

the cis (high) and the trans (low). The stress increases the
densit§ of c¢is segments at the expense of trans segments up to the
point when yield occurs. The modified theory would now start with
the pré@}se‘that the transition from cis to trans is connected
directly with the anelastic strain father than stress. Conceptually
it is more satisfactory to imagine fhe anélastic strain as being

an effect rather than the cause of the energy transitiocn.

2.4,.2 Post-Yield Behaviour

The post-yield behaviour shown in Figure 2.8 is typical
of a glassy amorphous pol&mer under uniaxial compressive or shear
stress. Similar behaviour:can be obse¥ved under uniaxial tenéion,
but premature brittle failure and 'necking' make this mode of testing
less conclusive. The drop.iqjtruef;tress after the yield point is
termed strain seftening or simplyfthe 'yvield drop'.

Strain softening'is always.aCCOﬁpanied by sdme form of
strain inhomogeneity in the pdlymer. This caﬁ take the form of a
neck, an inclined neck, or a shear band depending on the stress system
and the specimen gecmetry. |

The drop in engineerihg stress that accompanies necking
éfter tensile yield is terﬁed plastic instability. This phenomeﬁon is
of interest here because Haward, Murphy and White {57) have proposed

that crazing in.glassy polymers is a consequence of this instability.
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Brittle plastics such as polystyrene exhibit severe plastic
instability and also show a propensity to craze. Polymers such
as cellulose nitrate, which extend uniformly after yield and
therefore do not show plastic instability are strongly resistant
to crazing. Furthermore,orientation in the direction of stress
is known to both decrease the severity of the instability (58} and
the propensity to craze (59). Haward et al point out that the
energy required to deformlthe polymer locally is less than that
required to give homogeneous deformation if the polymer exhibits
pl%stic instability. '

It is of interest to recall (Section 2.2;4) that Bucknall
and Clayton (27) propose that crazing is the cause of plastic

instabjlity rather than the reverse.

Orientation hardening, identified by an increase in
engineering stress,often follows the yield drop. This tends to
stabilise the neck. The orientation on a molecular scale is seen
by Bueche (60) as the alignment and extension of chain entanglements,
,Yigld in amorphous glassy polymers does not therefore primarily involve
flow but a decrease in configurational entropy. Indeed it has been
demonstrated on many éccasions that a yielded specimen will return
almost -exactly to its original shape and size with heating (under

,

zero stress).
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2.5 Brittle Fracture

Brittle Fracture, or the separation of a material into
two or more parts at a strain substantially below that expected
for yielding is acatastrophic instability of singular importance
in design with plastics. Unlike yield, which can be predicted
with some certainty and hence avoided in design, brittle fracture
is 'very sensitive to often quite subtle changes in the service
or testing environment, or to smgll changes in the condition or

.

state of the material.

All glassy amorphous polymers can be made to fail by either
yield or fracture by choosing appropriate test conditioﬂs. The
propensity of a'polymer to.fracture is increased by an increase in
the level of hydrostatic Fensile stress. This can be iocally increased
at the tip of a notch or other stress concentrator when the material
as a whole is subjected to uniaxial tensile stress. For this reason
the condition of the surfaces of the material is of considerable
importance in determining the fracture stress. If the surfaces are

chemically attacked this too can decrease the fracture stress.
At high straining rates and/or low temperatures the propensity

to fail by brittle fracture increases. Orowan (61) proposes that all

polyhers have inherent brittle fracture and yield strengths,
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both of which aré affected by'changes in test conditicns but to a
different degree. The combination of conditions that give equal
probabilities of ductile and brittle failure defines the so-called
ductile-brittle (d-b) transition. This is not to be confused with
the brittle-ductile (b-d) transition which is observed in some
plastics after long periods undexr stress. The b-d transition will

be discussed in Secticon 2.6.

2.5.1 Macroscopic Fracture Theories

Although fracture of a polymer must involve the rupture
of molecular bonds it is generally agreed that the low brittle
strength of glassy polymers,and indeed many elastic materials.is
induced by a macroscopic perturbation in the applied stress fiéld.
Such pefturbations may be.existing cracks or inherent flaws. Linear
fracture mechanics (62) has been applied with successz to linear
elastic materials. Basically the theory involves the analysis of
the stress distribution in the vicinity of an existing flaw of known
geometry. The problem of the stress singularity at the tip of the
flaw, which for certain flaw geometries may be infinite is eliminated
by proposing that the crack propagates, not at a critiéal stress, but
at a critical stress intensity factor. Without modification linear
fracture mechanics can only strictly-apply to polymers under inéinitesimal

strains.

The very relevant condition of a plastic (yielded) zone
in advance of a flaw or crack under stress has been considered by
Dugdale {63). By extending the approach adopted in linear fracture

I

‘mechanics Dugdale was able to show that the fracture of an elastic-

4
plastic solid is governed by a critical crack opening displacement
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and the yield stress of the material Og is governed by the separation
of the fracture surfaces at the crack tip. Mills (645 has used the
Dugdale model to calculate thé critical stress intensity factor and
critical yielaed zone length for UPVC under plane stress conditions,

3/2

these being 2 MNm™ and 0.5 mm respectively.

The Dugdale model may prove in the course of time to be
very relevant to the fracture of polyme;s where crazes occur in
advance of the crack. However it has been the thermodypamically based
fracture theory first proposed by Griffith (65). that hag'proved in the
past to be general enough to accommodate fhe fracture behaviour of
polymers. The theory requires the existence of flaws or cracks which
propagate if this is enexgetically favourable to do so. For slow
{isothermal) crack propagation the major energy considerations are the
work required to increase the crack surface area and the change in the
elgstic stored energy that results from such an increase, The criterion
for fracture can be expressed as:

— JE,\) -

where a En is the chajgt in elastic stored energy resulting from an
increase in crack surface area a A. The energy per unit area 5’ was
originally associated by Griffith with the surface free energy, indeed
the fracture of inorganic glass provides a value of T{ that agrees
reasonably with independent estimates of surface free energy (66).
Estimates of B’via fracture studies on polystyrene and P¥MA (67) (68)

(69) provide values of 102 - 103 J/m2. These values are several orders

higher thén the known surface free'energy of these polymers.

For a sheet of infinite area with an edge crack of length C

the Griffith theory would predict a fracture (tensile) stress 0; of:

Jde = (ZXE/WC)%'
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where E.is Young's Modulus., Berry has verified this prediction

by measuring the fracture stress of polystyrene (68) and PMMA

(67) containing artificial pre-formed cracks. The fracture stress
measured on specimens withjnb pre-formed cracks indicated a maximum
natural flaw length in polystyrene of 1 mm and for fMMA of 0.0S‘mm;'
The fact that these flaws are not visible in the unstressed polymer

suggests that these are induced during the application of the stress.

2.5.2 The Fracture Process

£
Visible flaws are not observed in unstressed polystyrene,

but they are cobserved under tensile stress in the form of crazes.
Berry (68) proposed that the low craze resistance of polystyrene was

responsible for its low fracture strength.

The large discrepancy between the theoretical values of
éurface free energy and the measured values of the fracture surface
energy of polymers indicates that fracture involves the dissipation
of energy through viscous or inelastic processes. In glassy polymers
this process must be very localised as there is no evidence of visible
yielding. The fracture surface of PMMA does however reveal interference
colgurs and the high reflectance of craze material. Berry (71)
suggested that the interference effects were compatible with a thin
surface of polymer with a low refractive index. A craze containing
voids would also have a low refractive index. Xambour (73) succeeded
in directly observing a craze ahead of a propagating crack in both
polystyrene and PMMA. Using an interference technigue Xambour was able
to establish the size and shape of the craze region ahead of the crack

fdr both polymers. The craze in advance of a propagating crack was
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l.%/&m maximum thickness and -a length of 2§/a,m for PMMA., These
craze dimensions in Polystyrene were respectively é/étm and 559/Lm.
The thickness of the polystyrene craze layer is responsible for the
high fracture surface energy of this polymer. Kambour estimated the

following energy contribution to fracture:

(1) Surface free energy of craze voids & 3%.
(2) Plastic work of crazing 11-16%.

(3} Elastic energy of craze deformation 40%.

The elastic energy would be dissipated as heat on

fracture of the craze.

Recent electron microscopy studies of the‘frécture
surface notably by Murray and Hull (74) and Doyle (75) indicate that
tbe 'fracture' of the craze in advance of a crack is not necessarily
restficted to its median plane. This can give rise to the characteru
istic 'mackerel' pattern on the fracture surfaces of polystyrene.'It
has been proposed that this is due té the crack oscillating from one
craze/polymer interface to the othex. Doyle suggests that the crack

can propagate through the craze by either of three mechanisms.
(1} viscous flow of the craze layer.
(2) enlargement and coelescing of craze voids.

{3) quasi-brittle fracture along the craze/polymer boundary.

These processes tend to predominate at different velocities,

with quasi~brittle fracture occurring at high fracture speeds.
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2.6 Fatigue

The effect of stress history, that is the combination
of stress and stress duration, was not considered explicitly in the
sections on yield and fracture. Obviously for engineering applicat-

ions the long term strength of the polymer is of predominant interest.

Long-term laboratory strength tests are nece;sarily’
pragmatic in their objectives. Elegant and exhaustive investigations
into the mode and mechanism of failure would not be a realistic
venture in tests that Sing;y may last for several years. The objective
‘is generally to simulate a éervice history. Simulat;ons involving
static or quasistatic loads are commonly termed static fatigue tests,
Those involving intermittent or dynamic loads are termed dynamic

fatigue tests,

2.6.1 Static Fatigue

The observed attenuation of the strength of a polymer
with time under static load is variously termed creep rupture, creep
strength or static fatigue. The stress and temperature dependence

of the time to familure can often be expressed approximately as:
bl = A+ (8-co)/T

where A B and C are constants, O~ is the applied stress, T the temp-
erature and tf the time to fail. This empirical relationship was
adopted by Zhurkov (76) as a fit to e#perimental static fatigue data
on PMMA, The equation is analoéous to that proposed by Bueche (77)

{78) in his molecular theory of time dependent fracturefyhich can be

stated as:

- &3_;3‘ - [Vo— Av ] [kt
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where té is the.period of 'a;omic vibration'5v0 is the activation
enexgy of the f£ailure mechanism, k. is Boltzmanns' cons£ant and A a

' N
constant. Zhurkov's data and t generated by Peschanskaya and
Stepanov ({79} provide.values of t,-of the order 10_13 seconds. The
experimentally determined values of Vo(the activation energy)are
very similar to the dissociation energies of the C-C bonds of those
glassy polymers under investigation; Peschanskaya et al correlated
detailed discrepancies between theif_static fatigue data and the
Bueche theory with secondary relaxation transitions. Discontinuities
in the time-dependence of the brittle failurg stress coincided with
the secondary ({side-group) relaxations in térms of temperature and
time. Combining this with the proposition (iQ) that craze initiation
is controlled by secondar& relaxation processes emphasises the role of
inelastic deformation and other entrpp§ based processes in the fracture

of glassy amorphous plastics.

The monotonic decreasefin_strength with the logarithm of
time under stress cannot be relied upoh,'nof unfortunately have the
limité beéﬁ adequately définéd. it woﬁld indeed be a simple procedure
to extrapoclate laboratory test data to realisﬁic sgrvice lifetimes if
this were not so. A so-called ductile-brittle transition (to be
distingnished from the brittle-ductile transiﬁ;on) is often observed
in the static fatigue characteristics of both glassy and cryst&lline
polymers. The transition is recognised by a sharp increase in the
attenuation of strength with time. The onset of the transition is

accelerated by:
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(1) hydrostatic tensile stress {80)

(2) increase in temperature i8l)

(3) solvents and wetting agents (82)

(4) notches and other stresé conceﬁtrations (83)

(5) Reduction of M, of the polymer (84)

The 'acceleration' of the transition with increasing

temperature is shown diagramatically in Figure 2..11.

The most comprehensive inﬁestigation cf the static
fatigue of a glassy polymer is available.thropgh the work of Andrews
and Curran {85) on PMMA. Various spécimen éurface treatments includ-
ing sanding and/or polishing always led to a reduction in the static
fatigue lifetime. Fat%gue:failure, at other than the highest stresses
(shortest fatigue lifetimes),wa; preceded by crazing or micro-cracking.

' Cos _ .

Gotham (86) has presegted static fatigue data on PMMA and
UPVC in such a way as to include the craze .initiation envelope. The
crazing sﬁress/logtime curve precededlthe static fatigue characterist;
ic by a minimum of 2 decadés of time. It might be reasonable to

prbpose that the time to fail under static load tF is simply

¢

:)c*="écr+ émé

where t is the time for craze initiation and t | is the time
cr® crit
required for the craze or crazes to grow to a critical length for

fracture.
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2.6.2 Dynamic Fatigue

A considerable proportion of published dynamic fatigue
data on glassy polymers has concentrated on short-term fatigue
lifetimes. The reason for this must be to satisfy experimental

: art

expediency rather than to supply data which i« of any value in

designing to avoid failure.

Failure after short fatigue lifetimes is predominantly
due to thermal instability. At high stress amplitudes and/or
frequencies, commonly eméloyed in this type of 'accelerated' test,
the rate of heat generation in the specimén_cqn exceed the rate of
heat loss leading to a runaway increaée in temperature. Opp, Skinner
and Wiktorck (87) generétgd dﬁnamic fétigue data up to a maximum of
1000 seconds on several polymers including PMMA, polycarbonate and
UPVC. Opp et al proposed two failure criteria. The first is that
'melt fracture' will occur when the temperature of the specimen
reaches its Tg. 'This derive§§from:£he-thermal part of the hysteresis
energy. The second is that ﬁatigpg fa;lﬁre will occur by crack
propagation. This, they proéose, is deriQéé'from non-recoverable
mechanical energy {(at stress concentrations in the region of micro-
scopic cracks). This (so-called) combined energy model predicts that -
polymers tested at temperatures below their Tg will exhibit an

endurance limit; that is there will be a stress and strain amplitude

below which the fatigue lifetime will be infinite.
The dynamic.fatigue in flexure of several glassy polymers

including PMMA, PVC and Polycarbonate have been characterised by Gotham

(86) at a fregquency of 0.5 Hz. Gotham adopted a 'square wave' cyclic
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stress or strain input to enable Pﬁdifect: comparison to be made .
between the static and dynamic fatigue charagtefistics;.Generally
for short fatigue lifetimes the dyﬁémic and static characteristics
sensibly superpose, ﬁut after longer fatigue.lifetimes the
characteristics diverqé with the dynamic fatigue failure occprring
earlier than the static. This is illustrated in Figure 2.12, It

can be seen from this graph that the long-term dynamic fatigue

characteristic tends to superpose with the craze initiation envelope.

An explanation has been proposed by Vincent (88) for the
rapid detericration in the capacity qf a'glaésy polymer to resist
crack propagation under intermittent stress of strain. Vincent assessed
the size of the plastic zone in advanEe of a crack under both steady and
cyclic loading using polarization micfoscopy. Hé observed that the zone
size increased with créck éropagatioﬁ under static load, but under cyclic

load the zone size stabilised afterxr the first cycle. He concluded that

.the 'plastic zone' is partiaily recoverable on removal of stress and that

each subsequent loading éycle merély_ré—ggu;libriated the zone size.

Thus the fracture sﬁrface energy of a crack propagating under static load
increases witﬁ crack growth whilst under cyclic loading the fracture
surface energy remains constant. This interpretation has 5een Feinforced
by Brown, Harris,and ward (89) who reported that crack growth under
cyclic ioading was limit;d to the on-loading period (during thé rise time
of the load}. Negligiblé crack growth was observed during the remainder
of the loading cycle. It might be reasonable to expect that the growth

of craze length is hore rapid under cyclic load as compared with that

under static load.
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Gotham (86)Jin addition characterised the dynamic fatigue
of UPVC under conditions of controlled strain amplitude. Table 2.4
includes some of his data relating strain amplitude with time to failure.
Gotham did not make any attempt to. extrapclate Eh(% data, but obviously -
if a safe threshhold strain is opefative this will be less than O.3%.
This.valuev does not support the proposal by Menges (30% namely that
fatigue damage (crazing} in UPVC is initiated at tensile strains in

excess of 0.85%.

fatigue strain
life secs. amplitudes %
3 x 10° 1.0
7 x 103 _ 0.8
4 x 104 : 0.6
106 ' 0.4

Table '2.4°. Time to fail at various strain amplitudes.

Reversed flexural fatigue at 0.5 Hz. After Gotham (86).

Research by Lortsch (§g) on.polyethylene and UPVC pipes
under pulsating hydrostatic pressuré revé;l; clearly the differences
in fatigue behaviocur between glassy amorpho;s and crystalline polymers.
For any given maximum pressure, the dynamic fatigue lifetime of UPVC
pipe is reduced by increasing the pressure amplitude. In the case of.
polyethylene pipe for any given maximum-pressure the dynamic fqtigﬁe
lifetime is increased by ‘increasing the pressure amplitude, ~ Thus the

severest condition for UPVC is:-

Pa = F%VNO~X ov o
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and for polyethylene: \
PM;M:PO;.W .‘O-go

where Po is the minimum (static) p?essure, Pmax the peak pressure

and Pa the dynamic préssure amplitude. Therefore glassy polymers

are fatigue damaged more readily by a sequence of creep and recovery
~pericds than by static creep. For polythene the situation is

reversed which would imply that .fatigue in crfstalline polymers is
controlled by continuum Qiscoelastiéideformation processes. As

Benham and Hutchinson (lQ%:have demonstrated, the deformation behaviour
of UPVC under intermitten£ stressing is govérned by continmuum visco-
elastic processes but only below a cgitical combination of stress
amplitude, strain amplitude, (presumably temperature) and time. When
these critical conditions are exceeded another deformation process
‘becomes predominant leading to cyclic softening and evéﬁtual dynami.c
fatigue failurei The dynamig fatiguerfailure of UPVC and thel
post-critical deformation p;;cess%s according to Martin and

Johnson (91) are both due to craze initiation and growth.
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3. Craze Geometry, Structure, Initiation and Growth

It is evident from Chapter 2 that crazing has a consider-
able influence on the mechanical properties of glassy amorphous
polymers. It has been established that fracture is often (if not
inevifably) initiated by a craze of critical length, and that
crack“growth is preceded by craze growth. Under conditions that

lead to static and dynamic fatigue failure, crazing is cbserved to

precede both ductile and brittle failure. 1In this chapter the
craze phenomencon will be examined in detail. Special emphasis is
given to the initiation of crazes, because this condition offers

potential as a rational design criterion.

3.1 Craze Geometry and Structure

On a macroscopic scale crazes are distinguishable from
cracks in the former's ability to support.and transmit a tensile
stress. Like cracks they appear to grow in the plane normal to
the principal tensile stress or strain direction. However because
cracks are planar voids they cannotiin themselves transmit or
support a tensile stress. Sauer, Marin and Hsaio (92) observed that
a craze completely covering the cross-section of a polystyrene
specimen had a tensile strength of 50% of that for the bulk polymer;
It was generally accepted in view of this and other evidence that

crazes are not voids, but are sharply defined regions of oriented

polymer.
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Spu?r and Niegisch (93) succeeded in providing tﬁe first
electron micrographs of the craze cross-section. The resolution was
not sufficient té provide m;re than a hint of the detailed structure
within the craée but it was sufficient to prove that there was
material bridging the craze walls. Spurr et al reported a fine

structure of 'tiny particles' of diameter .+ 50 nm.

Kambour {24) explecited the optical properties of the craze
to calculate the density of craze material. He immersed a poly-

carbonate specimen in ethanol, applied a tensile stress and succeeded

in developiﬁg thick crazeé. Whiist still under stress and immersed
in the liquid, light was reflected from the craze/polymer surface.
The.angle of incidence was varied until the critical angle for total
reflection was determined. From this the refractive index of the
craze material and ethanol mixture could be calculaped. The

Clausius Mosotti (95) equation relating density and refractive

X
ideg@ was employed to estimate the density of the craze. Using a

gimple law of mixtures and assuming a saturation level of ethanol

in poiycarbonate Kambour.estimated a void coﬁtent of 56—55% in the
craze material. Kambour (96} replaced the ethanol with a silver
nitrate solution and after exposure to light succeeded.iﬁ taking
electron micrograéhs pf the silver doped craze of. sufficient ieéolution
and contrast to reveal its structure in some detaii.j!The craze
material consisted of voids {(containing silver} séme of diameter

~ 100 nm,but the majority were less than 2 nm. The voids were inter-
connected, this being evident by the rapidity with which liquids

penétrated the craze material.
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.Kambour (96) used. the same optical technique to assess the
void contents of crazes in bolystyrene, styrene acrylonitrile and
PMMA, The values obtained were 40%, 60% -and 40% respectively. The
measurement of the critical angle of reflection for the PMMA craze
was particularly difficult. The crazes of PMMA tended to be thinner
‘than those of the other polymers tested. When the craze thickness
approaches the wavelength of light it is no - longer visible to the
naked eye and reflection from the polymer craze boundary is frustrated.

Although there is a minimum craze thickness that can be
detected with the naked eye craze thicknesses as low as 30 nm have
been detected with electron microscopy (97). The craze thickness
is remarkably constant over its area with‘a taper towaxds its leading
(advancing) perimeter. The‘taper is generally no more than 1 or 2
degrees. Knight (98} proposed ‘that the taperéd craze boundary is
'cusp like'. That is, similar.to the craze cross-section observed by
Kambour (73) in advance of a propagating crack. This is reproduced

in Fig. 3.1.

The inte;nal structure of the craze can be either essentially
fibrillar or contéin sbherical volds. Kambour and Holik (99) observed
that in é growing craze the older and thicker pérts<tepd_to be fibrillar
and the craze tip region can be a single line of sphefibal voids. The
fisrils are assumed to Be highly deformed with a high degree of molecular

orientation.
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Baer and Wellinghoff (1oof studied the craze structure of
polystyrene with varying molecular weights. Stable caViﬁation by
voiding in localised yielded zones ﬁés not cbserved in the low molecular
weight polymer (M, = i0,000). The yielded zones propagated by crack
growth. Polystyrene of molecular weight 37,500 exhibited stable
cavitation by voiding followed by tﬁe development of fibrils parallel
to the tensile stress axis. The fibril diameters were in the region
of 20 nm, bﬁ£ this could be reduced to 1O nm by‘increasing the stress.
Baer et al suggested that the differeﬁ&e in the ability of high and
low molecular weight polymers to form stable crazes is connected with

their capacity to form ”lgptqdélement‘netwégkgfj;

. ..'..58...



3.2 The Inititation of Crazes’

3.2.1 Sites for Craze Injitiation

Stress induced crazes are generally initiated on the free
surfaces of the polymeriif the polymer is homogeneocus and the
specimen isotropic. Crazes can be induced to initiate internally
in a homogeneous polymer if the internal molecular orientation is
transéerse to the tensile stress direction and the surface molecular
orientation is paralle1-to this direction. This has been demonstrafed

by White, Murphy and Haward (l0l)} on injection moulded polystyrene.

The explanation proposed by Knight (102), gent (103) and
others for the propensity of crazes to initiate on free surfaces is

that:

(1) The free surface is more likely to be damaged by stress concentrating

flaws and scratches and by chemical contamination.

{(ii) The stress concentrating capacity of a flaw on the surface is

twice that of the same flaw internally,

The belief that crazes are initiated by chance imperfections
on the surfaces of test specimens is probably the main reason for the
dearth of serious experimental stﬁdies into initiation behavicur. The
surface topography cannot be controlled or known in detail, and if the
phenomenon is expected to be so sehsitive to fabrication it would be

futile to attempt to establish materials based initiation criteria.
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There exists however considerable evidence that the polymer
itself has an important role, perhaps even the predominant role in
determining the conditions for craze initiation. This evidence can

be summarised as follows:

(i) The number of crazes initiated per uﬁit area of surface is very
sensitive to the temperature and stress leve} at initiation {(l04).
Tﬁis so-called craze density is apparently also very dependent on the
polymer type. Craze densities in polycarbonate are almost inevitably

higher than those observed in polystyrene or PMMA specimens.

(i}) The mechanics of craze initiation and of craze growth are thought

toc be very similar. Indeed Bucknall and Clayton (27) have established
identical activation energies for both processes. Electron micrographs
{(99) of long crazes have showq‘that crazes gfow without deviation along

a defined plane ' {if the polymer is homogeneous and isotropic). Pertugbat—
ions in the preferred direction of growth might be expected if craze
érowth {and implicity craze initiation) is sensitive to macroscopic

discontinuities in the material.

(iii) Craze initiation is often observed to occur at sites with no
macroscopic flaw (105). In addition it is not inevitable that crazes
are initiated at even'quite severe surface scratches 6r stress

- concentrationc (93).
“{iv) The inter—specimeﬁ variability of the critical stress and strain

for craze initiation is smaller than would be expected 1f surface

stress concentrations played a predominant role.
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Obviously the craze site must differ from the bulk polymer,
On a micro—scale.this need got imply the presence of inclusions, flaws,
or other chancé features, as thére are various molecular models of the
_glassy amcrphous state that provide for a short-range variation in
molecular order, free volume, conformational‘entropy and yield strength.
.The sites for craze initiation and hence-the criteria that control the

process might therefore be regarded as characteristic of the material.

Baer and Wellinghoff (100) have recently reported on an
investigation into the micro-yield mechanism prior to craze formation.
Their observations provide convincing evidence that craze initiation is
not a chance event. Ultra-thin sheets.of polystyrene were subjected
to tensile strain and examined under an electron microscope. Highly
strained regions of approximately 20 nm were initiateﬁ)wﬁich moved on

o .
increasing the strain to coﬁleéce into lines perpendicular to the
tensile strain direction. On further straining the linear yielded
zone cavitated at a critical strain. It is of interest to note that

the minimum craze thickness observed by Kambour (Section 3.1) is very

" similar to the diameter of these pre-craze yielded zones,

3.2.2 Craze Initiation Criteria

Gent (103) has proposed pﬁat crazing\in‘glassy amorphous
plastics can be attributed to 'stress-activated deviﬁéification of
polymer at the tip of a chance flaw' or stress concentration. Under
the action of the hydrestatic tensile stress the polymer, which at the
tip of the flaw is in the rubbery state, {above its glass transition
temperature) cavitates. Knight (102) gave a similar emphasis to the

role of chance flaws in the surface of the polymer but did not include
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the influence of dilation in reducing Tg. Knight proposed that the
hydrostatic tensile stress ;t the tip of the flaw ¥esults in a
*splitting action' and the formétion of fibrils, the axes of which

are parallel to the direction of the principal tensile strain. Tﬁe
electron micrographs of nascent and developed crazes published by
‘Kambour (99) would tend to support ngt's'cavitation hypothesis rather

than that of fibrillation,

Gent computgq'that the stress concentration factor K due
to machining marks wiil be in the range 10-50. By involv@ng a
relationship for the increase of Tg with pressure Gent calculated
that the critical stress 0; required to develop a thin band of
softened polymer in advance of a flaw is:
oo - [B(5-T)+ P /K
where T is the test temperature, P the hydrostétic pressure anddg is
the linear coefficient of the pressure @ependence of Tg. The cavitation
behaviour of soft rubbery solids (166) was used to predict that profuse
"cavitation would occur within the thin band of softened polymer when the
hydrostatic tensile stress is sufficient to depress the Tg about 20°¢
below the test temperature. The Gent hypothesis accopnts qgalitati;ely
for: |
(i) The suppression of crazing uﬁdér hydrostaﬁic pressure.
(ii) The reduction iﬁ crazing stress with the polyme?fiﬁmersed
in solvent{due to.solvent induced reduction in Tg(plasticization) }.

(iii) The dependence of crazing stress on temperature.
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The gualitative predicti&hs of the hypothesis are apparently
satisfactory but this depends_critically‘on the value of_K. It could
be argued, for instance, that the effect of surface'plaéticizatio&.lDY -
solvent action would be to eliminaté macroscopic surface flaws. o
Similarly although the stress conceﬁtration factor of a typical surface

may be high, the surface stress might be expected to be only a fraction

of the applied nominal stress.

An alternative approach thét_doeé not rely upon stress
concentrations as such is to assume that the craze initiation process
is controlled by void 'initiation' and growth. The hydrostatic tensile
stress o required to expand an existing Qoia éf radius r has been derived
by Hill (107) for a classical'elastic-élastic solid:
O = {r‘{%1 £ + ¢ + 52-§
30‘ (1-V) -

where 0”y is the yield strength, E is Young s modulus, )} is POLSson 5
Ratio and S is the surface F9§§ion.f‘0bviously the approach does
regquire the existence of inherent yoidsf Drabble, Hawérd and Johnsoﬁ
(108) have calculated the value of the first‘term in the equation for

polystyrene. This value was reported to be:

0 = .'2-503

and therefore even without the surface tension term Hill's unmodified

§
equation is quite inadequate for predicting the crazing stress, Drabble
et al proposed that ‘overlapping preliferation of voids' could

reduce the above value considerably. They calculated that for a craze

of 40% void volume, the critical hydrostatic stress could be as low as:

7~ ~ 0.070j
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The hydrostatic tensile éﬁress required to incréase the
surface area of aﬁ existing void of radius r is signifiqant when
r { 1 nm. Thisg is comparable with 'some of the partially developed
voids detected on Kambour's (96) micrographs. An appreach adopted
by Haward (109) using Irwin's {110) model for the 'tensile strength'
of liquids does not involve the value of the inherent void radius.

The hydrostatic tensile stress to form a void in a liguid is given by:

s f[E]5

where T is the absolute temperature and k a dimensionless constant
that is characteristic of the liguid. Haward estimates that the void
nucleation stress for polystyrene at r@om temperature is about 30%

of the stress required for void growth.

The limitations of.the void nucleation and growth, and yiel@
in advance of a stress concéntration approacheé is that they are
derived through the applicatién of cgntinuum mechanics which ignores
microscopic variations in the stateﬁéf the material. ©On the evidence
published of short-range macro-mo}ecuia; fééﬁﬁres in glassy amorphous

polymers (111) (112), it would not be justified to assume homogeneity

at dimensions on a npanometer scale.

t.Sternstein and Ongchin {113) have developed a phenomenological
model for 'normal stress yielding' (craze initiation) under a biéxial
tensile stress system. Tubes of PMMA were interﬁélly pressurised to
give a hoop stress Oﬁl. 'In additidn a tensile stress(y; was generated
in the axial direction. Sternstein-et'al observed the combinations

of ) and g required to initiate crazing. A stress criterion was
1 2 &4

proposed: 0 = ’4(7_) ” —g_é.)
& T
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where O‘b is the 'st;ess bias' and eﬁual to /(ﬁ'— Cﬁil and:il
is the first stress invarianp' 6:4—0;_ . A (T) and B(T) are -
temperature dependent material paraﬁéters. For 0; = O the above
equation defines a crifical first stress invariant. Sternstein et al
propose% that this is sufficient to increase the molecular mobility
to £he point of normal stress yielding. The limitation of this and any
criterion based on stress is that in common with other viscoelastic

processes craze initiation is time dependent, with the initiation stress

reducing with time under load.

Experimental observations aimed speéifically at separating
the stress and deformation components have tended to support the thesis
that it is the tensile sérain and not fhe stress that is cr;tical for
craze initiation., Theoretical research has to an extent ignored this
evidence and concentratea on stress cfiteria. Tﬁe reasons for this
could be:

{i) Stress rather than strain is hi2£gricall¥.the primary descriptive
variable in*coﬁtinuum mechanics - particul;;ly for shear and fracture.
(ii} Mest data én initiation in air have been published in terms of
stress., This is understandable for short term tests involving Instron
type machinery.

(iii) Associated phenomena, for example the increase of yield strength

under pressure,’ and the loWering of Tg under hydrostatic tension are

_ihvariably discussed in terms of stress.
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Early experimental invesﬁiéations {114) provided some
evidence that the tensile strain played a primary role iﬁ-craze
initiation. However the large proportion of effort made in this
direction is due to Menges and co-workers {30) (104) (115} (116)
(117) (118) at the Institut Fur Kunststdffverabeitung {IKV) Aachen.
Menges et al employ uniaxial tensile creep over compafatively
extended periods of’tiﬁe. With transparent speéimens the onset of
crazing is established visually., With trans}ucent specimens sudden
clouding or increase in opacity is deﬁected by means of a photo-
electric cell (118). The stress, time, strain and temperature
conditions that are critical for craze initiatipn {or micro-crack
initiation in the case of partially crystailine thermoplastics) are

thus established.

Figure 3.2 is typical of the data generated by Menges et al.
By performing tensile creep tests for a number of stress levels a
craze initiation envelope suﬁékimpoéed onto a family of creep curves

is developed. The features cbservéd were;

(1) At any given stress level an induction time is required before
craze initiation. | |

{2) The induction time increases as the creep stress decreases.

(3) The critical tensile strain for crazing decreases with decreasing
creep stress. ‘

(4) The stress dependence of the critical strain appears to become
insignificant after long creep periods. This defines an asymtotic
tensile strain value 5;0 below wﬁich crazing will never occur.

{5) Although the induction time for craze initiation decreases with

increasing temperaturejthe minimum critical strain é&;is independent

of temperature below the 'scftening point' of the polymer (104).
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(6) Under biaxial tension,- é; (principal tensile strain) is the
same as under uniaxial tension &30); The only specific effect of
the hydrostatic Eensile compoﬁent is te reduce the indubﬁion period
for crazing.

{(7) éza is independent of the action of wetting agents* (30)}.

{(8) The initiation of nonvllnear v;scoelastlc behaviour coincides

with the initiation of crazeg,

Menges (104) proposes that critiecal téhsiié strains above é;
ascertained when the induction perioé.is short and the creep stress
is high are not wvalid initiation strains. He argues that ng is
singular for all stress levels and creep timéé; but the growth of a
craze to a size that can be detected ﬁakes a finite time._ Menges
suggests that 'particle boundaries that are normal to the tensile
stress axis suffer 'adhesive failure';' Using a fracture mechanics
approach he developed alrelatlonshlp.for the crltlcal strain:

“- wlz

where L is the length of the boundary, the surface tension, E is
Young's Mcdulus and C is a constant. i is primarily dependent on the
granulated'raw material and the qualit§ of‘its processing. It is
therefore éurprising that different polymers processed in different
laboratories should display similar critical straihs. Additionally
at elevated temperatures (ia%i>:L will be increased. (119)
leading to a temperature dependent value for E;C . If, as
Menges suggests, the valﬁe of (_Ei’) > is sensibly constant at
temperatures up to the softening poiﬁt then this removes the opportunity

of explaining the increase in craze site density with temperature,

*This was later found not to be valid (117).
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The proposition ghat é;:is independent of stress lével
is suspect if considered in conjunction with the work of Bucknall
and Clayton (27) ksee Section 2.2.4)_T In this wérk craie initiation
was detected non-visually and therefore the artefact referred to by
Menges to explain the apparent streés dependence of the critical strain
did not apply. Bucknall et al reported a regular dependence of craze
induction time ‘U oﬁ stress level &

‘?:"l _ k'JaEm‘

Thus for finite stress 1evél$ 't. " is always greater than

zero. However, Menges would propose £hat Qf" 0 when the stress

is sufficient to generate an initial elastic strain in excess of éio

The proposition that non-linear behaviour is an effect of
damage initiation and growth is a reasonable concept. However, the
very comprehensive study of non linear ‘initiation' by Yannas (39)

does not support this quantitatively. Yannas estimates that the

transition from linear to nonﬁlineaf viscoelastic behaviour in poly-
carbonate occurs at a minimum tensile strain of ~v 0.35% whilst
Menges (30) estimates a minimum craze initiation strxain of v 0.9%

for the same polymer.

A limitotion of the experimental techpiques so far discussed
is that they are not designed to isolate conclusively the influence of
the variables. Many criteria have been suggested including crit;cal
principal tensile stress (l102), stress bias (113), tensile strain (114)
(30), dilation (121) .shear strain energy (122) and total strain energf
(123) (124). However because these‘vériables Ccperate simultaﬂgously,

e

a special experimental approach is required to dilineate between them.

Kwei, Matsuo and Wang (125) developed such an approach.,

. -69—



Matsuo et al prepared speéimens of polystyrene containing
embedded steel balls of diameter V3 mm. The specimens were loaded
in tension at a constant cross—head:speed. Photographs revealed that
crazes were iniated at the interface between the steel ball and the
polymer matrix at a polar angle of “e = 37.20. This is shown diag-
ramatically in Figure 3.3f According to the Goodier (126) solution,
the maxima of the releyant stress, strain, and énergy variables are

as shown in Table 3.1l.

Variéble E}'
Tensile Strain 370
Dilatational strain >O°
Shear stress 1 440
Tensile stress 24°
Shear énergy . 3g©@
" Total strain-energy 44°

Table 3.1. The Polar andle E)l(w.r.tf the tensile strain
axis) for the maxima ‘of variables. Spherical
inclusion of greater rigidity than the matrix

after Goodier (126).

The result therefore strongly supports the critical tensile
strain hypothesis proposed by Menges. Wang et al extended the study
to rubber inclusions in polystyrene to investigate the stress bias
criterion of Sternstein and Ongchin (113). On the data obtained, Wang
et al concluded that the predictions of the stress blas criterion were

physically inadmissible.
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3.3 . _ ‘Craze ‘Growth and Recovery

3.3.1 Growth under static tensile stress
The growth of a craze, which 1is essentially restricted

to a Eiiﬁi noriral to.the principle tensile stress, differs
fundamentallf from that of a true crack. ﬁnder axial tension

the stress concentration at a crack tip increases with the growth

of the crack le;ding inevitably to acataspréphicinstability. Such

an instability is not observed in the growth of a craze unless the
craze ittself ruptures, The many repérts of crazes éompletely covering

the cross-section of tensile specimens is ample evidence that the

growth can be completely stable.

The stability and'hencelthe.growth_characteristics of a
craze 1is generally assumed to derive from the load bearing ability of
craze matter., Knight f981;calcu1atéd the 'probable' stress distribution
around a craze undér uniaxial tengilelétress o using classical elastiqity
equations togetﬁer with céffgin ge#mgtr;cal assumptions. The craze was
considered to be parallel sided with a fcrqze opening displacement of . ‘
2 D except in the region of the créze-tipiwhere the thickness decreased

to zero over a length k. The peak stress o;M?t the craze tip was

calculated as:

q O"+_l2_b

o . Kk

where b = 1,8 €1~ ?1‘ ) E/-n' 5 and can thus be consldered as a
constant at cﬁnstant temperature.‘ According to Knight, therefore,

the peak stress isfnot‘influencedldiréctly by the total length df the
craze. Knight proposed that 0_ maxlmust exceed a critical stress
before the point will propagate. Provided the base of the craze does
not advance, the propagation rate of the point will decrease with time
because k will tncrease and eventually reduce G:nax to the critical
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stress. (The base is the perximeter of the parallel-sided part of
the craze). However if {J - exceeds both the critical stress

. max
for propagation of the point and the base, as might be expected when

the applied tensile stress is high’then the craze will propagate

linearly with time.

Regal (123) [?MMA], and Sato (124} [polycarbonate]both

reported that under constant tensile stress the-length of crazese(t)

increased as: ‘f({;) _ &c _&%('b/bo> :

where aC and tO are constants. Sauer and Héa@or(}27) reported a linear
rate of craze propagation in polystyrénef (after the initiation stagej.

%’L’) _-:.' L’c(;o"’-'o;,) E
where 0; is the initiating stress. Knight (128) combined both growth
characte;istics which in-faet applied to different parts of the total
growth characteristic. Craze growth begins rapidly fallowed py a

decreasing growth'ratef and~ff the applied stress is sufficient,

a final period of constant growth rate.

The constant growth rate of crazes under static tensile stress
has been observed by Bucknall and Clayton (27) for rubber modified glassy

polymers.,

At high levels of tensile stress and/or temperature,the iength
of craze marks appears to he restricted by the high density of craze sites,
Thus although they grow at a fastei rate after inigiation than at lower
temperatures or stresses they reach'a'stable length very rapid;y. Cohen
and Haslett (129]) have suggested that this is due to the attenuation of

the stress concentration on individual crazes by their near neighbours.
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3.3.2 Growth and Recovery under Intermittent Stress

It Qas observed.in the earliest stﬂdies of crazing
phencmena that when the stress wés removed from a crazed specimen
the craze marks slowly disappearéd. Spurr and Niegisch (93)
found that crazes in.polystyrene and PMMA could be 'healed' within
5 minutes at a temperature of 100°c. In retrospect it is possible
to argue that the crazes did not heal but merely contracted in
thickness to less than the wavelength of ligﬁt. Bowever, Spurr
et al noted than when the stress wéé re-applied’crazes were not
observed immediately and when they were initiated these did not
always correspond with the original craée'sites. (This may be
regarded as additional evidence to %upport the argument that crazes
are not inevitably initiated at surface flaws or other stress

concentrators)..

There are severa; mechaniéms that can be identified
that would aid-the recové;évof a craze. It is probable that each
contributes to the process. Spurx aﬁd Niegisch point out that the
v'contracfion' of the craze on heating is similar to the recovery
of yielded specimens above the softening point. The craze contains
vielded material which is oriented, At high tem?eratures the
oriented polymer undergoes reversion to the randem state. At lowerx
temper;tures the procéss would continue but at a lower rate. Basically .
therefore this is an enfropic process. Kambour (130) has calculated
the surface area of voids in craze matter. This is extremely high,
being of the ordef of 100 m2/cm3. ¥Fambour and Kopp (131) have in
addition calculated the 'retractive stress' in a polycarbonate craze

due solely to surface energy. Using a value of surface energy of

40 e}gs/cmz, the estimate was s 5-8 MN/m2. The entropy contribution
. .

was calculated to be a similar gquantity. A third factor which
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does not appear to have been considered is the effect of the stress
distribution in the vicinity of the craze. On the removal of the
applied stress a fesidual stress would remain due to distortion of
material particularly in advance of the craze tip. This would

encourage the rapid collapse of the craze.

In Kambour and Kopp's measurements of craze recovery in polycarbon-
ate this'third factor was absent because the craée ccmpletely coyered the
cross-section of the tensile specimen. The strain in the craze material
Sc was calculated from measurements of craze thicknéss. It wasAreported
that over a period of 105 days the craze strain recovefed under zero load
at ambient temperatures according to the relationship:

Elt) = E() e
where t is the rxecovery period. Corresponding measurements with the craze
under tensile stress revealed a craze modulus of ~ 560 M.N/m2 which is

: r
approximately one fifth of the tensile modulus of the pafent material.

Takahashi (1.32) succe;ded in indirectly measuring th rate of the
initial elastic craze recovery in an ABS/MMA copolymer. A notched specimen
was subjected to an impact tensile load and the light transmi;sability of
the materia} in the Qicinity of the propagating crack was monitor;d. A
rapid elastic recovery was followed by a slow viscous recovery. The first
éhase accounted for aboﬁt 50% of the tétal craze recover&iénd was completed
with;n 30’/4 secs. This short period corresponded to the time required

for the propagation of a stress wave through the affected zone.
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The recovery behaviour of craze material may be
respcensible for fhe relatiéely high rate of crack propagation under
intermittent s£ressing as compared with static stress, and indeed
may be responsible for the difference between the static and dynamic
fatigue characteristics as discussed previously in section 2.6.2..
Vincent's (8B) explanation for this would seem appropriate. The
partial recovery of the 'plastic zone' in advance of the crack tip
when under zero or compressive stress is seﬁsible if the plastic
zone 1is identified with craze material. Partial recovery of the
craze during the recovery period would leéd to a'témporéry-iﬁéfeése
in stress intensity at the crack tip on re-application of tensile

Sstress.

The mechanism of craze recovery could account for various
features obsexved in the dynamic fatigue behaviour of glassy amorphous

polymers. These include:

"{a) The dynamic fatigue lifetime at the same frequency‘and stress
amélitude is longer for simusoidal cycling than for 'sgquare wave'
cycling (133);%o;:square wave cycling the craze in advance of a
propagating crack is not completely re-established during the rise
time of the stress. Thus for a short period the full stress amplitude
_is applied to the épecimen whils£ the stress intenéiﬁy at the crack

tip is high. For sinuscoidal stress cycling the 'rise time' is consider-

ably longer which allows the craze(s) to be completely re-established.

(b} The same argument can be extended to explain the rapid growth
rate of cracks during the rise time and the very slow growth rate

during the actual stress period reported by Brown et al (89) for
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'square. wave' cycling.

{(c) Cyclic softening of UPVC-(see section 2.2.3) occurs earlier

and ié more severe for tension/compreséion cycling,_than for tensiop

only cycling (19). Craze recovery is more rapid under comprgssive

stress (131} and it could therefore be expected that the stress

intensity associated with a collapsed craze during the rise time
(increasing tensile stress) of the stress will be higher if this

is preceded by a period of compression. This leads to the speculation that
cyclic strain softening, the pre-cursor to dynamic fatigue in UPVC, |

is due to craze initiation and growth.

.3.4 . Crazing and Solvent Plasticization

The critical tensile stress and strain for craze initiation
in glassy polymers can be severely reduced ' by contact wi;h qr&gnic-
liquids and vapours. Earlier studies, notably by Wieser (134), tended
to concentrate on the fracture stress in conta;t with liguids and to
correlate,quite successfullx,thé reduction of brittle strength with the
surface tension of the liquid. It was argued that crack initiation
and growth essentially involves the creation of new surfaces. Liquid
with a low surface tension would assist the cracking process. However
with the increased knowledge of the role of crazing in brittle frécture,
and in addition the fact that crazing is essentially a micro-yield

process, attention became directed to the role of solvent plasticization

in this phenomenon.

Bernier and Kambour (135) designed an experimental programme

aimed directly at isolating the roles of surface tension and solvent
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plastiéiéation. The degiee of plasticization increases directly
with the con?eﬁtration of solvent in the polymer. The solubility

of a solvent and polymer combination increases as the difference
between the solubility parameters of the liquid é;Q and polymer éﬂp
decreases, The surface tension of the liquid solvent increases

monotonically with- gk .

Bernier et al carefully prepared thin strips of rubber
modified PPO. Each strip was pre-equilibriated by scaking in one
lof thirty organic liquids. The solubility paraﬁeter C;Q of the
liguid ranged from 5.85 to 19 (cal/cm3§5. The solubility parameter

5; of PPO was estimated as B.9 (cal/cm3)3. The strips were
bent over an elliptical former and the critical strain for crazing
measured 3 hours after the application of strain. The minimum
critical strain of wvalue O.l?_coincided wiﬁh the condition that

[é&,* ék—l = 0. It was therefore concluded fhat solvent

plasticization and not surface energy is the predominant causative

mechanism in solvent stress crazing.

In a later paper Kambour {136]). extended the study to
polystyrene, SAN, and polysulfone. The resultS'supportéd the
conclusions of the breviOus study'on PPO. fhe polysulfone critical

Gt ' L ant
. crazing strain data i# reproduced in Figure 3.3-whe£ej§? }é plotted
against the Tg of the swollen polymer. The critical strain reduces
with decreasing Tg until this equals or falls below the test
temperature TT. When TT = Tg,the minimum critical strain is ~ 0.1%.
It would be reasonable to suppose that as the stress (or strainj to
initiate macroscobic yielding tends to zero when T, —» T_ (13),

T g

{17), this would also 2pply to the initiation of microscopic yielding

4
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or crazing. Kambour suggests that the surface tension of the
liquid does have a secondary role in promoting the stabilization
of localised yielded zones and hence suppressing homcgeneous

(shear) yielding

Kambour and Bernier choserorganic liquids which were
known not to interact with the polymers via hydrogen bonding.
Vincent and Raha (137 used a similar 'bent strip' test technique
" to measure the critical tensile strain for craze or crack initiation
of Upvc; PMMA and polysulphone in contact with 72 organic liquids.
‘They concluded that hydrogen bonding is an important factor in
determining whether a combination of liquid and polymer will result
in swelling (and shear yielding), cracking}or craz;ng. However,
although hydrogen bonding i; an important factor in determining
the solubility of the solvent in the polymer, this does not detract
from'Kémbour'é general conclﬁsion that plasticization is the major
infiuéﬁcé ;ﬁléélvent.stress crazing or cracking. ?he results of
Viﬁcént et.él do however sié@ that the éu;;tity ., J&" JP l
is not sufficient in itself to predict the deterioration in mechanical

properties by organic chemicals. The critical strains for crazing or

cracking of UPVC in contact with a selection of liquids are included in

Table 3.2.
Liquid Critical tensile

, crazing strain
Diethyl ether 0.23%
Toluene 0.15%
Acetic acid 0.31%
Ethanol 0.72%
Methaneol 0.68%
n-Pentane 1.23%
‘Glycerol 1.36%
Water 1.90%

Table 3.2. The minimuin critical tensile strain for craze initiation

of UPVC in various liguids. Vincent and Raha (137).
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A study by Crook, Earl, Johns and Loneragan {138}
has alsc emphasised the role of plasticization/ in solvent
v -

stress crazing. The procedure adopted differs from that of

Bernier and Kambour in that the quantity{Tg - T )was varied

T

over a range by varying the test temperature T Polystyrené

T
and PMMA in the form of bent strips were immersed in various
alcohols and the critical crazing strain measured over the

temperature range -40°C to + 60°C. The data obtained in each

tase included the features shown in Figure 3.4. These are:

l. A significant discontinuity on the crazing strain data at a
characteristic temperature. This temperature was found to be

. related directly to the Tg of the polymer/solvent mixture.

£ o,

ey

2.At temperatures above the discontinuity i.e.(_Tg - TT)
the craze initiation strain is a minimum and independent of a
further increase in Tq. In this respect the data fully support#
it ]

thé£ published by Bernier and Kambour (135]. The minimum critical

strains are included in Table 3.3.

Polymer Liquid Initiation Strain
Methanol 0.2%
Ethanol 0.15%

Polystyrene n~Propanol 0.10%
n~heptane 0.05%

PMMA Methanol 0.4%
n-butanol 0.1%

Table 3.3, The minimum critical strain for craze initiation of
PMMA and polystyrene in various alcohols, Crook, Earl, Johns and

Loneragan (138]..
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3. At temperature such that(Tg = TT);>O the critical strain is above
the minimwi but independent of further decrease in Tp. In this
respect the behaviour differs from that observed by Bernier et al.

In their case the critical strain increased with increasing value

of [Tg - Ta.

Crook et al commented that craze initiation and stress
relaxation would appear to be intimately (cause and effect ?)
connected. An increase in temperature or dec;ease in Tg redﬁced
the pericd for craze initiation and increaséd the rate of the
relaxation process by the same degree. This they claim might offer
an ekplanation for the observed indépendence of critical strain with
temperature. No explanation was offered for the disparity.between

o s

.thqii own data and thdt published by Bernier and Kambour (compare

Figures 3.3 and 3.4).

The low tensile stréins for craze initiation in contact

with solvents {invariably /™~ 0.1%) canncot be accounted for rationally
B .

by the critical tensile strain criteria approach championed by
Menges and co-workers {see 3.2.2). It is implicit that earlier,
Menges (30) had assumed that the surface energy effect was
responsible for environmeﬁtal'stress crazing. He concentrated on
wetting agents which tended to support his hypothesis, and totally
excluded solvent interaction as such. In a recent paper Menges and
Riess (1175 have finally included a study on solvent stress crazing,
the results of which generally support the view that 6;0 is not
singular. The paper is confusing in some respects. They report

that the minimum critical strain for crazing of UPVC in air (0.B8%}
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is xgduced to 0.1% by immersion in water and reduced to 0.2%

by ilmmersion in wetting aéent. Water is not generally regarded

as a stress cracking or crazing agent for UPVC, and indeed the
polymef is used extensively in water distribution. Also Vincent
and Raha (137). measured a critical strain of 1.9% for UPVC in water.
The severe effect of the wetting agent is quite at variance with the
earlier publications by Menges (30}l. No attempt was made to explain

this reversal in their conclusions.
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4. Experimental Model and Equipment

Craze initiation,on the evidence presented in Chapters 2
and 3,would appear to be an attractive prospectivé design criterion
for amorphous glassy poiymers. .For this to be a practical criterion
howaver’crazé initiatioﬁ must be detected unambiguously and precisely,
if the combination of service conditions such as stress, strain, time,
temperaﬁure,and chemical environment, are to be established as operational
design limits. The visual'deteétion of craze initiation used extensively
by Menges (see 3.2,2). in combination with tensile creep,and also used by
others in conjunction with solvent stress crazing (see 3.2.3}is limited.
The most serious limitation islthat only trénsparent polymers can be
studied. Aadditionally the method is highiy subjectivg'particularly
when the craze density is low. Crazes of thickness less than the
wavelength-of light cannot be detectéd visually (sée 3.1). Additionally
it is often not possible to monitor visually the surface condition 6f a
specimen under stress; rfor instance under dynamic load and when

immersed in an opaque environment.
Many of the limitations of the visual detection techniques
do not apply when crazes are detected mechanically. Craze initiation

and growth contribute to the creep strain. The perturbation in the
characteristic is however small,unless crazing is very severe.

Bergen (34}, for instance,detected solvent crazing by comparing the
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creep response in air with that for the éolymer immerséd in.éolvent.
gAéﬁrt'from the fact that crazing in air introduces only a minor |

perturbation,it is obvious that no reference characteristic (uncrazed)

can be developed to compare the air-crazed creep response with.
;iﬁé}éforé”it'is ﬁot possible to resolve the initiation criterion for

crazing in air simply by the examination of creep characteristics.

The technigue developed by Bucknall and Clayton (27) (see 2.2.4) again

is only adequate when crazing is a major deformation process; hence

its exclusive use with rubber modified polymers.

The mechanical technique for craze detection discussed
here has been developed specifically for homogeneous glassy polymers
where crazing is a minor contributor to deformation but nevertheless
a major factor in determining the mechanical integrity of the'material._

The technique is based on a concept which is conveniently embodied by

the term ‘Core Stress Model'.

‘4.1 The Core Stress Model

The crazes contribute to the creep deformation because
each craze rgpresents an incremental extension ¢f the material. The
craze also has a low tensile modulus (131) which combines to effect a
reduction in the apparent modulus of the craze damaged skin. The
undamaged core of the specimen therefore has a higher tensile modulus

than the crazed skin. Thus in addition to the increased rate of creep,

surface craze initiation and growth leads to a modification of the sStress

distribution across the cross-sectional area of the specimen.
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Consider the case of a linear viscoelastic material subjected
to a step input of uniaxial tensile stress Cﬁ‘ . Crazing is initiated
on the free surfaces of the specimen after a time t_, . The undamaged
core area Ap,the total cross-sectional area A,and the area of craze

damaged skin A*,are simply related if lateral contraction is neglected:

A= AT+A {e]

From compatability considerations:

O-CE* < Ok (3]

where CE and Cg are the core stress and skin stress respectively.
E* and E; are the moduli of the craze damaged skin and undamaged core

respectively.

From equilibrium considerations:

S,A = GAT o; AT (%1

Combining equations [Z] R [3] and f43 give: -
. ',. » -
| = - A2V 8
O S [' A E, [
Therefore provided A > A* > 0, and E* £ Ec,the mean core stress will
" exceed the applied (nominal) stress 0;. The effect of this re-distribution

of stress might be detectable by an appropriate creep and recovery experiment

(see 2.2.2;.

For simplicity assume that due to surface craze initiation
the core stress increases from (ﬂ‘ to O at time t, after load application,
as shown in Figure 4.1. 1In practice of course this will not be a step
increase but will increase in accordance with craze growth and the further
nucleation of craze sites. However the assumption is reasonable in that it

will be used cnly as an aid to the definition of physically measurable
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[
parameters.

1

The damaged specimen is unloaded after a total creep period
Tc and allowed to recover. Linear superposition theory (29} would predict

a maximum creep strain(just prior to load remova]) of:

M) = (M) C(-e) (o) (6]

——

Similarly the creep strain at time O after load application

is given Ly: .
7 ¥ gc(e) C(@) 6, provided. 6 < £ [7]

The residual strainat timee after the removal of stress is:
£ s (ct0) = Clrre)a,+C(Te+0-t Yo ~6,) - C1o)s, [%]
The recovered strain Er(e), at timee after the removal of

stress is defined as:

[+
£l - &) - £ (Tet 0) _(J
If O« T, Hen C(¢:+e) C (1)
anrd q@m [6] EEJ O~k [qJ 5'\\:0_:
E®) = CO)e Lie)

Comparing equations ['f] and [10] reveal that if surface crazing is

initiated during the creep period then provided 6 « Tc 5

£.() > E_c(e)

i.e. the initial recovered strain exceeds the initial creep strain. The

damage parameter ARCR is defined here as:

AR, = &® - £©) | (w3
AR, £.() - Efrove) — &) [

where the subscript CR denotes sequence of strain comparison. The core stress

model would predict that if crazing occurs during the creep period then:
-
AR, > O

and for. no surface crazing) O"_- = O;‘ and: !

AR, <=

-88-



In practice 9 is not infinitesimal ,and therefore slightly negative
values of [&quould be expected for an undamaged linear viscoelastic

material.

y The rapid initial recovery of the core of a surface crazed specimen
would be resisted by the comparatively sluggish recovery responge of

the damaged skin. However, the resistance offered by the craze to
compressive collapse, must by the na£ure of their structure be small
compared‘with the tensile stresses that ééused‘their‘ initiati&n and
growth (131). It is proposed therefore that the 'energetic' recovery

of the core is the major factor in determining, at leaét initially, the
recovery of the specimen as a whole. The core stress model therefore
predicts that the recovered strain of a surface crazed specimen of linéar

viscoelastic material at a short time after the removal of load,exceeds

the creep strain at the same time after load application.

Alternative definitions of the damage pérameter can be derived
to suit the experimental conditions. Consider the stress iﬁput and
strain respoinse for intermittent creep and recovery cycling shown in
Figure 4.2. If the effect of recovery time is to be studied,a one and
a half cycle stress history namelf creep, recovery, and creep,would be
appropriate. Obwviously Zx}acg is not sufficiently flexible-to epply
in this situation. However, the core stress model would predict that if
surface damage is initiated during the first creep cycle, and if this
damage is not completely healed during the recovery period then:

Ec (TetTe+0) = &es(We +To) > £O

i.e. the additional strain response to the second stress cycle exceeds

n

that of the first. This leads to the definition of the damage parameter Z&Qcc
’
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where n is the cycle number :

ARY = & [tne0) (TerTR) 0]
- EM [(h"')(n”ﬂ)] B EG(G) [‘3]

Similarly, and again with reference to Figure 4.2, if no
damage is initiated in the first cycle (which must he considered

the usual case in practice] then:
ARD = £(Tx (ne)Te) = EesfRisbdTate ]
"gc(Tc.) -+ gk—s(—rc{'e)

Although the three definitions of damage parameter AR

[14]

n n
) ZXE;c‘;abdﬂ'ZSQER

given ahove differ,it would be expected that the transition from zero

to positive values would all coincide with craze initiation.

Various workers have reported positive \;alues of AQCR
on both semi-crystalline and glassy amoxrphous polymers. Hadley and
Ward (139) reported that,for polypropylene fibres after a constant
creep period under tensile créep stress, - |

AR, = Ag,t Bo 4 Coy

Thus ZlRt&is always positiye and increases with stress‘level. Hadley
et al used this as evidence to support a multiple integral superposition
technique for non-linear viscoelastic materials. It is therefore

implicit that a positive [}Rags compatible with the predictions of
continuum mechanics. This is supported by the smooth continuous functional
relationship between [kgtgpnd stress level. However Hadley and Ward
pre-conditioned their creep specimens very seve?ely. The specimens were
cycled at a strain amplitude of 3-4% pricr to creep and recovery testing

to ensure 'repeatability'. Menges and Alf (118). reported the initiation
of micro-cracking in polypropylene at tensile strains in excess of 2.5%.

It is therefore probable that fhe non-virgin specimens tested by Hadley
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et al were damaged. It is therefore not surprising that ARCQ (0‘)

is a continuous function under these conditions.

Turner (31) observed that for PMMA, PVC, polypropylene,

and acetal, AR was positive for short recovery periods and

CR

negative for long recovery perilods. A RCR,as measured after a
short recovery period ( & ='5 séconds),as a function of
tensile strain proved to be a common characteristic for all the

) Theco oM
plastics studied. T'hq'is data }é reproduced in Figure 4.3. It
would also appear from t ’soz'lata that ARCR values for UPVC are
only significantly positive at tensile strains in excess of ~ 1.0%.
This_ feature, which was not commented on by Turner, is interest_ing
because the strain limit almost coincides with tﬁat for craze
initiation (117).

A

n N -
Positive values of (R cc and A an. have not been

reported explicif-lyf However the paper by Jaksch (33),discussed
in Section 2.2.2, does indicate that positive values are exhibited i)y

pf:) fyethyléne .

Recently a considerable interest has focused on the pheno-
menon. The interest appears to be exclusively one of mathematical
curiosity. Brereton (140) has develcoped an analytical approach
for non-linear viscoelastic materials which predicts positive values
on& RCR' Lockett (141) has developed a2 modified 'spring and dash
pot' model wh%ch'gives the same (retrospective) predictions. Without
exception the exﬁlanations offered by Hadley and Ward, Turner,
Brereton, and Lockett all invoke the continuum deformation properties

of the poclymer. They predict’ therefore,values of AP& that are
. R
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continuous and positive. The core stress model on the other hand,
is essentially mechanistic and predicts a Z& R functién that is
éositive but discontinuous. The continuity or otherwise of the

A R function can be ascertained by a comprehénsive experimental
programme involving strain measurements of high resolution. The -
next section includes a detailed description of the high strain
resolution tensile creep machine and extensometry,developed as an

integral and necessary part of this study.

4.2 The RAPRA Tensile Creep Machine

4,.2.1 Design Considerations

At the time of the initiai design phase only one commer-
cially available tensile creep machine warranted serious consideration,
this being the Macklow Smith/ICI machine described by Turner and Mills
(142.) This equipment satisfies the recommendations of B5S4618 and
indeed is often recognised as the examplg used in the preparation
of this advanced British Standards document. The specimen geometry
and the principles of the extensometer used in this equipment are shown
in Figure 4.4. The widespread use of this specimen geometry in the

UK was sufficient reason to adopt the same for this work.

The modified L;nﬁ>extensometer shown diagrammatically in
Figure 4.4 incorporates an optical lever system which essentially
transforms linear displacement intorangular displacement. 1In the
standérd model with rollers of 12.5 mm diameter an& an 80 mm gauge
length the angular displacement of the light spot reflected from
mirrors on both rollers combines to give 0,256 radians per 1%

extension or contraction of the specimen gauge length. The light
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spot is focused on a curved graduated scale of radius 50 cm with
the mirrors at its centre. Thus a specimen strain of 1% displaces
the light spot (and fine hair-line image) a distance of 128 mm on
the scale, It is argued by the manufacturers that the position

of the hair-line can be determined to within + 0.1 mm,which is a strain

jreSolutionlg% better than 0.002%. This is within the ;pquirementé of
Class A (BS4618) extensometry. The strain resolution can be increased
easily by decreasing the diameter of the rollers, however this reduces
the maximum strain that can be recorded. Unfortunately difficulties
arise in determining the hair-line position accurately when this is
moving appreciably; as will. be the case a short time after the
application or removal of load. The operator must record the scale

reading at a -specified time.

The uniaxial tensile ioad is appliéj;lo; and remﬁved'froﬁ, the
'specimen via é lever arm and a slide-guide alignment system. The
alignment of the load axis with the central axis of the specimen is an
important design feature. The flexibility of plastics and difficulty
in preparing planar specimens combine to create a considerable align-
ment problem. ‘'Passive' alignment mechanisms such as the universal
couélings,used in the testing of metals,are not appropriate in this
case because friction in the bearings must be overcome by the mis-
alignment torque developed in the specimen itself. The slide-guide
system adopted in the ICI machine is ‘'active' but contact between
sliding surfaces and therefore friction cannot be avoided with this

mechanism.

To ensure that the load is applied to the specimen rapidly

and without transient overloading a critically damped ‘dash pot' is
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incorpgrated as shown in Figure 4.5, The dash pot is not activated
when the load is removed. The problem with the arrangement,as shown
in Figure 4.5,is that when the load is removed the specimén recovery
is resisted by the substantial inertia of the lever arm. This was
considered as a possible source of error in measured recovery strains

after short recovery periods.

A second machine justifying serious consideration at the
design stage was that developed at the Cranfield Institute of Tech-
nology and described by Darlington and Saunders (143). The equipment
was not available commercially, but certain features of the design
were attractive. A linear displacement capacitive differential trans-
ducer is empioyed as the basis of automatic strain monitoring. The
transducer offers an excellent potential strain resolution of
40.002% with a specimen gauge length of only 1.2 cm; It can be
. argued of course that the resolution of an analogue device is
meaningless without reference to its stability and the stability of—
the energising and recording equipment., The limitation on the
practical résolution of such a device is invariably dominated bj
stability., The Cranfield system adopts sophisticated electronics
to improve stabilitf - particularly of the energising voltage. The
system is costly. However the equipment was designed specifically
for small specimens to study the effect of orientation in polymers
and sections of moulded parts. It is also capable, by addition of
further instrumentation, of measuring strains developed orthogénally
to the principal tensile strain., Lateral contraction and dilatational

strains are thus capable of being measured (see Section 2.2.4}.
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In a later development of the Cranfield machine the slide
guide alignment mechanism was replaéed with a single céﬁﬁiievef'spring
system. For the small displacements,the loading axis is constrained
to coincide with the specimen axis without friction. This was

e

considered as an important design feature.

4.2.2 Design Details

In
Patents have been applied forﬂthe i UK, BRustralia, Germany

and Japan for the extensometer described in 4.2.2.1. below. Patents
have been granted in the USA (380278l), France (72030293) and South
Africa (72/524444). The extensometer and creep machine is licensed
to,and m#nufactured by, Hampden Test Equipment Ltd., Rothersthorpe
Avenue, Nogthampton. A copy of the UK Patent Specification is included
in Appendix I. A copy of the manufacturer's specification is included

:i.h Appendix II.

4.2.2.1. The Moiré Fringe Extensometer

It was considered that.an intrinsically digital strain
monitoring device based on the phenomenon of Moire Fringes would
sdtisfy both the stability and rescolution requirements of this

research programme.

Moire fringes are produced when light is passed through
two similar gratings aligned so that their rulings are sensibly
parallel to one another. For c¢oarse 'line and space' (photogrid)
-gratings the modulation of light intensity can be understood by
reference to Figufe 4.6, The transmitted light intensity varies
approximately sinusocidally in the direction at right angles to the

direction of the rulings and in the plane of the gratings. Feor a



\\1 |
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FIGURE 4,6 ‘LINE AND SPACE' MOLRE FRINGES

A TRINGE SPACING
d GRATING PITCH

o< ANGLE BETWEEN GRATINGS
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" parallel transmitted beam of light incident normal to the plane of
the gratings,.the fringe separation A is given simply as‘:
A~ ( _9;)
-4
where d is the grating pitch and ¢{ is the (small) relative
angle between the rulings. If one grating is fixed and the other
displaced a distance 2 in the plane at right angles to its rulings

then an individual Moiré fringe will be displaced by an amount Y,
where Y = (é.)')c o Y = (——‘—)x
- £
The periodic change in intensity at anﬁ point with displace-
ment of the gratings can be represented as:

I = Imn + Io S (2%} ._/9) [‘S]
where Imin is the background illumination, 21o is a measure of the
fringe contrast and x is the‘grating displacement. The inclusion of
/44 simply normalises the intensity at x = o0,at all points in the
image. Thus at any point within the image the light intensity changes
through one complete 'cycle' for each incremental grating displacement
of d (the grating pitch). This 'periodicity’ is independent of the
angle between the grating pair provided the relative grating movement
is at right angles to the rulings on one grating. The pericodic
change in light intensity.(one cycle per grating pitch of relative
‘grating displacement) can be easily monitorea using photocélls or
photodiodes in the fringe image. The electrical current or voltage

output from such devices is sensibly proportional te the incident

light intenéity.

Line and space gratings with a grating pitch less than

about 0.025 mm are not commercially available. The optical interference
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effects rather than simple shadowing become predominén;-witb"
gratings of 40 lines per mm or more. For high incremental |
displacement resolution, diffraction gfatings are.usea with fhe
profile as shown in Figure 4.7. The blaze angle of such gratings

is chosen to match the spectral sensitivity of silicon bhotodiodes
{peak sensitivity 0.8§/Mrn). This ensures that the maximum
potential fringe contrast will occur in the infra-red régioﬁ of the
diffraction image. This image includes a central undiffracted image
with symmetrical diffraction patterns on either side as shown in
Figure 4.8. A full analysis of the interference pattern generated

by a pair of diffraction gratings has been published by Guild (144).

Commercially available transparent diffraction gratings
can contain up to 400 rulings per mm. A thin plastic replica of a
master grating is adhesively bonded to a flat glass plate. The
contrast of the Moire fringes which determines the photediode signal
response decreases with an increasing gap between the grating pair.
The rate of attenuation of contrast with increasing distance between
the gratings depends to a significant degree on the grating pitch.
Shepherd (145} suggests that gratihgs of pitch 0.0l mm should have an
inter-grating gap of no greater than 0.12 mm. The first mechanical
requirement therefore for a high resolution Moiré fringe extensometer
"is that the inter-grating gap must not change significantly during
relative displacement. The seceond stringent mechanical requirement
is that the grating pair must not rotate relatively during displacement.
Such rotation will change the fringe spacing with a resultant loss of
photodiode signal stability. It is important however to emphasize that

neither rotation or changes in grating separation would alter the -
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Fig. 4.8 The Moire Fringe Diffraction Image
Showing The Optimum Position of the
Photo-diode Assembly,
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inherent digital resolution of the grating pair.

An assembly drawing of the Moiré fringe extensometer
is shown in Figure 4.9. With reference to this diagram the

following parts can be identified.

(1) Stepped cross-members with integral knife edge - two off.
{2) Flat cross-members with integral knife edge - two off.

(3) Leaf springs - 4 off.

(4a) and (4b) Tensioning rods and nuts respectively - 4 off each.

(5) Rotatable index grating yoke.
{6) Rotatable 'output' mirror.
(7) Miniature precision roller bearings with side washers - 4 off.

{11) Reflecting Prism.

The extensometer is supported by the sﬁecimen at the four
knife edges with contact pressure supplied by the four leaf springs.
The specimen dimensions (see Fig. - 4;4)E§£e identical to those used
in the ICI -~ Macklow Smith machine. The gauge length of the specimen
{(66.66 mm) is defined by the axial distance between the knife edges.
The four roller bearings have flanges in the form of accurately ground
washers which ensure that relative movement of the cross-members is

‘constrained to move parallel with the specimen axis. The accurate
concentricity of the bearings together with the fact that the
cross-members are machine ground to be accurately parallel ensures
that no significant relative rotation of the cross-members can occur.
Thus the only degreé of freedom available for relative cross-member

movement is parallel to the axis of the specimen.
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Part (5) is critically dimensioned because this determines
the inter-grating gap. The diffraction gratings - the larger being
tgrmed the reference grating,and the smaller the index grating,are
mounted on .glass plate of 1 mm thickness (nominal). The reference
grating is bonded to the stepped cross-member aﬁd the index grating
is bonded to the yoke,using adhesive. It was found necessary to
carefully reduce the thickness of each yoke individually, because
of variations in glass thickness, to ensure an optimum inter-grating

gap of 0.05 mm.-. A detail of this region is shown in Figure 4.10.

The extensometer is difficult to attach onto the spécimen
without a jig. The device shown in Figure 4.11 is designed to allow
rapid exchange of specimens and also serves to accurately fix the

gauge length at 66.66 mm. -

The total weight of this extensometer carriage plus mirrors

and gratings is 90 grams."

4.2.2.2, The optical system

The ligﬁt.source and fringe detectién devices are too heavy
to be supported by the extensometer. In addition the heat from the
light source adjacent to the specimen was considered to be unaccept-
able. hLight guides were tried but these absorbed a significant
proportion of the infra-red part of the spectrum. Also some twlsting
of the specimen due to the weight and stiffness of the light guides

could not be avoided.
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.The pfoblem with an optical system supported other than
by the exténsomgter is that,as the specimen deforms,the gratings
are themselves displaced with reference to any external reference
point. Therefore a simple linear system of light source - gratings -
detectors would not be adequate., The system adopted is shown in
Figure 4.12. The light source is a-Mazda F.l1l0. which is operated
at only 9 volts to extend the lifetime of the filament. The light
. beam is collimated with the aid of a moveable lené of focal length
5 cm. The optical axis is horizontal at this stage. The collimated
light beam is reflected verfically (approximately) by a rotatable
mirror which, in common with the light source and lens, is fixed
to the machine base. The light beam is directed through the grating
pair by a ridht angular reflecting prism supported on a rotatable
yoke which in turn is attached to the extensometer cross-member which

makes contact with the specimen at the lower knife-edge.

Attached to the same c¢ross-member via a second rotatable
yoke is an index grating of dimensions 6 mm x 8 mm x 1 mm {nominal
thickness).. The reference grating (8 mm x 20 mm x 1 mm) is attached
to the other cross-member. Both gratings have 250 rulings per mm.
Finally the appropriate portion of the Moirg fringe image is selected
by a rotatable mirror and directed almost vertically downwards ontoc a
'
photodiode assembly. Thus, axial strain of the specimen changes only

the optical path-length and not the position of the image.

The spectroscopic arrangement shown schematically in Figure
4.13 is generally regarded as the optimum for fringe contrast,with good

tolerance to variation of the inter-grating gap (145). In this
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arrangement the incident angle at the gratings should be equal to
the emergent angle of the part of the diffraction image most
appropriate for the detectors. BAs seern from figure 4.8 the best
position for. the detection ié in the brighté;'of the two lst
order diffraction images. With silicon photodicdes, with a peak
spectral sensitivity at wavelengths of ”f O.BSI/Qmj the optimum
position i;.as syownajust beyond the visible red region. This
corresponds to an emergent diffraction angle of 76; The first
_rotable mirror (part 3 in Fig. 4.12) is uged,in précticgjto optimise
the grating incidence angle and hence the frigge_coh;réét_ This of
course means that the optical péth is no longer unaffected by
specimen strain. However, in practice the incidence angle required
for the spectroscopic arrangement is relatively small and the

a

movement of the imége with strain is tolerable (certainly up to

tensile strains of ~ 10%).

Thé final‘stage of the optical system is a rotatable assembly

of 4 MSQAE Ferranti silicon photodiodes. The assembly is arranged

as shown in Figure 4.14.and positioned within the image as shown in

Fig. 4.8. The assembly is designed to provide a means of not only
monitoring the light intensity, but also the direction of fringe
movement and hence whether the gauge length is increasing or decreasing.
"The fringe spacing is set equal to the width of the photodiode assembly
by rotation of the index érating. Therefore Z& ~ 4 mm, The voltage
output \KAQ from the'parallel pair of photodiodes A and B

according to equation [}5]15:

\43 = k [IMM—-I,N“ Slr\(’.bux ﬁ) os"\ ’.u:: B"'—'~
© Vi = 2K Sin (3 )
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where k is a constant. If the photodiode assembly axis is parallel

to the Moiré’fringes VCD = VAB' In practice the assembly is rotated
g~

. so that Vv leads or lags VAB'by a phase angle o
- PR

CD

Thus: va = O'kaCbS D_T"JL —-ﬁ)

If the amplified ocutputs VAB and VCD are connected respectively to the
X and Y plates of an oscilloscope then the coordinates (X,Y) are given

by:

X2 = {;Q_k\ P\Su»f{}

vt < [2kT,Aees0]
8 = [:_'),-n:: ﬂ’l omdh A 1S lta. omcpl freakisi

\45&111. ‘ 2.7 2
. X1+Y7-: Al ___of\

Therefore the oscilloscope trace describes a circle of radiu§ 2kIOA.
This is shown in Figure 4.18. One circle-is completed for each
extension or contraction of the gauge length equal to the diffraction
grating pitch (4 Am). The direction:of rotation of the displayed
signal is reversed when the direction of specimen strain is reversed.

Therefore this arrangement of photodiodes:

(a) Doubles the signal amplitude.
(b) Reduces or eliminates variations in background light level Imin

(c) Provides the basis of directional discrimination,

4.2.2.3 Electronics and Recording Equipment

The voltage amplitudes from the photodiode assembly normally

do not exceed A~ 20 mv. The current amplitude is normally in the
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region of. only 2//4a. The photodiode signals are amplified and
processed by specially designed electronics. In Fig. 4.16 the

" first stage is a pair,éf D.C. épe;étiona} amplifiers, (6pé for'\.lAB '
and one for VCD) with variable gain and offset level control.

The final stage shown in Figure 4.16. is é power switch with
variable hysteresis control. The function of each stage can be
appreciated by reference to Fig. 4.17. The low voltage amplitude
input includes electrical noise and inevitably a D.C. level. The
signal is amplified and the D.C. level removed by operation of the
offset level control. The amplified signal is used to switch to a
level of + or - 10 volts when the signal amplitude exceeds + % H
volts where H is the hysteresis (variable) voltage. Thus two
noise—ffée, out;of phase, square wave voltage outputs are generated.

Obviously the noise level should not exceed the hysteresis leﬁel,

otherwise multiple switching would occur.
The photographs in Figure 4.18 show:

(a) Amplified signals VA and VCD (taken at monitor 1 of amplifier

B
1 and 2(Figure 4.16) applied to the X and Y amplifiers of an oscillos-

cope. The specimen is undergoing rapid creep.

(b) Amplified signal Vv

AB from monitor 1 applied to the X axis and

the switched output from monitor 2 applied to the Y axis. Rapid

creep rate.

{(c) The switched outputs from monitor 2 of both amplifiers applied
to the X and Y amplifiers of an oscilloscope. The spot changes position

for each extension or contraction in the gauge length of 1 4 m.

-116-



~LTT-

o4 ut J'O‘U‘F ‘ Offset (OK
LA
Men 4 Mon 2
Eﬂ‘ —fr 200K |
- 20 000, =
BV~ NN | R XA
{00 K - %10 K ! YW
] K et 5K 2:2M
Input I 74i MW—L—741 > w‘@_ >Commen

21pf /’//’ ] ™

> 1K ) _LF,_ gain

{K e
M iom K Preset 470 N __\
alance 00K foco, —=
15|
O {- 5K
J7 Ol uf
Y
Common zZero veits (g '
connect to earth output ‘WOV*MW
FIGURE 4,16

PHOTODIODE AMPLIFIER AND PULSE SHAPER




PHOTODIODE
 SIGNALS

. SIGNALS BALANCED
AND AMPLIFIED

\ A

HYSTERES IS
CONTROUED
TRIGGER

/W

FIGURE 4,17

PHOTODIODE SIGNAL PROCESSING.

~118-

UNIFORM STRAIN RATE INPUT.

INPUTS

LOGIC



TR

- v

%

TeLeauiPrMEN T

18 (a) Amplifier
X - plate

119

BRILLIANCE
FOCUS

r

%

n an oscilloscope
1



TeLeaurven T <@

BRILLIANCE
FOCUS

. -‘
A\

]
1 - = 313 « V'\A“(Jd |
4.18 (b) Amplifier signals display |
4 4,18 (b mplif . a)e
PaLD on an oscilloscope
From Monitor 1
3 om Monltc
X - plates, VF.P, £r |
1 - 9
b4 plates, V from Monitor <
- ) 1. Sy

AB




A~
TeLeaurvenNn T <G>

121



~ S Myt b ——r a—

The logic circuit shown diagramatically in Figure 4.19

is designed to sense the direction of specimen strain using the

output (C) in Fig.ﬁ.lB. The amplifier pair connected to one creep

machine genergtes a sequence of rapid changes in vocltage level
from negative (say off) and positive (say on) levels: The logic
circuit is designed to separate changes in level that signify a
positive and negative increment of-strain. One square wave input
is differentiated and provides the counter pulse. The other input

to the logic is used as a gate. Two logic outputs are provided:

.Logic output I. Positive counts, from gates 1 and 4.
Gate 1 is gated by an inverted input 2,with counts provided by the
inverted differential of input 1. These account for the level
changes identified as (:) in Fig.4.20, Gate 4 is gated directly by
input 2 with the counts provided by the differential of input 1.

These account for the level changes identified as () in Fig. 4.20.

Logic output 2. Negative counts from gates 2 and 3. Gate
2 is gated directly from input 2 with counts provided by the inverted

differential of input 1. These accounts for the level changes

identified as C) in Figure 4.20. Gate 3 provides a pulse at level

changes identified as (:) in Figure 4.20.

v

The logic circuit therefore provides two pulse outputs;

representing increments of positive and negative strain. These

increments represent a gauge length extension or contraction equivalent

to one half of a grating pitch, i.e. 2//1nh or for a gauge length of
66.66mm, a tensile strain increment of +0.00003. Double this

sensitivity can easily be achieved by suitable modification of the
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logic circuit. It is proposed however that for Class A (BS4618)
requirements the digital resolution of 0.003% is more than satis-

' factory. It is noted that the Class A extensometry requires a

miniﬁum detectable strain change 0.002%. It would be incorrect

to compare these figures directly and to conclude that the Moire

fringe extensometer does not satisfy Class A requirements. By

simply displaying the signal on a ;cope a 'subjective strain feSOlution'

of + 0.0001% can be readily achieved.

Finally the pulses are recorded either by totalising on a
bi-directional decade counter, or on a digital event recorder. The
bi~directional counter is used when the count rate (strain rate) is
high, for instance at the start of the créep test. The amplifiers
and counter can accept frequencies up to 5 kHz. This is equivalent
to a strain rate of ~ 0,15 sec_l which exceeds the maximum envisaged
in practice. The counter is manufactured by Orbit Lﬁd. When the
count rate is below -~ 0.5 Hz,the logic cutputs are transferred to a
twenty four channel digital event recorder type WX504 marketed by
Environmental Equipment Ltd. This records the time of an event (a
positive or negative increment of strain) and identifigs, by means
of a letter, the source and polarity of the increment. Figure 4.21
is aAreproduction of a typical event recorder print-out. Positive
and negative strain increments from machines 1, 2, 3, etc., are ident-
ified by the letters AB, CD, EF, etc. Thus tﬁe creep data from 12

machines can be recorded simultaneously and automatically.

4.2.2.4 Machinery hard-ware and Environmental control

Design drawings of the creep machine base are included in

Fig. 4,22, These were cast integrally in aluminium alloy and although
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the specimen dimensions are the same as used by I.C.I. Ltd., the
casting is considerably smaller than those used in the construction
of the Macklow-Smith creep machine. Basically the casting consists
of ; solid rectangular column and a solid 'triangular' base. The
base is designed to stand on a table to§ via three adjustable screw

supports.

The main machining operations are all performed with the
A
casting bolted in one position to ensure correct aliﬂgment. Only
LY

five basic machining operations are required. These are:

{a) An area on the front face of the support column is faced vertical.
This provides the mating surface for the alignment system.

(b) A slot is machined on the top surface of the column with the base
of the slot horizontal and the sides of the slot parallel with the
machined surface described in (a). This locates the knife edge
supports.

{c) A slot is machined on the top surface of the front of the base.
This locates the lower specimen hook.

{d) A small area on the upper surface of the base is méchiged to be

horizontal. This is the location point for a small spirit level.

(e) A pair of holes are drilled and tapped in the mathined surface
of the support column. These are positicned about a central line
passing vertically through the centre of the lower hook location
slot. The alignment mechanismlis bolted to the casting via these

holes.

Special attention was aimed at designing a specimen alignment
mechanism which would not introduce stick-slip friction. This was
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achieved by the use of a partigular arrangement of spring steel

. cantilevers and fleating supports. The assembled arrangement is
shown in position on a creep machine in Fig. 4.23., The spring
geometry is such that the stiffness in.the direction of specimen
strain is very low compared with stiffness in all other directions.
The mechanism is located on the casting such that the effective

hook separation is 0.5 mm greater than the effective length of the
specimen (for specimen dimensions see Fig. 4.4). The springs thus
supply the specimen pre-load. With springs of thickness 0.38 mm

the pre-load is ~ 2.5N. With increasing specimen strain the pre-lcad
decreases and becomes zero at ~ 0.5% tensile strain,and - 2.5N (i.e.
compressive load) at ~ 1.0% strain. The load required to generate
an elastic tensile strain of 1.0% in a _tyi)i.cai. glassy polymer specimen
of the dimensions shown in Figure 4.;,’is 500N. The spring restoring

force is therefore typically only 0.5% of the applied force.

A 5:1 (25 cm: 5 cm) lever arm amplifies and transmits the
load from the Weight pan to the specimen via segment and chain couplings.
The rear and forward segments have radii of 25 cm and 5 cm respectively.
The purpose of the segments is to ensure that the lever arm ratio is
independent of lever arm rotation over the practical fange of interest.
In fa&t a specimen strain of 20% can be tolerated before the lever

ratio is affected by arm rotation.

The lever arm fulcrum is normally either a pair of roller
bearings or knife edge supports. Both arrangements have advantages
and disadvantages but on balance the heavy duty bearings were considered

to be a source of excessive friction. The knife arrangements chosen
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here suffers from not being positively located. However, the spring
alignment system, unlike the slide guide system adopted for the
ICI/Macklow-Smith machine, can tolerate a loading axis which is not

exactly co-linear with the central axis of the aligmnment system.

It was considered important that the problem of levér arm
inertia discgssed in Section 4,2.,1 should be eliminéted by the
appropriate design of loading system. This was achieved by locating
an hydraulic actuator at the front end of the lever arm, i.e. ahead
of the fulcrum, as shown in Figure 4.23., Thus the lever arm chains
and wéight pan can be balanced by adjusting the position of the
jockey weight at the front end of the lever arm. On recovery with the

actuator in the 'down' position,the specimen is effectively disconnected

i

from the lever arm and resistance to recovery due to lever arm inertia

is eliminated.

The loading and unloading system is shown diagrammgtically
in Figure 4.24. BAir at a pressure of between 0.4 and 0.8 MN/m2 is
used to pressufise 0il in either one of two air/hydraulic reserveoirs.
With air switched via reservoir A the actuator piston extends and
removes the load from the specimen. With éir switched via reservoir
B the piston detracts and the load is applied to the specimen. The
rﬁte of movement of the piston can be controlled by adjusitment of the

. AT
flow restrictor valves. It gpdid found necessary to use 2 mm thick
rubber sheet between the actuator _piéton and the lever arm when high

loads were applied to the specimen to prevent oscillatory over-load.
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The pneumatic switch used to direct the pressurised air from
reservoir A to reservoir B and viqé versa is manually controlled for
normal creep and recovery tests. For low fréquency cycling the manual
switch is replacéd by a solenoid switch powered by a low freguency
square wave generator. The ¢generator built for this purpose has a
minimum cyclic period of 4 mins and a maximum period of 1000 minutes.
The creep to recovery ratio for any selected period within this range

can be 11:1, 5:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:5 or 1l:11l.

For elevated temperaturg testing it was considered preferable
that the whole machine be placed in a large oven rather than just
enclosing the specimen. This reduces the temperature gradient in the
region of the specimen. It also eliminates the rapid eycling between
two temperature limits that is common with ovens of low thermal capacity.
Hutchinson and McCrum (146) have recently published results that indicate
ancmalous creep behaviour when the temperature of a specimgn is rapidly

changed.

The oven used for the work reported in this thesis uses an air
blower to circulate air over heéting elements within the oven. The volume
rate of air flow and the voltage of the heating coils is controlled by a
proportional temperaturé controller type TH2 supplied by AEI Ltd.

A Cu/Con thermocouple positioned near to Fhe specimen is used to 'drivé'
the temperature controller. A similar thermocouple is used to monitor

the temperature using a digital thermometer type 3000 supplied by Comark
Ltd. 'Although several hours were scmetimes required for the temperature

in the oven to stabilize, the temperature was controlled when stabilized

to within 19.25°C. The humidity in the oven is not controlled. The
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oven temperature control is therefore superior to that of the creep
laboratory which was controlled to within 20 + 1°C and 50% + 2% RH

by an installation manufactured by Spencer and Halstead.

Photographs of one creep machine and part of the creep testing
facility (including the signal processing and recording installation)

are included in Figures 4.25 and 4.26 respectively.

Detailed setting-up and operating instructions for the

machinery described in this section are included in Appendix ITII, -
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4.25 The Tensile Creep Machine
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4.26 The Creep Facility
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5. Experimental Procedures and Results

The major experimental effort has been directed at
establishing the value of /AR (defined in section 4,1} for
unplasticised PVC over a range of combinations of service variables,
These variables include, time, temperature, tensile stress and
tensile strain. Both static and intermittent stress histories have
been emplgved. In addition AR has been measured with the UPVC
immeised in an organic solvent (N-hexane}. To complete the
experimental programme the AR function was established over a

limited range for rubber modified polyphenylene oxide (Noxyl],

5.1 Thermal Conditioning of UBVC

Calendered sheets of UPVC (Cobex 018 Grade supplied by
BXL Ltd) of nominal thickness 3 mm were stored in the creep laboratory
for 2 years at 20°C, 50% rh prior to any mechanical testing, The
purpose of this storage (which in fact coincided with the period
required to construct and install the creep facility)} was to attempt
to eliminate or reduce the inter—shéet variability. Following this,
an attempt was made to reduce this variability further by annealing
sheets at temperatures below Tg. This small programme aisa served

ds:an adequate commissioning exercise for the newly iInstalled creep

machinery.

A full description of the test procedure and results (147)
is given in Appendix IV. Although the cohsequence of the annealinyg
programme was negative in the sense that it was not adopted as a
specimen conditioning procedure, the results did influence the
procedure and conclusion of the major experimental programme., It is

for these reasons that the following brief discussion is considered

-136-



relevant:
(a) The unannealed (room temperature conditioned)
UPVC was more stable than annealed UPVC. A stable
state here refers to one which exhibitsru:bércgﬁgible
change in mechanical properties witﬁ qélayQin testing.
It was for this reason that the énnealing procedure
was not adopted. Classically the annealing of a
glassy amorphous polymer below the Tg should lead to
a more stable state (148).
(b) Annealing would be expected to result in an increase

in density and tensile modulus (148B). The increase in

modulus would be expected to he greater the i????f_
the annealing period. However the results of the annealing’
programmé show that for annealing temperétures in excess

of 45°C the modulus is decreaéea and that this effect is
greater the shorter the annealing peried.

{c} For annealing te%peratures below f\f45°C,rapid
'softening' is not observed.

(d) It is proposed that the 45°C transition in the

response of UPVC to annealing is due to the change from
one form of volume relaxation to another. Below 45°C

small crystallites or regions of zero configurational
entropy (149) are formed by the local expulsion of free
volume. These are rapidly disrupted on heating above

45°C. vVolume relaxation above 45°C pf&c%??s by the

(classical) homogénéous diffusion of free volume,

(e) Pictorially the proposed state below 45°C is similar

.to the fringed micellar grain model of the glassy state
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adopted by-YeH (150). The regions of high molecular
disorder would be expected to exhibit high molecular
mobility, reduced Tg, and a reduced resistance to

yield deformation.

Thus a high density of microscopic yield sites (craze sites)
would be predicted prior to macroscopic yielding with unannealed
specimens. Yeh has pr0posed'that the density of the yield sites has
a considerable influence on the ductility of the polymer, The site
density in polystyrene - which tends to be brittle is low, whilst that
for polycarbonate - which.is tough, is high. Alsc it is generally
agreed that annealing of glassy polymers results in a decreased brittle
strength (15}); The explanation proposed here would be that annealing
homogenises the free volume distribution and thereby reduces the

density of potential microscopic yield sites.

As a direct result of these observations it was decided not
to anneal the UPVC sheet prior to the evaluation ofzkfh In addition
it was decide& to limit any elevated temperature investigations to
below 45°C. Obviously if any change in the material state occurs
during the creep period then any comparison between the creep and

recovery response would be difficult to interpret.
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5.2. The Damage Parameter in Response to Static Stress Histories

The 20°C creep characteristics of UPVC at tensile stress levels
of 20, 25, 30, 35, 40, 45, and 50 MN/m2 are displayed gfaphically in
Figuie 5.1. The tabulated data for one stress level (35 MN/mz) ;zﬁ;ivén
in Tagle 5.1 as an example. The isochronous stress strain cross-plots
for creep times of 10, 102, 103, 104, 10° and 106 seconds have been
extracted from Figure 5.1 and plotted in Figure 5.2. An estimated one
second isochronous characteristic has also been included. This was
achieved by the simple expedient of extrapolating the creep curves in
Figure 5.1 to shorter times. It is obserxved that thé complianée.(j(t)
is not singular over the entire stress and strain range for "t > 10s
seconds. For t = 1 second a linear region (stress yndependent com-
pliance) is observed below stress levels of -fV 45 h“y&dt

\ .
Similar creep and isochronous data generated at a temperature

Tlese .y
of 359C are shown in Figures 5.3 and 5.4. This creep data j& of a

significantly higher quality than §£§;?éeﬁerated at 20°C. The 200C
data exhibit% a perceptible oscillation whi&h follow% the pericodic
fluctuations‘in laboratory temperéturé;this having an amplifude of
}1°C and a period of approximately 20 minutes. This feature was not
observed in the elevated temperature characteristics because the

oven temperature fluctﬁations were only iO.ZSOC,with a period of less

than 5 minutes.

On completion of the creep period the removal of stress
was delayed or advanced to ensure tha; the laboratory or oven temper-
ature was within 0.19C of the temperature prevailing when the stress
was originally applied. The purpose of this was to reduce exrors in

A RCR due to temperature variations.
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Time (S) Strain Strain % | Time (S) Strain Strain %
Increments Increments
5 339 1.017 89,880 402 1.206
lo 340 1.020 103,900 406 1,218
20 342 1.026 138,600 410 1.230
35 343 1.029 161.700 414 1.242
56 344 1.032 183,300 418 1.254
‘82 345 ‘ 1.035 210,200 422 1.266
110 346 1.038 220,600 426 1.278
152 347 1.041 255,800 430 1.290
181 348 1.044 321,000 438 1.314
222 349 1.047 422,700 446 1.338
295 350 -1.050 680,800 454 1.362
1998 354 1.062 742,000 462 1.386
2,472 358 1.074 963,700 470 1.410
4,128 362 1.086 1,110,000 478 1.434
5,822 366 1.098 1,222,000 486 1.548
9,243 370 1.110 1,556,000 494 1.482
13,179 374 1.122 1,937,000 502 1.506
20,020 378 1.134 | 2,525,000 510 1.530
30,160 382 1.146 3,152,000 518 1.554
39,270 386 1.158 3,902,000 526 1.578
47,980 390 1.170 4,777,000 534 1.602
58,230 394 1.182 5,200,000 542 1.626
71,110 398° 1.194 5,908,000 550 1.650
Table 5.1. Tensile creep data for UPVC at 20°C and 35 MN/m?.
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" The recovery periods for these initial tests were generally
ten times longer than the creep period preceding them. Two recovery
characteristics are included in Figure 5.5 together with the respective
Creep characteristics. It is cobserved that A chis positive for
short recovery times (6) and negative at long recovery times. Values
of AQC(ES) are given in Table 5.2 for the 12 creep and recovery tests
performed at 20°C and 35°C. On the evidence provided by these initial
tests it was concluded that AQ“{G) is reascnably independent of o
when © is less than ~ 505 . Timing errors would be unaccepi;(bble

for O< I55. It was decided therefore that an optimum 'monitor time'

would be 20s. Therefore the experimental definition of AQCRis:

AR (20) =  Ef20)— EL20)

Where (Er[?-O)and fc('lo) are the recovered strain and creep strain as
measured 20 seconds after load removal, or load application. Thus

for all additional creep and recovery tests only three strains were
recorded for each test, these being fc(Io))é'(T) and fres_(?.o) . EC(T)

is the final creep strain a[s measured just priox to the removal of stress
{after a creep period T) and Erélu) is the residual strain 20 seconds

after stress removal. E‘_(z,o) is simply:

£y = &M~ & (20

Virgin speciments of UPVC were creep tested at selected tensile
stress levels at 20°C and 35°C over a range of creep periods (T). The

strain measurements 5(20 and T were recorded. On recovery, the residual
[ Id R L]
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Temp. Creep time 15 ‘
©c MN/m2 (T) secs ® = 5s e = 108s| = OB e = 20s e = 50s 8 = 100s e =T
20 50 8.5 x 104 +0,660 +0.666 | +0,666 40,663 +0.663 +0,654 -0,321
20 45 1.6 x 103 +0.291 +0,285 |+0.288 +0.288 +0.288 +0,282 -0.153
20 40 9.2 x 105 +0,111 +0.114 |+0,111 +0,111 +0,111 +0,105 -0,267
20 40 2.0 x lo4 +0,069 +0.066 | +0.066 +0.069 +0,066 +0,060 -0.006
20 35 6.2 x 106 40.079 .| , +0.079 |+40.079 |i +0.07% |i 40.072" | +0.066 ~0.057
20 35 a x 104 +0.,048 +0,048 | +0.048 4+0.048 +0,048 +0,042 -0,003
20 30 2.1 x 106 +0,027 40,030 | +0.030 +0.027 +0.027 +0.027 -0.066
20 25 7.5 x 106 +0.006 +0,006 | +0,006 +0,006 +0.006 +0.006 ~-0.006
35 35 9.5 x 104 +0.495 +0,492 | +0,498 +0,498 +0,495 +0.480 -0.210
35 27.5 1.8 x 108 +0,.273 +0,270 | +0,270 +0,270 +0,273 +0.264 -0.189
35 - 20 9 x 108 +0.051 | +o'__j051"{ +O;;048. 'f-;i-O.j(-)-le; _-4—b._6‘48 +OO48 -—0,@3]-.26,
35 15 107 +0,030 +0.030 | +0.033 40,033 40,033 +0,033 ~0,090

TABLE 5.2 The Damage Facto':_:. ARCR (8) at varjious values of & for UPVC after various creep histories,




i . o
strain rog (20) was recorded. The computedgARCR (20) data ié presented

graphically in Figures 5.6 (20°C) and 5.7 (35°C) as a function of

creep time with stress as the parameter. In addition the ZXRCR(ZO)
. are

data i€ plotted as a function of maximum creep strain € c(T) in

Figures 5.8 (20°C} and 5.9 (359C), again with stress level as the

parameter. Data from the 40 MN/m2 (20°C) tests are tabulated in

Table 5.3 as an example.

Micro-damage was observed in all specimens which, as a
result of their stress and strain history’had provided significantly
positive values of Z&KL£20), The two photographs shown in Figure
5.10 {a} and (b) are of the damaged surfaces of specimens with a
severe (a) and moderate (b) stress history. The increase in micro-
damage site density with stress level is similar to that observed with
crazing (129). To confirm that the surface micro-damage was in fact
crazing,the technique suggested by Kambour (96) and discussed in
section 3.1 was adopted. The minimum‘inqidence angle for-the total
reflection of light from the crack/polymer, craze/polymer boundary
was in all cases in the range 56° - 68° . This suggests that the
void éqntent of the micro-damage regions in recovered or partially
recovered specimens was in the range 20% to 30%. Similar measure-
ments on selected specimens under load provided values of void
content in the range 40% to 45% . It was therefore concluded that
the damage observed in UPVC during’and/or after,creep tests of

sufficient severity was predominantly crazing.
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Creep time 20 second Final creep 20s residual 208 recovered AR__ (20)

. , CR

(T) Creep strain strain strain strain = & (200~ &.(20)
= & - &

secs Ec(‘z‘c’) OA o EC(-T> % | &res(20)% &y (20) % %
180 1.140 1.203 0.072 . 1.131 - 0.009
590 1.149 1.254 0.096 1.158 + 0.009

i

810 1.131 1.245 0.108 ' 1.137 ' + 0.006
3240 1.137 1.275 0.0926 1.179 + 0.042
20,000 1.140 1.374 0.165 1.209 + 0.069
93,000 ) 1.143 1.587 0.351 1.236 + 0.093
920,000 1.149 1.986 0.726 ~1.260 + 0,111
8,100,000 1.143 2.610 1.305 1.305 + 0.162

TABLE 5.3 Measured values of &;(20), &c(T) and €&.5(20), and calculated values of £,{20) and
AR (20) for the 40 MN/m2, 209C Tests.




Fig. 5.10(a) UPVC Surface Crazing (X150).

After recovery from a tensile stress
of 40 MN/m? at 20°C
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Fig. 5.10(b) UPVC Surface Crazing (X150).
After recovery from a tensile stress
of 25 MN/m2 at 20°C,
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Specimens which had provided near zero or negative values
of AEQO) were generally obs_erved to be undamaged although this was
not conclusive. On some occasions several craze like events were
observed at the routed edge of the specimen but detection and
identification of these events was so subjective that a confident
viswval assessment of the critical craze initiation condition cannot

be offered.

5.3. The Damage Parameter after a Variable Rest Periocd

Approximately one half of those specimens used for the
measurement ofdgfn)uere not removed after recording gﬂg’o) but were

left under zero load for a selected period of time TR. .

Just prior to the re-~application of stress the residual
f.;train E*{E)was recorded. In addition the creep strain twenty
seconds after the start of the second creep period was measured.

2
This is denoted as é;(JO) . The damage pérameter AQ{P& as

defined in Section 4.1 equation (13) is:

AR (2 = ko — ELT)- £6o

_ | _ .
where fc(').o) is the creep strain 20 seconds after the start of the

first creep period.

The ratio:

AR [(20)
AR (20)

c
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is plotted against rest period TR in Figure 5.ll(20°C) amd 5.12(35°C).

It is evident that for long rest periods:

AR (20) < AR (2

and for short rest periods !

AR f20) 7 AR e

5.4 The Damage Parameter in Response to Dynamic Stress Histories

-’

The stressing sequence shown schematically in Figure 4.2
was adopted. Automatic control of stress application and remowval
was achieved‘using a low freguency square wave generator to energise
and de~-energise the loading system. The total peried, that is
12‘*72‘, could be selected together with an independent selection
of the ratio T;:,ﬁl . All tests were performed at 20°C and at
stress amplitudes which were estimated would provide craze initiation

within 5 days of continucus cycling.

The strain response to cyclic stressing could not be
recorded automatically because of the rapidly changing frequency of
the extensometer ocutput. Consequently the strain response to each

cycle could not be monitored. However, for the measurement of the
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growth of the funuhh\ﬂ¥ggu%it was necessary to monitor the strain
response at selected cycles only. Gene;ally’monito;ing involved 2
strain recordings per cycle these being_ .! 8;212) 0~¢L.£;:()°>
where N is the cycle number. In addition some cycles were monitored
by recording the strain response during the recovery period.
N

The strain response EL(TQ) Vf_ith_ time under loac:i(N Tc) iéi_
displayed graphically in Figures 5.13, 5.15 and 5.15 for stress
amplitudes of 30, 35, and 40 MN/m2 respectively. The creep to
recovery periods investigated were 1320S: 1205 (1ll:1), 200S : 3008
(3:1), and 1205 : 1205 (1:1). Each graph alsc includes for

comparison, the strain response to static stress (00:1).

The strain responses of individual recovery cycles are

given in Figures 5.16-5.24. These present the recovered strain

£ - £ - &l (o)

. Gse
It is observed, on inspection of gbig data that the initial

{'unrelaxed') recovered strain increases significantly with cfcle
number whilst the time-dependent ('relaxed') component of individual
-recovery cycles changes only slowly with progressive cycling. The
increase in the initial recovered strain response with progressive
cycling is interpre§ﬁed as the growth of gﬂj@g?ﬁf it is éésu@¢6_§hét
damage initiated in the first cycle is negligible then from

equation (14) (section 4.1} !
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A Q: @0y = (£")- £ — ( g(j(m _6.0w)

ATQ@(%) = E:(%) - 'fr(zos

Thus the monitored values ofE:(E)and @:(J&J and the wvalues
estimated froﬁ Figures 5.16-5.24 provide calculated wvalues of
A‘QK»R(JO)' These are plotted as a function of maximum cyclic
creep strain é:%t)in Figures 5.25, 5.26 and 5.27 for the

stress amplitudes of 30, 35 and 40 MN/m? respectively.

5.5. The Effect of n-Hexane Immersion

1

90% of the specimep gauge length was immersed in n-Hexane
by means of a copper tube attachment as shown in Figure S.Zé. The
spec;mén wasﬂih contact with the solvent for 1 hour before the
application of stress. The QOOC creep response at various stress
levels is shown in Figure 5.29: The creep response of UPVC
immersed in ﬁ;?Hexane is initially identical to that generated
in air. A very r;pid acceleration of creep rate is observed after
a period that increases with decreasing tensile stress, and at a
.strain that decreases with decreasing stress. This severe dis-
continuity is also evident in the 100- second isothonous plot shown
in Figure 5.30. According toc Bergen (34) this sudden increase in
tensile complian&e is due to craze initiation and growth. This

was confirmed by replacing the copper tube by a glass tube. Visual

detection of craze initiation coincided with the discontinuity.
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Further creep and recovery tests on UPVC immersed in
n~ ‘Hexane were performed at stress levels and creep periods selected
fo investigate the wvalue of.AE’gZO)in the region of the transition in
creep rate. AQLAZD) exhibited a transition from near zero .values to
positive values which coincided with the transition to rapid creep
rates and crazing. This is éhown graphically in Figure 5.31. -
Although this zero-positive transition was si;able’the Aacgw)data
above the transition proved to be very erratic and large negative
values were often obtained.

Casual inspection of the specimens revealed that ” d-ea;epiy_
craze damaged skins generally were connected with large negat.:.ive
values of A‘chﬂ’) . This was fo;lowed by a more exact measurement
of craze depth. The edge of the specimen was polished and viewed
through a travelling microscope. Both c;:'aze 'fronts® were regular
and parallel to the sides of the spec..i.men. Ten readings cof craze
depth were taken, five from each side within the gauge length.

This provided the values of mean craze depth: specimen thickness
ratio given in Table 5.4. The relationship between AQ!{%O) and

- this ratio shown in Figure 5.32 reveals a transition fr.om positive
to negative values of Alzc(ﬂlo)when the ratio exceeds 0.5. Thus two

transitions can be observed:

1 AQG(EQO) ‘ at craze initiation (A* >O)
o+ (+)
2 ) when the undamaged
AQCU:(;LO) ' AC - O)
('*')"7(—) core area vanishes.

Wwhere A¥ and Ac are defined in section 4.1.
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Stress Level Creep Period ARCR(ZO) Craze Depth Mean Crazg Depth Mean Specimen "E
MN/m2 (secs.)r _(%) .. . 8ide {mﬁéide 2 (%?) Thickqgss(mm) b
25 5%102 0.0 0.0 0.0 0.0 3.32 0.0
20 104 0.0 0.0 0.0 0.0 3.37 0.0
30 102 +0.03 0.38 0.36 0.37 3.37 0.11
30 2.5x102 +0,096  0.796 0.81 0.803 3.34 0.24
25 4.5x103 +0.120 1.22 1.22 1.22 3.40 0.36
25 5.5x104 ' +0.174 1.52 1.52 1.52 3.31 0.46
20 4x10° +0.162 1.80  .1.84 1.82 3.32 0.55
30 5x102 +0.114 1.90 1.90 1.90 3.34 0.51
25 104 +0.108 1.75 1.73 1.74 3.34 0.52
30 6x103 -0.08 2.04  2.04 2.04 3.33 0.62
30 4,.5x102 -0.093 3.08 3.00 3.04 3.30 0.92
20 9x105 -0.090 3.32 3.32 3.32 '3.32 1.00
25 2x104 -0.114 3.31 3.31 3.31 3.31 1.00
........ 25,..........2x104......éo,oa.....3m33....3,33........A3-33_...._....._.3,33‘.....1.00.
Table 5.4 ARCR(ZO) for a range of Stress Histories and

mean craze depth

specimen

thickness

ratios

)
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5.6. Additional Test Results on Rubber Modified PPO (Noryl)

It has been esta?}ished (152) that rppber_modifigd_glgssy
polymers suffer internally initiated craze dé@age in addition to
surface crazing. It has never been explicitly stated that intermal
and éurface crazing are initiated simultaneously,or whether exterhal
- grazing precedes internal crazing. It would however be reasonable
to assume thaf, bgcause crazing is initiated at the boundary
between the soft inclusions and the hard matrix, that the de1a§
between surface and internal crazing is short. It is therefore
of interest to check the wvalidity of the core stress model by

measuring ARCS?D) for a rubber modified pblymer.
i

A rubber modified polyphenylene Oxide (NORYL, General
Electric Company Incorporated) was tested for creep and recovery
at creep stresses of 25, 27.5 and 30 l\JIN/m2 at 20°C. The creep

period was varied to cover a range of maximum creep strain E;(T)

Aacg'b ) was measured in the manner previously described ,and

is plotted against é;(T) in Figure 5.33,.
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6 Discussion of Results

The discussion will be develoﬁed, and secticnalised in
accordance with the 'flow diagram' shown in Figure 6.1. This
diagram includes the main elements for discussion, these being
identified as (secticns) 6.1 - 6.6. Three sections 6.1, 6.3,
and 6.5, discuss the correlation between the established
phenomenoloéy cf glasgy polymers,(eg,craze initiation and growth,
yvield, fracture, and fatigue) and data or concepts presented in
this thesis. The concepts are discussed in sections 6.2, 6.4, and
6.6. An abbreviated form of this discussipn,aqd indeed of other

parts of the thesis - is included in reference (153). '

6.1. The Damage Parameter and its Transitions
The damage parameter LR is a strain based function

which,according to the core stress model,(section 4.1L will exhibit
two gross features. The first feature is a transition from zero

to positive values, which if the model iSTQ;ilé, should coincide
with the initiation of sﬁrfgqen&cro—damage. The second feature,
according to the model should be a 'sharp' reduction in LR as
the undamaged core area approaches zero. As the micro-damage is

" in the form of crazes the 'growth' of AR during the period between

the first and second transitions (features) should be gualitatively

similar to the (known) growth characteristics of crazes.
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6.1.1.. The First Transition

- It is evident from Figures 5.6 and 5.7 that for creep
times below a critical time (induction period) , AQCR {20)
is near zero and negative’with typical values of between d and
-0.009%, Negative values of [&Q(Qxhare in agreement with the
predicted response of aclgséicazﬁinear viscoelastic solid (29},

this being

i

AR(20) Elr) - &, (v +20)
Cr

where EC(T) is the creep strain at the end of the creep period

T. It can therefore be stated with soﬁae justificaticn that

the strain response to a gate input of stress is linearly super-
po‘sj_ble, Thus as reéards interaction, it is responding as a

linear viscoelastic material during the induction perieod.

The induction period for the first transition increases
with decreasing tensile stress and decreasing temperature,
This is qualitatively similar to the effect of these variables on the

induction period for craze initiation (27) (30) (l02).

From Figures 5.8 and 5.9 it is apparent that the critical
tensile strain for the first A QC‘LQO) transition decreases with
decreasing £ensile creep stress. Again this is qualitatively
similar to the effect of this variable on the critical tensile
strain for craze .initiation,Figure 6.2 combines the stress,

strain and time co-ordinates of the first A P\m(zo) transition.
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Included in Figure 6.2 is the strﬁsé; gtra;#; And time co—érdiﬂates
for créze initiatioﬁ in UPVC as detected visually by Meﬁges

et al {116). The correlation between the two curves is good
considering that the grades of UPVC are different.

The ;xistence of the first transition in the strain
function ARCQO) , its mode (near zero to positive) and the
stress and temperature dependence of the critical tensile strains
and induction period of the transition closely resembles and
coincides with the known phenomenology of craze initiation. This
therefore supports the hypothesis that the trans;tion to positive

Zlé;éZO) is a direct effect of craze initiation. Furthermore
the first transition in llﬂags so localised that it would not be
satisfactoril& accounted for by the application of con;iﬁuum

mechanics.

The critical sgxain;for the first transition of ZX? {20)
N CR

coincides with that of A‘QRg(ZO) under equivalent stress or
qtress amplitude conditions. This is shown in Figures 5.25, 5.26
and 5.27. It has previously been reported (30) that the critical
strain for craze initiation under static and dynamic loading
fappliedIStatic stress = dynamic stress amplitude) are identical.
The coincidence of the ARmand AQR&transitions is thus further
evidence in support of the core stress model. 1In addition,of
courseathe ceincidence promotes the concept of a strain based

design criterion.,
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6.1.2. The Growth of AR (20)
ca

The rate of growth of ZXQUJZO) increases with the level of
applied tensile stress. This is in agreement with the dependence
of craze growth rate observed by Regél {123) sato {(124) and Sauer

et al (127).

Knight (102) in a review of the subject éf craze initiation
and growth identifies three separate phases in the growth of crazes.
The first phase is one of initial rapid growth rate followed by
a second phase of slow growth’and finally a tertiary phase of high
and constant growth rate. At high temperatures or stress levels, or
in the presence of crazing agents,the primary and secondary phases
are not readily discernible. The growth characteristics of crazes
are therefore qualitatively similar to Zlﬁbé20) as shown in

Figures 5.6 and 5.7.

Ap interesting feature observed during the g;o%th of'ZSEEE(JQQ,
is its appafently singular valué at a strain of 1.6% ]
(Figure 5.8) and 1.4% (Figure 5.9). At 200C the value of AR S2)
is 0.1% for a tensile strain of 1.6%, this being independenﬁ of the
stress level (and by implication also of the induction period).

At 3506 the feature is ;:>bse:r:ved at AECQO) = 0.08%. and

Egn = 1.4%. If it is assumed that, at stress levels above those
used to generate the data in Figures 5.8 and 5.9, the singularity
is still operativeithen this would predict an infinite growth

rate for'ldﬁ;é2o) and therefore, by association, an iq[finite

rate of craze growth, at stress levels of ~ 6O MN/m2 and42.5 MN/m2
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at températures qf 200C and 35°C respectively. An infinite rate
of craze growth or craze nucleationlwould imply'mécroscopic
yielding. The tensile yield stress of UPVC at a strain rate of
50%/minute and at 20°C and 35°C is reco;ded £154) as 57 and 46

MN/mz,respectively.

6.1.3. The Second Transition

The second transition was not observed in .the 4326420)
function with UPVC tested in an air environment. However the
second transitioﬁ is exhibited unambiguously in the data for UPVC
immersed iniﬁhﬂexane. This is shown in Figure 5.32. The transition
'coincides with the extinction of the undamaged core by the
advéncing craze fron;s. This is predicted by the core stress model

and must be regarded as sinély the most convincing evidence for the

validity of the model.

The absence of the second transition in AQCSLZO) for UPVC
tested in air could be due to the irregular craze front observed in
these 'speciﬁenszr By comparison the craze fronts observed in
N-Hexane immersed specimens were regular. This regularity was noted
by Crook et al (138) who proposed that the advance of the craze
front was strongly controlled by the diffusion characteristics of

the solvent. The diffusion prdceedSby case II transport (155).

The second transition is also clearly present in the
ZXQL£20) function for rubber modified PPO. This is shown in
Figure 5.33. The maximum positive value of AR(pS20) is small

compared-with the UBvC data. The core stress model isstrictly
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not applicable to inhomogeneous polymers where internal and surface
craze initiation is simultaneous. The model does however appear to

be valid at very low levels of damage. This could be because:

(a) " Surface crazing just precedes internal crazing.
-fb) ij The crazes collapse rapidly (132). ?ff
(C); Although surface crazing and internal crazing is

initiated simultaneously, at low levels of damage
small undamaged cores are still present in the
specimen gauge length, This is shown (2-dimen-

sionally) in Figure 6.3.

6.2. The Relaxed Strain Criterion for Craze Initiation

The various criteria previously proposed for craze
initiation in glassy amqiphdus polymers have éll failed t? accougt'
satisfactorily for many aspects of the phénomenon. Simple stress
and stréin criteria cannot explain_the time-dependence of craze
initiation. The adoption of these crifér%é: and their further
development into design limits {30), even though they have been
proved on many occasions not to be singular, is justified only
because of the lack of comprehensive and accurate craze initiation
data. The maioy objective of the experimental programme reported
in Ch;pger 5 was to generate by an objective mechanical method,

initiation data to a high degree of resclution. Evidence was

presented in section 6.1 which indicated that there is a direct
coincidence between the initiation of positive values in the strain

based functions A‘ZC AR ana AR, and craze initiation. The
o RS
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service variables that operate at craze initiation cover a range
that should offer the possibility of delineating a criterion that
is singular and therefore identifiable as the cause of initiation.
am

If the data in Figure 6.2}5/examined in iscolation it
could be concluded that after long inducticon periods the 'critical
strain' for craze initiation is approaching an _asyknptotic minimum.
This eonclusion has been reached by Menges et al (36) ., (115), (1i1s),
(117), (118) who termed this minimum 600- . However if Figures
5.8 and 5.9 are also examined,this conclusion would no longer

appear to be justified. The crii:ical strain E&‘.{‘ for craze

initiation decreases .'Aiinearily mth_decreasmg_ tensile sj;:x_-_ea'sisi .
There is no evidence in Figures 5.8 and 5.9 to suggest that on
further decre;asing the tensile stress the value of. écr would not
. fall below 806 ("“0'85 7 ) . The linearity between EC,- and
G:{ can be appreciated by reference to Figure 6.4 (20°C) and
6.5 (359C). The co-ordinates (gc,.) O-M) have been estimated

from the intercepts (de((\l;)ro) in Figures 5.8 and 5.9.

Included in Figures 6.4 and 6.5 are the respective values
of 86(‘) versus O:\f estimated by extrapolation of the creep data
in Figures 5.1 and 5.3, (f;(i) is the creep strain 1 second after

the application of tensile stress UN . By definition:

Ec(') = J(') Oy

Where J(1) is the 1 second creep compliance. At 20°C and 35°C,
the critical strain for craze initiation gf_‘_ ;, versus 0‘,,1

characteristic is parallel to the Ec‘i) versus G‘N characteristic.
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Thus:

)

£ TGO, +K (1<)

c

Where K is a strain based constant. From Figures 6.4 and 6.5 it can
be seen that K has a value in the region of 0.l1%. From Figures 5.1

and 5.3 it would appear that the creep curves are approaching an

asymtote at short creep times. Therefore it is assumed that:

JOH—- 3T < K

and equation [1€] can be simplified (conceptually) to:

£ = TOu, K - (]

The term j@?&; can be identified as the initial, elastic, or
unrelaxed strain component E&y . All strains can be conveniently
separated inte two components Eﬁv and g,“ y where £rau is the
time dependent, inelaéEic; or relaxed strain component. Thus

equation [17] becomes !

£ = Eoy (2., (18]

and the estimated
H

The experimental values of g;r
values of GER‘) and @)are given in Table 6.1 for various stress
, tr

levels at 20°C and 35°C. It is evident that:

(1) (‘Emf.)cr ~ 0147

and (2) That the 0.l% relaxed strain‘criterion is singular, being
independent of 0; £cr )t'ime and temperature over the range
2

studied.
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Temp. Stress 8(0) £<.r ((E »-u._)cr
(°c) (MN/m” ) (%) (%) |z E,- &y ¥
25 0.69 0.77 0.08
30 0.85 0.94 0.09
20 35 1.00 1.10 0.10
40 1.16 1.28 0.12
45 1.32 1.43 0.11
50 1.49 1.60 0.11
15 0.50 0.59 0.09
35 20 0.67 0.80 0.13
27.5 0.90 1.01 0.11
35 1.16 1.26 0.10

Table 6.1. The critical relaxed strain((gm)lcr for various stress
‘ levels at 20 and 309 C.
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The implication is,therefore,that crazing is initiated
when the rela#ed tensile strain component equals or exceeds O.l%.
Although the service variables of stress and temperature combine
tx:;éfect the total tensile strain and induction time for craze
initiation these variables do not apparently affect the singularity

of the critical relaxed strain.

The minimum total tensile strain for craze initiation in
UPVC is therefore proposed not to be’™~ 0.85% as suggested by

Menges et al (305k¥¢'07%%. Thi§ Eondition is satisfied when:

'(3) The induction time for crazing approaches infinity

and the stress approaches zero.
or {4) The temperature is such that all strains generated
are fully relaxed within the considered time scale

t. This occurs when J(t) approaches zero.

6.3 The Relaxed Tensile Strain Criterion and Solvent Crazing

The substantial reduction in crazing stress and strain by
immersion in organic solvents (discussed in section 3.2.3) is con-
sidered to be the basis of the most severe test for any craze

initiation criterion.

Solvent crazing has been studied using stress relaxation

{135), (13e), (137}, (138), and tensile'creep {34), (156). Bergen



- (34) gonFlgded from his data (see Figure 2.5) that solvent crazing
is initiated at a critical level of tensile strain,which.is
independent of stress level. This conclusion has considerably
strengthened the critical strain hypothesis of Menges et al. How-
everzindependent examination of Bergen's data does not support
this conclusion because a significant decrease in critical strain
with decreasing stress level can be discerned. The opinion that
Bergen's conclusion was unjustified has also been expressed
recently by McCammond and Ward (156). They repeated Bergen's
éxperimegts on the creep of ABS and UPVC is iscopropancl and obsefved
a linear relationship between craze initiation strain {(as detected
by the transition to high creep rates) and tensile stress. Critical

oM
stress/strain data on ABS }é given in Table 6.2

CE ()| Oy MNLw?
0.275 7.0
0.33 . B.75
0.36 10.5

Table 6.2. The critical strain E

e at various stress

levels U; for craze initiation in ABS immersed in isopropanol.

McCammond and Ward (156)
: T ok -
Although the data in Table 6.2 i€ insufficient for curve
fittiné it is of interest to note that the 'best straight line'
through these points is:

£ - ous+oo0228% (%)

cr
This implies a critical relaxed strain of 0.115%.
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The craze initiation in UPVC immersed in\N-Hexane as shown
in Figure 5.29 supports the relaxed strain criterion. The stress/
strain co-ordinates for solvent crazing are shown in Figure 6.6.
Again 1t is evident that the critical st?ain for craze initiation
is linearly related to the creep stress. Also the predicted mini-
num critical strain at near zero levels of stress is in the region

of 0.14%

Solvent crazing under conditicns of stress relaxation is

by far the more common test method. Conventionally, a strip of polymer
with a rectangular cross-section is bent over a rigid frame. The
tensile skin strain 6;U3 is known and determined only by the geometry
of the test apparatus and the specimen dimensions. The specimen is
immersed in the solvent and the position of the craze front X,

after a time Eg, defines the critical strain for craze initiation

ES (xk)knzT, Alternétively the specimgn can be pre-soaked in the
solvent (to achieve equilibrium solvent/polymer mixtures) prior to

the imposition of flexural deformation. This has the advantage of

eliminating additional stresses due to selvent induced swelling.

The solvent crazing strain data published by Kambour .
(136), Xambour and Bernier (135), and Crook, Earl, Johns, and
‘Loneragon (138) have been discussed previcusly in section 3.2.3,
258 ol .
This’data‘ié of particular interest because the degree of solvent
plasticization was quantified in terms of the effective Tg of the

polymer/éolvent mixture. With reference to Figures 3.3 and 3.4

and Table 3.3, two features are identified:
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(1) When the solvent/polymer mixture and test temperature
T.:. is such that (73 '-T-r) =0 - the critical
strain for solvent‘ crazing is a minimum and independent
of the value of (TE)-TT) . The minimum tensile strains
in Kambour's (136) measurements were invariably -~ 0.1%.

Crook et al reported values between 0.05% and 0.4%.

(2) When (fg—TT>>O Kambour's data (Figure 3.3) reveal#
an increasing critical strain with increasing( |3"' 'r).
The critical strains reported by Crook et al however, are

independent of (TS"TT) in this range.

Both. features can be predicted satisfactorily by the
relaxed strain hypothesis. Equation [18] can be presented in terms
of compliance loss. According to the relaxed strain hypothesis,
crazing in UPVC is initiated when: :

oy (T - Jor) > 00! [
Where O_N is the tensile stress and \T(Q and J{O) the tensile
creep compliances as measured t .arid 0 seconds after the application
of stress. Equation [19_] can be generalised to:

On ('Jﬁ{{:)— J6) > (E*“)Cr [lo]
where (grﬂ.)wis the characteristic critical relaxed strain for craze
initiation. For a bent strip test with an applied tensile skin strain

55 s equation [20] can modified for the stress relaxation mode. This

assumes that E'(E) = j‘({?)hl:

— EW) > Ema_ 21]
Es(l %@) > ( ) [
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vhere E(O) and E(t) are the instantaneous and time dependent
relaxation moduli. It would be reascnable to assume that at

temperatures above T and for finite test periods 1‘; :
P A 9 p R

F (o) < E®

Therefore the relaxed strain hypothesis via equation {21} would
predict that forTT>B’the critical total strain for craze
initiation is: . :
(ES )cr N (EH')""

This is in agreement with the published data (135), (136), and
(138). The difference in the minimum wvalue of(fs)c'_ observed by
Crook et ai (138) (see Table 3.3) for different solvents could

be due to the effect of sweiling‘on the stress/strain distribution.
Indeed the authors suggested_that, hecause of the correlation
between solvent molecule size and (E‘;)&_’the solvent swelling was
responsible for this variation. KXambour's (135) (136) data revealed
a value of (85)0‘- for TT>T5 which inv'aria.bly was in the rangé 0.1+
0.2%. Kambour pre-equilibriated the solvent/polymer mixture prior

to bending and therefore minimised the effect of swelling.

When the test temperature is below the Tg of the polymer

solvent mixture (T_;) >Tr) - then the relaxed strain hypothesis
would indicate the importance of the test period éiﬁ . Bernier and
Kambour {135) used a constant test period of é‘ﬂ. = 3 hours.

If the polymer is assumed to be a linear Viscoelastic

material in terms of its stress relaxation behaviour, then the
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Maxweli (157) 'spring and dashpot' model would predict that:

o = B (E) 22

Where T is the temperature dependent relaxation time. Combining

equations [21] and [22] gives:

(- e (4) > (£

or at the Llimit: ] (gm)“ - [2 3]
(&), _[‘ _ Mp(fﬁ)l

As 2' increases with decreésing temperature, equation 23] predicts

that when 6!2': constant, the critical strain for craze initiation
E will increase with decreasing temperature. This is qualitatively
5 ) \ q

in agreement with experimental observations (136) (see Figure 3.3).

Crook et al (138) did not adopt a constant test period,
The crazing strain(gs )or- was measured at a time (jﬂ such that there
was no apparént reducticen in the crazing strain (no perceptible
movement of the craze front) over a further period of 3 bg, . Thus
if the strain resolution of their equipment is A ,then the test
period is such that:

€. - €] < [
€ ‘

Gt

(fre;)w . (En.i)cr = CMW

.[! —emp ()] [' i %P(‘?ﬂ_. ’

be - KL ©
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Therefore according to the relaxed strain hypcthesis,
via equation {23), the critical strain for craze initiation should
be independent of the test temperature or Ta when (Té‘“'rr) >0 y
ana when the test period Eﬂlis chosen according to equation (24).
This is iﬂ good agreement with the solvent crazing data (Figufe
3.4), published by Crook et al (138). The discontinuity at Té:'?r
shown in Figure 3.4, should be an arpifact of the expérimental
technique only. That is, its magnitude should bé a constant
function of ZS . For a hypothetical test where the resolution is
infinite (}s=o) the discontinuity, according to the relaxed étrain
hypothesis, would vanish and the critical strain for craze initiaticn

would equal f . )] at all test temperatures and degrees of solvent
i ), peratu

plasticization (including the condition of zero plasticization).

The implications of the relaxed strain hypothesis as
regards standard test methods for assessiné solvent crazing are
considerable. Various stre;s relaxation techniques are in use
which do no£ specify adequately the test duration or if they do,
this is far toe short a period for ﬁhe behaviour to be correctly
quantified. For instance, Vincent and Raha (137) (see Table 3.2)
used a test duration of oﬁly 1 hour to generate their comprehensive
data on solvent stregs cracking and crazing. The published critical
strains are therefore probably higher than would apply at reasonable
service lifetimes. Indeed the craze initiation strain of UPVC
immersed in water reported by Vincent et al to be 1.9% is twice the

value reported by Menges et al (30) for long test periods.
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6.4 A Molecular Interpretation of the Relaxed Strain Hypothesis

Free wvolume in_an amorphous polymer is a concept, it is not
a quantity that can be ﬁeasured. Various attempts have been made to
measure free volume indirectly and to define it quantitatively (16)
{158) (159). These have resulted in large differences which give the
impression that such attempts are invariably inappropriate. The
concept as such is comparatively undeveloped and insufficiently
defined to account for many aspects of the yield phenomena. For
instance it is often debated that cold flow of polymers below 15 is
connected with stress induced generation of free volﬁme. it is
argued (14) (160) (161) that under the action of hydrostatic tensile
stress components?the volume of the polymer is increased, leading !
to an increase in free‘volume and a depression in 75. When the
free volume increase is sufficient to depress TS to the test

temperature ,cold flow occurs. It is generally assumed (14) (45} (156)

5
that the increase in wvolume of the polymer is due entirely to the
increase in free volume - which implies that the occupied volume
is unaffected by the imposition of stress and strain. Under uniaxial

tensile strain E: this approach assumes that the increase in free

volume A\Q is approximately:

AY, = V(1-29)¢ - [25]

where V\ is the volume of the unstressed polymer and V is the

lateral contraction ratio. Aalthough this approach is compatible

with the observations of.an increase in Tg (Zl)and yvield stress (46)
with,hydrostéticprESsure it is.incompatible with the observations that

yield occurs in shear and compressiocn below Tg,where according te

equation (25) ,the free volume content is unchanged or reduced.
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If, as has been proposed PIEV10U51Y'(57), macroscopic
yvielding and craze initiatiqn involve zimilar molecular {segmental)
processes, thén the relaxed strain hypothesis would indicate a
severe modification of equation f25] and refinement of the free
volume céncept. The elastic volume increase does not influence the
initiation of crazes and therefore possibly does not influence the
yield process. Therefore, as the free volume is best defined to

accommodate known pheriomencleogy, equation (25) could become:

ZXV& = \/(n - E?LLJ) Epui [316]

where Vux and ELLI are the relaxed lateral contraction ratio
and relaxed tensile strain respectively, [XV; is the effective
increase in free volume in terms of its influence on yielding and

crazing.

Equaﬁion [26] implies that elastic dilation is due
entirely t$ an increase ‘in the effective occupied volume. This is
not altogether unreasonable., The elastic volume incréase must derive
from an extension of;or rotation of ,segmental bonds which ihcreases
the occupied volume of the molecules. The molecular conformation
of the polymer under elastic dilatational strain is only negligibly
affected because conformational changes require‘co~operative
molecular movement and above all, they require time. Thus it might
be imagined that under an elastic tensile stFain the molecular
dimensions and the dimensions of individual packets of free volume
are distorted by the same amount. Thus for elastic strains,the
percentage increase in physical free volume is the saﬁe as the

percentage increase in occupied volume. The effective free volume
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change, which rationally must take account of the ekchangeability

of occuﬁied and unoccupied regions, could therefore be zero.

Evidence to support the relaxed strain approach to
macros;opic and microscopic yielding is available through the
work of Dibenedetto and Trachte  {13). They concluded that the
tensile yield strengih of various glassy polymers as a function
of temperature was determined by the free volume induced by
'viscous' dilatational strain. The definition of viscous strain
was similar to that used here for a relaxed ;train. In addition
Robertsen et al (55), who measured the increase in the elastic,
time dependgnt, and plastic strain coméonehts observed'tﬁé£ the
time dependent strain component was the primary influence at the
yield point. One attraction of the relaxed strain criterion, as
regards macroscépic yielding, is that free volume within the
polymer can be envisaged to increase even when the polymer vol@me.remains
constant (shear),or even decreases {uniaxial compression). Of
course it would be necessary to predict that under uniaxial
compressive stress the free volume increased whilst the total
volume exhibits a nett decrease. In conjunction with the requed
stFain hypotheéis this would be possible physically if:

{1} The lateral expansion ratio under elastic
uniaxial compressive strain is less than 0.5

{giving, according to equation (25), a nett

-~
decrease in volume because '\KZ. 0.§ ).
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and (2) The lateral expansion ratio P)

ed under relaxed

uniaxial compressive strain is greater than 0.5 (giving

according to egqguation (26), an increase in free volume).

Alksne, Ainbinder, and Slonimskii (162) observed that the density

of UPVC increased when the uniaxial compressive strain was‘increasing-
{constant strain rate test) and predominantly elastic. However at
.higher strains and longexr times,when it is assumed that the relaxed
gtrain component predominates,the density decreased. It is con-
ceivable therefore that although there is a het decrease in the volume
of the polymer, the free volume is increased because the relaxed

dilatational strain ((1-2 )}m ) EM ) is positive ('Vm 705 ).

‘ Brady and Yeh (163) have recently proposed that yieiding
under tensile and uﬁiaxial compressive stress (and presumably also
in shear) is controlled by a bommon process, This is the generation
of localised dilatational yielded zones. These yielded zones are
similar tg‘thoseobserved by Baer and Wéllinghoff {1lc0} in polystyrene
and by Klement and Giel (164) in polycarbonate, K Baer et al commented
that the sité density of the yielded zones, being lower in polystyrene
than in bolycarbonate,was in agreement with the predictions of Yeh's

{150) fringed dicellar grain model of the glassy amorphous state.

The fringed micellar grain model is a concept of the
molecular structure which is based on experimental evidence of
molecular order in glassy polymers (164) (165). The model differs
from others in that it concentrates not on the regions of éligﬁedl
segments (grain), but on the disordered (inter-grain) regions

interspersed between them. According to Yeh, these regions c¢ontain
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excess free volume and therefore can be expected to act as localiéed
yiela' nucleation sites. Yeh calculated the free volume content of.
the disordered regions for various glassy polymers and found a good
correlation between excess ffee volume and the 'ductility' of the
polymer. The comment made by Baer et al (100), as to the density of
micro-yield sites in duétile and brittle polymers, and the obser-
vatién that these sites diffused and_-cgééléséédﬁﬁo givevcra?es,
supports the view that craze initiatioA‘is controlled by the inter-

grain amorphous regions.

it is preoposed here that the relaxed dilatational strain
generates additional free volume within the inter-grain regions.
When the free volume concentration of the inter-grain region reaches

the level that is characteristic of the unstressed polymer in

thermal equilibrium at Tg, dilatational yielding is initiated. The

localised yielded zones diffuse and coglesce_to form crézes, and/or
shear bands (macroscopic yielding). This concept requires that the
inter-grain regions have a chara;teristic maximum free volume
concentration which is less than that of the unstressed polymer at
Tg. Furthermore, the concept regquires thaﬁ this maximum concentration
is not affected (in UPVC) by changes in temperature in’the range
20-35°C, because the relaxed strain and hence the additional free
-volume for craze initiation is independent of temperature within
this range. This is incompatible with classical concepts of the
g}assy amorphoﬁs state, but it is not incompatible with the con-
clusi;ns (see Appéndix“;v) of the UPVC_annealigg Qrogramme:"_?hese

conclusions are that in UPVC:
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(1) - - Classical free volume contraction, by homeogenous diffusion

only operates at temperatures above 45°C ('E;) and

Tf) i

below

(2) ‘Below 1}_ free volume contraction proceeds by the
nucleation and growth of ordered regions containing only
small amounts of free volume.

e

(3) |2 can be regarded as the 'crystallite melt temperature'

. or the rate indepehdénﬁ thermodynamic transition
¢ temperature predicted by Gibbs . and Di Marzio (ﬁf?) below
which the polymer has an equilibrium configurational

entropy of zero,.

Thus on cooling from above Tg to room temperature the free
volume in UPVC contracts homodéhgouslyumtii the free volume concentration
is such that the polymer 'feels' that it is in equilibrium with Tj.

After this the free volume contraction proceeds by the nucleation and

growth of cordered regions (grains) without further change in the free

volume concentration of the inter-grain regions. This seguence is

demonstrated diagfamatically in Figure 6.7. This'process may be aided
by a third region between the inter-grain and grain regions which

has an .intermediate level of molecular order (as in the fringed
micellar model ( {50 )). Thus,provided the polymer is held for a
sufficient time below Ty (ie 45°C for UPVC))the maximum free volume
concentration in the inter~grain-regions wiil be independent of time
and temperature below T;. This is'compatible with the experimental
procedures and conditions adopted in the measurement of ZS;Q, because

the UPVC sheet was stored for 2 years at 20°¢C priof to testing and
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the test temperature did not exceed 45°C.

In conclusion the;efore the free volume concentration
distribution through the polymer below T, could be as_shown
diagramatically in Figure 6.8. The regions of maximum free volume
are potential sites for craze initiation.

6.5 Fatigue and the Relaxed Strain 'Criterion

The approaéh to the dynamic fatigue phenomenon adopted
in sections 5.3 and 5.4 ignores actual failure and concentrates on
the detailed interaction between successive périods of c¢creep and -
recovery. It was anticipated.that this approach would reveal a pre-

failure fatigue criterion.

It has been established that for glassy amorphous polymers
repeated-inééff;ptioﬂtéf the-aPpiied-gtrgﬁs reduces thé ;iéoﬁhermél
fatigue life£ime' whilst for semi-crystélline polymers the lifetime
is extended (90). Thus for glassy polymers the static fatigue
lifetime at any stress level or amélitude generally exceeds the
dynamié fatigue lifetime (B6). For this reason glassy polymers are
avoided in service applications involving cyclic loading. " This
restriction is also becoming recognised in the application of xubbex

modified glassy polymers which are 'tough' as regards resistance
to sincle impacts but are susceptible to failure under cyclic
(multiple impact) load histories (133). It is perhaps relevant to

emphasise here that rubber tougheﬁing does not increase craze

resistance but rather the reverse.
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The purpose of the experimental procedure as reported
in section 5.3 was to ascertain the effect of the interruption of
stress on the damage factor ZLR&&2°) . It is observed from
Figures 5.11 and 5.12 that for féng-}estperiods~AE£mjls considerably
reduced compared with Aﬁaglﬁ. Thié implies that craze heéling ‘
occurs under zero stress, which is to be expected on the basis of
known ﬁhenéﬁgholoéy (93){131). The rate of craze healing increases
with temperature;which is also to be expected. However the effect
of short rest periods is appérently to increase the damage factpr.
Obviously craze growth during the short period under zero stress is
improbable but craze growth during the first 20 seconds of the
second creep period is compatible with the known kinetics of crack
growth (89). It is also compatible with Vincent's (B8) interpretation
(see section 3.3.2:) of the effect of plastic zone recovery on the
stress concentration in advance offéwc}éék-(and impliéitiy the iﬁﬁtrinsic-
stress concentration factor df a craze). The partiai collapse of
crazes during the rest period increases the stress concentration at the
craze boundéries during the transient phase of stress re-application.
This mechanism applies after any rest period but is only predoﬁinaht
over the benéficial effects of craze healing, when the rest period
is short - or in terms of cyclic fatigue, when the frequency is
relatively high. ©On this evidence therefore it could be proposed that
the interruption oﬁ stress accelerates the growth of crazes and that
fhis is the reason for the reducticn in fatigue lifetime under inter-
mittent stressing as compared with the‘lifetime under uninterrupted
stress. It is implied therefore that craze initiation and growph are

responsible for the fatigue_failﬁre of glassy amorphous polymers
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In section 5.4 the interest in a single rest period
graduated to an interest in the interaction of a large number of
accumulated creep and recovery cycles. It is apparent from
Figures 5.25, 5.26, and 5.27 that the critical tensile strain for
craze initiation (transition to positive values of AQRR) under
cyclic loading is identical to that for static loading. Further-
more the stress amplitude dependency of the critical strain is also
identical. It is therefore proposed that the relaxed tensile strain

criterion for craze initiation applies equally to dynamic and static

load histories.

The growth of strain amplitude'under cyclic stfessing
(Figures 5.13, 5.14, and 5.15) does not exhibit any obvious discontinuity
atlthé strain level for craze initiation. For sufficiently rapid craze
growth such a discontinuity would be expected. Howeve? the cyclic stress
<

histories with high 7-5712 values and low'Té do exhibit a c¢reep rate

that is higher than the creep rate under static stress.

An analysis (Figures 5.16-5.24) of individual cycles reveals
tha£ a: major source of the additional strain is derived from the
progressive increase in the elastic strain component, Which in turn,
via the core stress model, suggests that the source of additional
strain, is not viscoelastic (or thermally induced) but is the growth
of craze damage. The phenomenon is siﬁilar te that observed by Benham
and Hutchinson (19) for UPVC under cyclic leoading. They termed the

%yclic strain softening' and although no mechanism was

phenomenon
found to explain it, they did establish that the cause was not thermal

instability. Fortunately, Benham et al employed tension/compression
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" in addition to the tension only cycling adopted here. Under tension/

compression cycling the strain softening is very severe and its initiation

is readily located by comparing the strain responses to static and cyclic

loading. The discontinuity in fact is similar to the sudden acceleration

of creep rate caused by solvent crazing (see Figure 5.29). The following

cbservations are made concerning the initiation of cyclic strain

softening in UPVC (19).

( 1i}

(1ii)

The induction time for initiation decreases with increasing

stress amplitude-.

The critical tensile strain for initiation increases with
stress amplitude, these being 1.6, 1.3 and 1.1% for stress

amplitudes of 42, 35, and 28 MN/m? respectively at 0.05 f{z .

For cycling with a fixed strain amplitude of 1.25% cyclic
softening is initiated after a reduction of the%modulus'

by approximately 9%.

The following observations are made concerning the severity of cyclic

strain softening:

{ iv)

The rate of strain softening increases with frequency and

stress amplitude.

Rapid softening is not observed when the compressive stress

amplitude is zero, ie for tension cycling only.
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The induction time and critical strain for the initiation .
of.cyclic strain softening are influenced to a similar degree by stress
level és is the case with the initiation of crazes. Interpolation of
the data in Table 6.1 or Figure 6.4 give critical strains for the
initiation of crazing of 1.3%. 1.1% and 0.9% for static stress levels
of 42, 35, and 28 MN/m2 respectively. Although these are lower than -
the critical strains for the initiation of cyclic strain softeniné,
it is reascnable tc suppose that if craze growth is the cause of
cyclic softeniﬁg then craze initiation will precede the detection

of softening.

The observation (iii) of cyclic strain softening undér
conditions of imposed strain amplitude can be used to check the
vélidity'of the 0.1% relaxed strain criterign. Equation I?l] would
predict that for a strain amplitude of 1.25% crazing would be

initiated when: '
_E_(fc) = 0192
Ho

ie, after an 8% reduction of ﬁhe modulus” due to stress relaxation.
This is sufficiently close to the 9% reduction required for the
initiation of cyclic strain softening to suggest that both phenomena
are controlled by the relaxed strain criterion, and indeed that

craze growth and softening are directly linked by cause and effect.
The rate of strain softening increases with frequency and

stress amplitude. The rate of craze growth would also increase

with stress and decreasing rest period {increasing frequency).
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It is known that crazes recover more rapidly under axial
compression than under zero stress (131). Thus according to Vincent
(88) the stress concentrétion factor at the craze boundary will be
.hidﬁgfduring the change from compressicn to £ension than would be
the case for tension cycling only. The craze growth under tension/
cohpression cycling would therefore be expected to exceed the growth
under tension only cycling. Thus, i the comparative severity of
cyclic strain softening under reversed tension/compfessioh‘cycling ()
can be exﬁlained, if the phenomenon is associated with craze growﬁh.
It is suggested therefore that cyclic strain softening, which may be
considered as the onset of dynahic fatigué in UPVC, is caused by
craze initiation and growth. Furthermore it is recognised that
pricr to the initiation of crazes the material behaviour is stable
and predictable, whilst the cyclic strain softening stage is unstable
{non-isothermal, cﬂanging material reference state) and therefore
cannot be relied upon to contribute significantly to the service

lifetime.

The flexural fatigue failure of UPVC has been studied under
controlled load and deformation amplitude by Gotham (86). Fully
reversed square wave flexing was used and therefore the outer fibres
(skin) were subjected to equal pericds of compression and tension.

The following characteristics are observed:
{ vi) The fatigue lifetimes for strain amplitudeé of 1.0%,

0.8%, 0.6%, and 0.4% are 3 x lO3S, 7 x 1033, 4 x 1o0ds

and 109s at 0.5 Hz and 20°C.
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(vii) | The static and dynamic fatigué characteristics as shown
in Figure 2.12; coincide at high stress levels of
amplitudes. At lower stress levels and longer fatigue
lifetimes the characteristics diverge with dynamic
fatigue failure occuring earlierf At the lowest stress
amplitude investigated (14 MN/mz) thé failure strain, as
estimated from the isometric stress .v. time characﬁeristics,

is 0.55%,

(viii) Dynamic Fatigue failure after extended lifetimes, ie

under low stress or strain amplitude,is by crack propagatiocn.

2

The étréin amplitude, fatigue lifetime data giﬁen in (vi)
aﬁove‘;:zpresented graphically in Figure é.Pa It would be reasoqaple
to suggest that if a safe strain amplitude exists that this will be
in the region of 0.1% to 0.25%, This compares with the predicted safe
strain amplitude of 0.1% according to the relaxed criterion for craze
initiation. The connection between craze initiation and fatigue
failure is further reinforced by the cbservation that after long
(praetical) service lifetimesjfhe dynamic fatigue failure and craze
initiation characteristics teﬁd to superpose, For instance the
craze initiation strain at 14 MN/mZ as estimated from Figure 6.4 is
0.52%, which compares favourably with the apparent failure strain of

0.55% under cyclic stress amplitudes of 14 MN/m2.

The correlation between craze initiation, cyclic strain
softening, and dynamic fatigue failure, suggests that the critical
condition for fatigue failure, whether this is in the ductile

(softening) or-brittle (crack propagation) mode is the

initiation of crazes.
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Fig. 6.9 The fatigue lifetime of UPVC at various strain amplitudes
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6.6 An Engineering Design Criterion

The major objective of engineering design is to avoid
failure economically. If this objective is to be achieved it is
imperative that the cause of failure is known otherwise the design
process will be arbitrary. The cause of failure in glassy amorphous
polymers is known tonge associated with stress and strain history,
time, temperature, chemical environment, etc¢., but has never been
isolated and identified. It is perhaps surprising, as failure
is not an exclusive response to either stress or strain,that these
variables continue to be used as criteria in the design of icad
bearing plastics components. The adoption of these criteria must be,
at_iéast partiaily due to the influence of trad;?iongl design practic?l
Thus rather than investigate the fundamental cause of failure in
plastics, traditional design criteria have been accepted and gradually
modified in an attempt to account for the established failure behaviour.
For instance in BS 4994 ( /GG ), total stress or strain criteria are
adopted and modified by the use of specific 'safety factors' to
account for thé effect of time, temperature, chemical environment and
material variability.. This approach ignores the interaction between
the spécific variables, Obviocusly, the approach could evolve to
account for variable interacticn but the result would be so far
removed from traditional design practice, so artificial, and so
dependent on fully simulated materials test data that an alternative

design criterion would appear attractive.

In anticipation of the limitations of total stress and strain
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design cfiteria, the cbjective of this thesis has been to investigate and
identify the fundamental cause of service failure in UPVC. The

emphasis on service failure is made because it is recognised that there
is a difference between the serﬁice and 'laboratory' performance of

UPVC, and indeed of other amorphous and crystalline polymers.
Paradoxically, in the laboratory UPVC tends to fail in the ductile

mode, but in service,brittle failures predominggeg} The reasohs_for

this must derive froﬁ the lack of simulation of service conditions in

the laboratory. For instance:

example (1) The test duration is generally much shorter than the
intended service lifetime.

example (2} Foilowing from this, the "mechanical stimulation" in
a laboratory test is generally more severe than is
experienced in service.

example (3) In service the material is subjected to perturbations
which, because of control, do not occur under test.
Examples of this are thermally induced stresses or
;trainé due to temperature fluctuation, chance .impact
loads, and surface contamination.

example (4) Uniaxial (tensile) stresses are commonly employed in
laboratory tests, but in service the stress distribution
and component geometry are such that multi-axial stress

systems (e.g bi-axial tension) are commonplace.

Examples (1), (2) and (4) above were identified in section Z.6.[,

as having a significant effect on the so-called ductile-brittle
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transition. Example (3) is introducea as a fundamental difference
between test and service condiﬁioﬂs and aiso to accommodéte thé'
observed difference between static and dynamic fatigue failure.
Laboratory static fatigue tests avoid perturbation and ductile
failure is common even when the test duration is long and the
applied stress is small (/67 ). At the same stress amplitude,
dynamic fatigué failure is brittle (& ). Examples (1), (2)
and (4) cannot account for this, but if the stress history in a
dynamic fatigue test is considered as continual perturbation
then the generalisation in example (3) above is applicable. In
general therefore, materials tests with constraints on costs and
time cannot simulate service performance even to the extent of -
simulating the failure mode. This severely limits the evalﬁatian
of any design criterion based on failure alcne. The approach adopted
here, therefore, is to consider the act of failure as the end result
of the failuré process. The initiation of the failure process and
the fundamental cause of iﬁitiation constitutes the rational, non-
arbitrary design criterion.

Craze initiation would appear to be related to the failure
process in glassy amorphous polymers. Evidence to support this

connection include:
(a) Brittle failure is inevitably preceded by craze initiation

( 73 }. The inherent flaw for brittle failure has been

jdentified as a craze 6; Y.
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{b)

(c)

Mechanical instability often coincides with craze
initiation. For example solvent induced softening
(see section 3.4 ) and cyclic strain softening

(see section 2.;2.3:) .

The phenomenclogy of craze initiation and growth can
explain the embrittlement of the polymer in service,
For instance, with reference to examples (1)-(4)

above:

(1) and (2) At low stresses/strains and therefore léng

service lifetimes, the craze site density is low. This
increases the probability of brittle failure at the

expense of ductile failure because the stress concentration

in advance of individual crazes is ingreased with low site
density (129). Thosé'amo;phous polymers which exhibit éharact—
eristically highAcraze site densities tend to be more

ductile (10C) (i152).

{3) Craze initiation is not sensitive to perturbations of
the applied stress or strain, but craze growth is. This
could explain why dynamic fatigue failure tends to be

brittle and premature compared with static fatigue failure
(4) Craze initiation and growth is a dilatational process

and for this reason biaxial and triaxial tension due to

applied stresses and/or stress concentrations may be more
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severe as regards embrittlement than the uniaxial
tensile stress condition. Thus UPVC can be made to

fail by crack propagation by notching the specimen

(168 ).

Craze initiation and growth could therefore be responéible
forlpremature brittle failure in service. The sensitivity of craze
growth to perturbation suggests that this process is comparatively
unstable. Crack growth, cyclic fatigue softening, and solvent
craze softening can all be recognised as mechanical instabilities.

It is suggested here therefore that craze initiation cecincides with
the transition from mechanical stability to instability. The duration
of the unstable period by its nature cannot be predicted with any
confidenee and therefore cannot be relied upon to extend the ser&ice

-
lifetime., The induction time for crazing can be considered therefore
_as the safe service lifetime.

On the evidence”presented in this thesis the induction
period for craze initiation in UPVC coincides with that required to
generate a rélaxed tensile strain of 0.1%. This value woﬁid appear
to be independent of temperature, stress level, stress or strain
history, and chemicgl environment. The 0.1% relaxed strain design
criterion has the following advantages over total stress or total

strain criteria:

(i) It is not arbitrary.

(1i) It autoﬁatically includes a margin of safety which is
based on rational considerations of stability whilst
safety factors when designing on total stress or strain

criteria must be modified for each specific application.
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AT .
(iii) Unlike failure data, which }g/often erratic (possibly because

Ko

it includqﬂ the unstable phase), the generation of a critical level

of relaxed strain is an established continuum mechanical process.
Unlike failure data therefore the conditions which combine to generate
relaxed strain can be predicted with some confidence. For instance,

extrapolation from acceptable laboratory test periods to typical service

lifetimes are more justified.

‘The basic information for designing against brittle failure
is creep data and an estimate of the critical relaxed strain | 5 I
_ o . erit.
The latter can be estimated using the Ar technigue adopted here and
described in section 4.1, however this was devised as a research tool

rather than as ‘a standard materials test. It is admittedly very involved

and requires strain measurements of very high resolution. Solvent

-~ 4

crazing tests as developed by Kambour et al (135) (136) would appear
b i i d i

to be a satisfactory and expedient method of estimating ( éidl)crit.

Obviously it would be necessary to ensure that the solvent plasticizing

effect was sufficient to reduce the Tg of the polymer to below the test

temperature. ‘The initiation of cyclic softening under conditions of

reversed tension/compression cycling (19j is an alternative method of

estimating ¢ é;UL)crit

In combination with tensiie creep data at various temperatures,
the singular critical relaxed strain can be used t$ construct a critical
surface which defines the stress, temperature and time combinations
required to generate ( é;wlbcrit and which essentially separates thé
stable (safe) and unstable (unsafe) regimes. This is shown diég;ématically
in Figure 6.lOl The safe design stress for any specified temperature

and service lifetime could be provided by such a diagram. Alternatively

a single ncmogram might be constructed, this possibility being enhanced
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service conditions based on the relaxed strain
criterion and creep data.
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by the evidence that, in the safe regime, the polymer is linear
viscoelastic (30). Indeed, the transition from a linear to non-linear
behaviour (39) for polycarbonate is apparently triggered by the
generation of a relaxed strain of 0.35%. This may well coincide with
craze iﬁitiation, the growth of which being responsible for the non-
linearity. Lineérity of response in the safe regime would be a
considerable advantage in applying the relaxed strain criterion to
design situation involving cpmélex stress histories and stress

distributions. .

For design applications where solvent plasticization is
involved, the relaxed strain design criteria remain# valid but only. .
if the degree of solvent plgsticization (i.e. the Tg depression) can
"be predicted. Data of the type shown diagramatically in Figure;ﬁﬂiét
could then be employed directly. Alt?rnatively the creep character-
istics of the polymer under copditions of solvent saturation could
be used to modify the critical surface shown_in Figure 6.10. It

would be necessary to ensure that solvent penetration was complete prior

.to creep testing, which implies the use of thin specimens,

For design applications involving intermittent stressing
the growth of creep strain and hence the growth of relaxed strain in
the safe regime is less than would be the case under static loading(18)
(where static stress equals stress amplitude). Thus for any combination
of stress and temperature the time required teo generate a critical level
of relaxed strain is greater undef intermittent than under static stress.

This is true even if the time is calculated on the basis of total time

T



under lecad. Empirical superposition techniques-(18) could be used
to predict éreep under intermittent loading and hence to modify the
dgta in 6.10, Alternatively if the material is reasonably linear,
supergosition theory can be applied. However it must be emphasised
that under intermittent loading and for scolwvent attack, the in-built
safety factor inherent in the relaxed strainwdesign criterioﬂ is much
reduced as compared with situations involving static stregs and a
- passive chemical environment. This is because the unstable (post-
crazing) period is dramatically shortened by dynamic stress$ing and
solvent attack. Under these conditions the relaxed strain criterion
may change from a conservative pre-failure criterion to an actual .

failure criterion.
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7 Conclusions and Suggested Further Work

7.1 Conclusions
1. The core stress model introduced in section 4. provided two main
predictions relating to the effects of surface initiated crazing on the

creep and recovery characteristics of a viscoelastic body. These are

itemised as:

{a) For craze initiation under constant tensile load the creep rate

would increase.

(b) On the removal of load the presence of surface crazing, if this is
not severe, would lead to an increase in the elastic (unrelaxed}
component of the recovered strain and some retardation of the inelastic
(relaxed) recovery process. For severe craze damage the elastic
recovered strain component would be decreased and the in elastic recovery
process considerably retarded. Severe damage is considered to have been
incurred when the cross-section of the specimen is completely covered by

craze damage i.e. the area of undamaged core is zero.

2. The predicted increase of the elastic recovery response with craze
initiation is of particular interest as a potential mechanical (non-
visual) method of detecting craze initiation and assessing craze growth

because:

(a) The elastic response is energetic and thus less sensitive to

instrument friction than is the inelastic creep and recovery process.
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(b) An experimental procedure can be devised whereby the effects- of
inter-specimen variability and temperature fiﬁctuation can be minimised.
In addition the procedure in effect leads to a 'magnification' of the
craze induced elastic recovery perturbation. The core stress model ir}
conjunction with classical linear viscoelasticity theory predicts that
the strain based ﬁunction ARca({:) will exhibit a transition from
near zero negative wvalues to positive values on the initiation of

y

crazing where:
AR &) = &)~ &
The procedure thus involves the measurement of Ec(e) and S,.(t) for a

gate input of stress,together with the final creep strain Ec(T)-

3. AQC a(%) was determined for UPVC for a range of stress histories
(stress level and creep time} and final creep strain (S_.._(T) at two

tempaeratures, it was observed that:

(%\) With no visible crazing , A\ch,_(z") ~ O

(b) With visible crazing ,. AQCR’(QO)' > O

(c} The critical time (the induction period) for the ( o> +) AIQC,{?O)
transition increased with decreasing stress level and temperature,

(d) The critical tensile strain for the transition increased with
increasing strese;, level and decreasing temperatures.

(e) The critical stress, strain and time for the transition decreased
with immersion of UPVC in a plasticizing solvent.

(f) The critical combinations of servi-ce variables which combine to
dgenerate the _/_\Qm transition are qualitatively identical and
quantitatively similar to those combinations which. are known to induce

¢raze initiation.
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4. The second transition (4-—)'~) in the Zkﬁééki function was
observed in UPVC under conditions of severe solvent stress craziﬁg.
This transition coincided with the extinction of the undamaged core by
the advanéing craze fronts, This is in agreement with the predictions

of the core stress model.

5. It is proposed therefore that the generation of positive values of
ﬁlfin‘in glassy polymers is not a reflection of non-linear continuum
behaviour but rather a symptom of craze initiation and growth. If this

interpretation is correct then it follows that a major source of the
non-linearity exhibited by these polymers is a discontinuity which

cannot therefore be formalized adequately by the application of continuum
mechanics alone. Additional evidence to support this interpretation can
be deduced from the failure of the continuum mechanics approach in
predicting the deformation resbonse of polymers in the non-linear region
particularly when this involves incremental stress reductions. It has
also been shown independently that prior to craze initiation the

behaviour of glassy amorphous polymers tends to be linear viscoelastic.

6. An analysis of the stress, strain, time and temperature conditions
which combine to initiate the (O-—r 4) AQCK transition, and by
implic;tion"to initiate crazing,revealed that for UPVC the initiation
coincided with the generation of 0.1% level of relaxed (inelastic).
tensile strain. Tﬁis relaxed strain criterion was shown to be
independent of stress level, time, strain, and temperature over the

ranges studied.
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7. The 0.1% relaxed strain criterion was shown to be valid under
conditions of solvent stress crazing. Application of the criterion
£o previously published solvent crazing data, collected in the
stress relaxation mode, revealed that the relaxed strain hypothesis
may be valid for all glassy polymers. The criterion, which'for the
relaxation mode can be formally defined as:
(&), |1 - ECa) | - (e
tr T Cr
. E(o) -
where (CE;)Lr is the apparent crazing strain
EE is the relaxation modulus
{'-'R is the test period
and (E»d);s the critical relaxed strain for crazé initiation,
emphasises the influence of the test pericd tR on the value of critical
{total) strain. If the test period is short (as is commonly the case)
the value of (gs)u will be optimistically high and quite inadequate
in predicting product performance. Basically the cgitical crazing
strain (Eg)wfor an infinite sefvice lifetime is always (Eigx\l*whether
solvent is present or not. Thé effect of the solvent, or indeed an
increase in test-temperature, is to accelerate the rate of relaxation
and thereby decrease (Ccs)c_r at any finite value of test duration or

service lifetime. .
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8. The 0.1% relaxed strain criterion was found to be valid under conditions
of intermittent tensile loading. A correlation between craze initiation,
the 0.1% relaxed strain criterion, and cyclic strain softening was observed.
The initiation of the dynamic fatigue failure process in the absence of

any other evidence could well be intimately connected with the initiation
of craze damage. Cyclic strain softening and the increase in creep rate
with solvent attack may both be regarded as mechanical instabilities which

precede failure,

9. The singularity of the relaxed strain criterion suggests that craze
initiation is triggered by continuum (molecular) relaxation processes.
Surprisingly the elastic stress, strain and strain energy have no direct
influen;e on the craze initiation process although they do indirectly
affect the induction pefiod by their effect on the rate of accumulation

r

of relaxed deformation.

The independence of thg.crazing process to elastic deformation
is inconsistent with the traditional concepts of stress induced free
volume. The increase in free volume as a result of uniaxial tensile
strain has been assumed to be equal to the total {inelastic + elastic)
volume expansion of the material. It is ?é;éégégi;luhéwever, to suppose

that the volume increase associated with elastic dilatation increases

the occupied volume in preference to the free volume.

If this is correct then the classical free volume yield model
could be modified to predict dilatational vielding at a critical level
of relaxed strain induced free volume. It follows therefore that if

" yielding is in response to relaxed deformation then localised pre-craze
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yielding could be initiated at a critical level of relaxed dilatational
strain. Under uniaxial tensile stress this would lead to an apparent

critical relaxed tensile strain for craze initiation.

(10) The independence and singularity of the critical relaxed strain
criterion with temperature indicates that the leocalised free volume

has a characteristic maximum. This is not inconsistent with the fringed
micellar grain model and the concept of the zerc configuraticnal entropy
of the glassy state, A molecular model is proposed which explains the

: -a
mechanism ©of the formation of free volume maxima with 9t'uniform free

volume content )

li. Tﬁe relaxed‘strain criterion for craze initiation is a rational
design criterion if crazing is the primary cause of brittle féilure

in service. The long term ductile brittle transition under static load
and its acceleration under conditions of intermittent loading can be
accounted for in terms of craze initiation and growth. The effect of
molecular orientation and sclvent attack on service failures can also
be rationalised in terms of craze nucleation and growth. It is
proposed therefqre that by limiting the relaxed strain in service to
below 5 critical leveligﬁis will feduﬁe or eliminate the probabiiity of

brittle failure,

7.2 Suggesticns for further work

It is appreciated that this thesis includes several propositions
thaé are.Eontengious,particularly where these invite a revision of long
established concepts. However it is hoped that even the most conservative
research worker in this and related fields will in future be persuaded by
the evidence presented here to separate the elastic and inelastic deform-
ation and to test the relaxed strain hypothesis, This simple separation,

and awareness of the potential importance of relaxed strain, has recently
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proved valuable in the analysis of tensile yield behaviour (13) (55).
In addition to this 'ad hoc' activity, the following specific research

topics are suggested:

1
l. Seclvent Crazing

The critical c¢razing strain of glassy polymers under.conditions
of pre-equilibriated solvent plasticization, with particular emphasis
on the effect of test duraticn, is a convenient and suitably severe
test method for checking the relaxed strain hypothesis and for providing

an estimate of the critical relaxed strain.

2. Melecular Orientation and Craze Initiation

Although molecular orientation cannot be precisely quantified,
ﬁ“”it can be réproduced; iﬁ is known gualitatively that parallel to the
direction_of orientation the créze resistance is increased and the
creep compliance is decreased. Tensile creep studies in parallel with

craze initiation tests would reveal whether the relaxed strain criterion

is applicable to criented materials.

It is also of interest to investigate the effect of annealing
oriented materials on craze resistance. Conceptually the annealing
process transforms elastic processed-in strain to inelastic relaxed
strain and may therefore lead to a reduction of craze resistance. It
is known for example that annealing polycarhonate reduces the brittle
strength ”(1513; -

I

3. Fundamental yield studies

The macroscopic yield and crazing processes . may have a common origin
in the initiation of microscopic yielded zones. These zones can be

detected using electron microscopy with the specimen in a straining jig.
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It is of considerakle interest to study the nucleation and diffusion
characteristics of these zones to establish:

(a) The nucleation criterion~— is this based on relaxed strain?

(b) And the criteria (nucleation density, diffusion rates, zone:intergction
mechanics etc) which determine. the mode of yielding i.e. normal (crazing) -

or shear.

4, Thermodynamics of the Glassy State

The stress dependence of Tg has been studied previcusly but without
reference to deformation and time. A separation of the effects of elastic
and inelastic dilatational strain (increase and decrease) would reveal

whether the modified free volume model {(relaxed strain sensitive) is wvalid.

5. Craze Initiation under Multiaxial Stress

v
~With unaxial tensile testing only, it is not possible to delineate
Iy
the effects of tensile and dilatational deformation. The criterion for
craze initiation in UPVC could therefore be either:dilatafionél or tensile

relaxed strain. A study of craze initiation under biaxial tension would

reveal the generalized criterion.
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BRITAIN, a British Company, of Shawbury,
Shrcwsbury, Shropshire, do hereby declare
the invenuon, for which we pray that patent
may be granted to us, and the method, by

" which it is to be performed, to be particularly
* described  in

dand by the following
statement: —

The present invention relates to extcn!o-
meters, that is, to instruments for measuring
strains in specimens of a material under test.

An object of the present invenuon is 10
provide an apparatus for determining the
deformation properties of - rigid materials,
such as thcrmoplastics materials,  and
cspecially the deformation propertics of solid
materials  having  non-lincar vxsco-clasnc
properties. .

According to the present mvcnnon, an
extensometer comprises two pairs of elongate_.
bars which are adapted to be symmetrically
mounted on either side respectively of a
specimen under test, each bar in a pair in-
cluding a first portion, the first portions of
the bars in the pair being mutually parallel
and co-planar, a second portion which lies
parallel to and laterally spaced from the first
portion of the other bar in that pair, said
second portions of the bars in the pair also
being mutually parallel and co-planar, and
an intermediate cross-over portion connecting
said first and second portions of the bar, the
first and sccond portions of all four bars
being co-planar, a respective roller bearing
located between and spacing apart said first
and second portions of the bars in each pair,
a respective pointer means located adjacent
the free end of each of said first portions of
said bars for engaging the specimen whereby

- the two peinter means on the bars in each

pair define therebetween a respective gauge
length on the specimen, a clamping means
adapted 10 hold together said two pairs of

[Price 33p)

bars with the s'chcimcn. therdBetween " while

allowing only relative longitudinal displace-

ment between the two bars in each pair, at -

least onc pair of diffraction gratings carried
by respective bars of at least one of said
pairs of bars with their grating lines mutually
inclined, an optical system which includes a
light source arranged for directing a beam
of light through said gratings whereby to
gencrate a Moire fringe pattern, and a photo-
electric light dciector arranged to receive at
least a part of said fringe pattern, the arrange-
ment being such that the positions of the
light source and light detector means are
independent of displacement of the bars due
to specimen strain.

By this arrangement, when a specimen is
engaged by the pointers ard the gauge length
is mgreased or decreased due to the subjec-
tion of the specimen to a rensile or com-
pressive load respectively, the fringes in said
pattern arc displaced by an amount propor-
tional to the change in the gauge length. The
photoclectric  light detector, preferably a
photodiode, is thus successively subjected to
a plurality of light and dark bands which
results in a plurality of electrical pulses pro-
portional in number to the change in the
gauge length. These pulses can be recorded
automatically, for example on a chart
recorder or event timer.

The invention will be further described,
by way of example, with reference to the
drawings accompanying the Provisional
Specification. in which: —

Figure 1 is an end elevation of part of
one embodiment of an cxtensometer con-

.structed in accordance with the present in-

vention, mounted on a specimen under test;

Figure 2 is a side clevation of the extenso-
meter of Figure 1; and to the accompanying
Figure 3 which is a diagrammatic side eleva-
tion of an extensometer in accordance with

1388 108
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the invention illasuiasing the optical system which # losdl can be tranzmitted to the 65
of e dmamntens Bpweinwn, . .
T oxtewsometer of Figures 1 and 2 com- Phe vedical spacing between the IUPP';]'
prises two pairs of paraflel bars 10a, '10b, ;l:d flfé\tvcrthpc?:ncar:c "Z?f‘;‘ifid‘“;, s:\:z‘;)c ‘f;;';%‘gg
5 tla 1Ib, the bars 103, 10b having respective act, ' _
e B L A e s 128, o one s of (he. spdioen oni aaotmy 10
' ;Sxt')tionl;mllg.g In rzfi%ifi%::: thf:cn{:;:s légfm;gb between the pointers 26 and 30 on the other
arc also provided with respective, laterally —Side th[hc SPF‘-’“‘:;“- Iém‘:lllr&cngto}:::awda?a;
10 offset ﬁportlogs 1%,6 22 wluchb include thct: lacrllygt}f :’v‘;ﬁc ré;,lu}t ‘_Cn a change. in (hcglo ggi- 75
steppegl portions 16, As can be scen mos : . -
clcgﬁy inp Figure 2, the portions 18, 20 are tudinal spacing of -the twg bars lof‘, 12; anﬁ
offsct in different directions so that the portion 8nY change in the sccon 83}‘8‘:1_ Ca']]gl wi
18 lics in a plane rearwardly of 'the bars result in a change in the longitudinal spacing
15 103, 10b and the portion 20 lics in a plane ©f the two bars 10b, 12b. Clearly, when ‘_};c 8
in front of the bars 10a, 10b. In this manner, SPeCimen is subjected hto a_simple 1“3"5’ c 80
the end portions of all four bars 10a, 10b, load, thc changes in ;le two gauge lengths
12a, 12b can lie in a single planc although W‘ISI bl(i sui?stantxail‘y tthc Safgﬁ-c length  are
the bars in cah pair (10, 123, 10b, 12b) are q uc | cbangcs in fc gaug i cl 4 stom
20 crossed at their central regions so that, at detected by mcans o a“ﬁ opuca’ - Syste 5
* one end of cach pair, the bars 10a, 10b lic utilising the moiré fringe effect. When two 8
outside the bars 12a, 12b, but at, the other identical transmission or diffraction gratings,
end of the pairs, the posi,tions arc reversed. ¢ach having alternate opaque and transparent
. . . i clements of equal width, are placed face to
. A\ respective miniature roller bearing 22 " i S e rulings relatively inclined at
25 is located between each pair of adjacent end a small angle and viewed against a bright 90
portions of the bars 10a, 10b, 12a, 12b so background, a pattern of interference fringes
that the bars in ecach par are capable of varying light intensity is observed. These
relative longitudinal displacement. - Each fringes arc known as moiré fringes. If two
miniature roller bearing is flanged by spring such diffraction gratings are constrained to
30. loaded washers 23 at each end of that bear- .move refative to each other in a direction 95 °
ing so that the bars arc constrained to move perpendicular’ yet coplanar with the rulings,
in a single plane by preventing relative go"e moiré fringes will appear to move
rotation thereof. Each of the bars 10a, 10b,. )7, direction perpendicular to their length.
123, and 12b carries an inwardly directed apparent movement of the moiré fringes
35 pointer at that one of its end portions which ¢ proportional to the movement of the grating 100
lies inwardly of an end portion of an adjacent and can be used to measure this latter move- .
onc of the bars. Thus, the upper ends of the ment.
bars 12a, 12b as viewed in Figure 1, carry In the extensometer of Figures 1 and 2,
pointers 24, 26 and the lower ends:of the ccoined with the pair of bars 10a, 12a, is
40n bars 102, 10b carry pointers 28, 30. The bar-s a pair of gratings 44a, 46a, and associated 105
" 10a, 10D, 12a, 12b are mounted on a verti- i he pair of bars 10b, 12b, is a pair of
cally disposed specimen 32 under test with gratings 44b, 46b. The gratings 442 and L
the specimen engaged by the pointers 24, 26, fub ore rigidly fixed to the bars ‘123, 12b
28 and 30. The bars arc held in this position respectively and serve as reference gratings.
45. by means of two pairs of clamping arrange- e gratings 4Ga, 46b serving as index 110
* ments located adjacent the upper and lower gratings, arc carricd by respective supports
cnds of the bars respectively - Bach clamping 50a, 50b which are rotatably mounted on the
arrangement comprises a pair of generally bars 10a, 10b, whereby the gratings’ 46a, 46b
thomboidal spring strips 34 artached to the are rotatable in their own planes. The relative
50. outer ones of the bars.IOa, 10b, 123 12b and alignment of the pairs of gratings 44a, 46a 115
interconnected at their projecting ends By  ind 44b, d6b can thus be sel 5o that the lines
means of tie-bars 36. A knurled knob 38 is o "y rotatable grating in each pair are at
provided on one screw-threaded end of each ;oo angle 1o those of the fixed grating in
tie-bar 36 to enable the spring force holding 41 pair. )
35 the bars together to be adjusted, the spring Attached to each of the bars 10a, 10b by 120
strips  being shaped and located such that supports 52 is a respective mirror 54, only .
the lines of action of the rollers and the one of which is shown in Figure 2, the mirrors
pointers at the two ends of the bars are sub- g4 being pivotably carried by the supports |
stantially coincident. 52 so that their angular position relative to .
The specimen 32 is  provided with the gratings can be adjusted. Also attached 125
aperturcs 40, 42 at its two ends whereby one  to each of the bars 10a, 10b-is a respective
end of the specimen 32 can-beattached to  reflective prism 56 arranged to dircct a light
a rigidly fixed member-while the other end beam applied thercto, in a vertically upward
. cambca}lmho-a"movable member through  direction from a respective light source (not
"
o "y PR W P Ry

e
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shown), through the gratings and onto the

- mirrors 54. A respective photo-electric light

dctector comprising an arrangement of photo-

diodes (not shown) is located bencath cach

5 of the mirrors 54 at the bottom of a vertical

tube so as to be capable of receiving at least

a part of the reflected light beam from its

associated mirror, Each photodiode arrange-

ment is connected to an amplifyimg circuit

10 and thence to a recording device such as a

chart recorder, an event timer, or.a digital
counter.

The operation of the optical system can be
understood more  clearly by reference to

15 Figurc 3 which shows diagrammatically the
arrangement of onc half the extensomcter of
Figures 1 and 2. Thus, Figure 3 shows the
bars 10b, 12b having the index and reference
gratings 44b, 46b mounted thercon respec-

20 tively. The bor 10b also carrics a mirror 54

and a reflecctive prism 56. A light beam,

indicated by thc dotted line 60 is generated

by a light source 62 and directed onto the

prism 56 via a collimating lens 64 and further

25 reflective prism 66, referenced to a fixed

supporting structure 70. The gratings- 44b,’

- 46b arc mounted so that they are separated
by a gap D of about 0.003 inches.

When the light beam passes through the
30 two gratings scveral distinct bands of fringes
corresponding to the zero, 1st, 2nd, ... etc.
order fringe pattcens are generated and “‘seen”
by the mirror. The tube 67 having an arrange-
ment of photodiodes 67 at the bottom thereof,
35 is located on the fixed support 70 so as to
reccive the st order fringe pattern reflected
by the mirror 54. This patwern comprises a
serics of light and dark bands. It can be seen
that when the bars 10b,-12b are now moved

40 longitudinelly in the directions of the arrows
.72, 74 respectively by virtue of an increase
in the specimen length, and hence in the
gauge length, the light and dark bands will .
move in direct relation to the movement of

45 the bars. : o

It is to be noted that the prism 66 is
refercnced to the fixed supporting structure

70, whilst the prism 56 is referred to the
moving carriage essentially comprising the

50 bars 10a, 10b,  12a, 12b. Provided that the
~ arrangement of photodiodes 68 is approxi-
mately vertically below the mirror 54, the
axis of the optical system will always pass
down the tube 67 irrespective"of movement

55 of the carrlage members due to strain dis-
placements. By .-this arrangement, the light.
source and the photo-clectric light detector
o-not have to be carried by the moving
carriage members so that the positions of the

60 light source and light detector are substan-
tially independent of specimen strain, This
has the advantages that the carriage can be
light and there is no possibility of constraint
being made on the movement of the carriage

by the output lcads of, for example, the 65
photodiode  arrangement  68.  Furthermore,
only small area gratings arc required since
only relative grating movement in the direc-
tion of strain need be considered.

Pulses are gencrated by the light detector 70
as cach light band passcs, the pulses being
cither recorded on the chart or counted by
a counter. The number of pulses recorded
is dircctly proportional to the increase in the
gauge length ie. to the extension undergone 75
by the specimen, the constant of propor-
tionality being determined solely by the line
spacing on the gratings which is thc same,
accurately known amount for cach grating,
Thus, the instrument provides an “absolute” 80
reading and no calibration is required.

All the parts of the instrument attached to
the specimen are preferablys constructed of
ground flat stock steel so that high machining
accuracy and dimcnsional stability can be 85
attained. By providing an optical system on
both sides of the specimen, differences in the
strain expericnced by cach side of the speci-
men can be detected and an average strain
calculated. However, only one pair of gratings 90
may be provided if it is assumed that the

-aforementioncd difference in strain on the

two sides of the spccimen is not significant.

In one cmbodiment, the arrangement of
photodiodes can comprise two photodiodes 95
cofinected in parallel at the bottom of the
tube 67 and in opposition. The photodiodes
arc disposed such that when one is in a light

field of other is in a dark ficld, This. has——————

the advantage of climmating the cffect of a 100
changing background. light level. Further-
more, the cffective contrast is doubled.

In a further ¢mbodiment” two or more
photodiodes are provided in the tube 67 and

coupled to a logic circuit adapted to indicate 105

whether the gauge length is increasing or
decreasing.

Convenicntly the grating pitch is about
0.604 m.m.

Although the extcnsomcter described above 110
is for measuring extensions brought about in
the specimen by tensile loads, with minor:

- alterations, it could also be used for measuring

contractions in length brought about by
applying a compressive load to the specimen. 115
It can also be used for retraction measure-
ment (recovery) when a tensile load has been
removed.

The above described extensometer has the
advantages that it provides an absolute read- 120
ing and can be light in weight (c.g. 100
grams). The long term signal stability is good
because the output is inhercntly digital. Large
displaccments can ‘be measured without loss
of insensitivity, If increments of strain are 125
recorded as a function of time a convenient .
format is provided for the automatic record-
ing of long term creep and recovery. :

T
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WHAT WE CLAIM I8:—

1. An extensomeler comprising two pairs
of clongatc bars which are adapted to be
symmetrically mounted on cither side respec-
tively of a specimen under test, cach bar in
a par including a first portion, the first
portions of the bars in the pair being mutually
parallel and co-planar, a second portion which
lics parallel to and latcrally spaced from the
first portion of the other bar in that pair,
said second portions of the bars in the pair
also bzing mutually parallel and co-planar,
and an intermediatc cross-over portion con-
necting said first and sccond portions of the
bar, the first and second portions of ail four
bars being co-planar, a respective roller bear-

ing located between and spacing apart said -

first second portions of the bars in each pair,
a respective pointer means located adjacent
the free end of each of said first portions of
said bars for cngaging the specimen whereby
the two pointer means on the bars in cach
pair define thereberween a respective gauge
length on the specimen, a clamping means
adapted to hold together said two pairs of
bars with the specimen thercbetween while
allowing only relative longitudinal displace-
ment between the two bars in cach pair, at
lcast onc pair of diffraction gratings carried
by respective bars of at Ieast one of said pairs
of bars with-their grating lincs mutually in-
clined, an optical system which includes a
light sourcc arranged for dirccting a beam
of light through said gratings whereby to
generate a Moire fringe pattern, and a photo-
electric light detector arranged to receive at
lcast a part of said fringe pattern, the arrange-
ment being such that the positions of the
light source and light detector means are in-
dependent of displacement of the bars due

* to specimen strain.

2. An extecnsometer as claimed in Claim
1 in which onc of said roller bearings is
respectively located in the region of cach of
said four pointer means and said clamping
means comprises a pair of spring-loaded
clamping devices, the clamping forces applied
by onc of said spring-loaded clamping devices
being arranged to. pass substantially through
the line for action of two of said pointer means
and the roller bearings adjacent thereto, and
the other of said pair, through the line of
action of the other two pointer means and
the roller bearings  adjacent  thereto,
respectively. '

3. An extensomcier as claimed in Claim
2 in which said spring-loaded clamping
devices cach comprises a pair of rhomboidal

spring strips, onc pair of opposite corners of
cach spring strip being attached to the sccond
portion of a bar of onc of said pairs and the
other pair of opposite comers - receiving
respective  clamping  screws  extending  from
corresponding  corners of the other spring
plate in the pair which is attached to the
sccond portion of a bar in the other of said
pairs of bars,

4. An’ cxtensometer as claimed in any of
Claims 1 to 3 in which said optical system
further inwludes a first prism rigidly fixed
to a reference surface, a "sccond prism
attached to onc of sald bars and arranged to
dircct a light beam, reccived from said light
source by way of the first prism, through
said pair of diffraction gratings, said one bar
also carrying a- mirror for directing part of
the light emanating from the gratings to said
light detector. -

5. An extensometer as claimed in Claim 1,
2, 3 or 4 which is adapted to be mounted on
a vertically oriented, clongate specimen with
the two pointers associated with each pair
of bars located one above the other to define
two said gauge lenpths on the specimen.

6. An cxtensometer as claimed in any of
Claims 1 to 5 in which the two pairs of bars
on opposite sides of the specimen each have
a pair of diffraction gratings mounted thereon
whercby the strain on both sides of the speci-
men can be monitored. )

7. An extensometer as claimed in any of
Claims 1 to 6 in which one of the diffraction
gratings in the, or cach, pair of gratings is
rigidly fixed to its supporting bar, whereas
the other grating in the par is angularly
adjustable relative to its supporting bar and
about an axis perpendicular to its plane.

8. An extensomcter as claimed in any

. previous claim in which the photo-electric

light dctector is connected to a counter or
chart recorder whercby the -number of
clectrical pulses generated thercby can be
recorded.

9. An extensometer constructed, arranged
and adapted to operate substantially as here-
inbefore particularly described with reference
1o and as illustrated in Figures 1 and 2 of
the drawings accompanying the Provisional
Specification and in Figure 3 of the accom-
panying drawings.

W. P. THOMPSON & CO.
12, Church Street,
Liverpool, L1 3AB

Chartered Patent Agents.

Printed for Her Majesty's Stationory Office, by the Conrier Press, Leamingten Spa, 1975,
Publishod by The Patent Office, 25 Southampton Buildings, London, WC2A 1AY, from
' which copies may be obtained.
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SPECIFICATION

Extensometry

Strain sensitivity:

Gauge Length:
Diffraction Grating Pitch:

Total weight of extensometer:

Maximum Measurable Strain:
Specimen Dimensions:

Recording Equipment

Reeding Head:

Qutput:

Readout:

0.0025% '
(Class A sensitivity-BS 4618)

80mm

0.004 mm

100 grms approx.

10%

130mm x 5mm x 3.3mm {nominal}

4-M S 9 A Silicon Photo-diodes feeding
2- d.c. operational amplifiers with
variable gain, hysteresis and balance.

10V square pulse per 0.005% strain
increment.

" Bi-directional digital counter.

Stabilised Power Supplies are used for the amplifiers and a 6 Vaolt Power

supply for the Light Source:

N.B. If more than one machine is used a date/time event recorder and logic
unit system may prove economical. Flexibility in this respect is provided to

satisfy customer’s requirements.

General

Maximum Specimen Load:;
Lever Arm Ratio:

Alignment System Preload:
Restoring Force at 1% Strain:

Hydro-Pneumatic loading actuator.

Services

Mains supply:
Air supply:

Laboratory Requirements

1.2 kN
5:1
5N
BN

230/250V 50 Hz
80-100 p.s.i.

Constant Temperature and Humidityl Control.

Heavy Table.
Dimensions of Instrument

Height:
Base:
Weight:

Code 75 — 4/72

600mm
3680mm x 350mm
15 kg. approx.

Hampden reserve the right to modify this specification in part of

in whole as new techniques become available.
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APPENDIXT - ..

Operating Instructions for the Hampden Creep Tester.

General Requlrements.

-

The most demanding requirement of the setting-up procedure is that

of optimising the Optical system. The optical sequence is light source,
lens, large mirror, prism, index grating, reference grating, small mirror
and photo~diocdes. Apart from the reference grating and the lens all the
optical parts are adjustable by rotation.

As the light 1s transmitted through the grating pair, this being achleved
by adjusting the large mirror, a defractlion pattern consisting of a central
(yellow) image of the source and multiple multi-coloured defraction images
on either side. With the small mirror elevated and a white screen placed
about 20 cms. from ths extensometer, these defraction images can be readily
obgserved, particularly if the ambient light level is low.

Normally the best condition is cbtained with the filament horizontal

although under certain circumstances individual machines may operate more
successfully with filament vertical, (Note : The light filament will noymall;
be in the horizontal position on receiving the tester. The following
instructions are for setting the tester up with the filament in the

horizontal position. Vertical position settings are the same but a much
narrower pattern will be observed).

Unless the angle between the grating lines on the lndex and reference
gratings is very emall, the Moire fringes will not be visible. The main
target of the setiing up process then is to achleve at the photo-diode
agsembly high contrast fringes in the brighter, lower First order defraction
image. The photo-diodes should straddle the visible red and infra-red
regions of the image.

Detailed Setting Up Procedure;

Attachment of Extensometer to Specimen.

Filg. 1 & 2 shows the arrangement of the extensometer with respect to the
specimen. It is essential that the extensometer knife edges are opposed
in pairs symmetrically about the mid-point of the specimen, this can be
achieved with the help of a jig (which can be purchased on request from
Hampden Test Equipment) which pre-sets the gauge length (distance between
knife edges) at 80 mm. Operating instructions for the jig are given in
Appendix 1. .

The tensioning rods shown in Fig. 1 (L) need only be adjusted if unusually
wide or narrow specimens are used. (Normal specimen width is 3 mm.).

Insertion of Specimen into Machine.

After attaching the roller bearing pairs and spigots to the ends of the
specimen, the low pair (furthest from the grating pair) is inserted into
the lower machine based hecok, such that the grating pair is furthest away
from the body of the machine (Fig.l.) The upper hook is lowered by
depressing the cantilever alignment mechanism until specimen can be slotted
into this hook. The specimen should now have & slight tensile pre-load
applied to it. If it has not then move the balance weight on the lever
arm until a slight tensile load is applied.

-258-



Adjustment of the Optical System.

Switch on the mains switch on the electronic console. :

Place white screen about 20 cms. from the extensometer on the photo-diode tunnel
side. Rotate the large mirror until a light pattern is observed. Obtain th
brightest and c¢learest pattern possible. :

To set up the Moire fringes viewed through the gratings (Fig. 1.9.) use & pin
and insert in the small pin hole (Fig. 2.12) at the side of the index grating
yoke (Fig. 1.5.) Bring the gratings to the correct position by moving the
index grating yoke VERY VERY SLOWLY and the pattern as shown 1n Fig. 3 should
be observed. The correct pattern is 'C'. The sequence A to G below shows the
patterns obtained by rotating the index grating.

Flg. 3.

Now make sure the Hydraulic Ram is retracted Eg switching to UP on the hydraulic
unit. If the lever arm is gently moved, the Moire' fringes can now be observed

easily. Now adjust the small mirror. (Fig. 2.6B). (Note the small screw at the
base of the arm (Fig. 2.6A) may have to be tightened periodically), until a bright
rainbow pattern 1s observed, then adjust to bring it to the photo-diode tunnel
(Fig. 2.13). Now line up the pattern by the prism (Fig.2.11l) until the light is
central down the photo-diode tunnel. Move the small mirror very slightly until
the green and violet pattern shown on the photo-diodes. Turn photo-diode tunnel
round until the diodes are facing across the pattern (See Fig.L).

FPhoto-dliode Extensometer

Tunnel

-

Fig. L.
OPTIMISATION USING AN OSCILLOSCOFPE.

First ensure gain controls of both ahplifiers are fully clock-wise, and both
hysteresis controls are fully anti-clockwise.

Set both gain controls % anti-clockwise.
.Set both hysteresis controls I clockwise.
Set both Balance Controls to mid-position.
An oscllloscope is required with both X and Y amplifiers. These must both be
-D.C. coupled. The two monitor I's are connected to the X and Y inputs.

a) Set scope to time base = EXT X.X and Y sensitivity = .1 volt/cm.
Set both the Avant amplifiers to high band pass.

' b) Move lever arm up and down and observe the signal on the scope.
This will probably be & small circle or ellipse.

¢} Adjust the small mirror and large mirror alternatively, whilst moving the
lever arm up and down until the maximum signal is obteined.

—259—

4

iy



OPTIMISATION USING AN OSCILLOSCOPE continued.

d) Rotate the photo-diode assembly until the signal 1s a circle or an
ellipse with major and mirror axis approximately orthogonal with the
X and Y directions.

e) Connect the MON 1 of one amplifier to the X plates and the MON 2 of
the same amplifier to the Y plates. Reduce the Y sensitivity to 10V/cm.
The BALANCE, GAIN and HYSTERESIS controls must now be used to obtain the
signdl patterns shown in Fig. 5.

_-'.)_60—
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APPENDIX 2 includes various possible signals.

e) Connect the Monitor one of one amplifier to the X plates and Monitor 2
of the same amplifier to the Y plates. Reduce the Y sensitivity to 10V
per cm, The balance, gain and hysteresis controls must now be used to
obtain the signal pattern shown in Fig.5. It is important that the
hysteresis 'window' is oparative between % and 4 of the amplitude of the
signal and central with it. Also the noise on the signal must be less
than half the width of the window, APPENDIX 3,

Spot Size .
Fig.S
Fige5. Acceptible oscilloscope patterns for Mon 1, Mon 2, inputs.

INCLUDES VARIOUS POSSIELE SIGNALS.

(f) Repeat (d) on the second amplifier.

(g) Set the counter to zero. Up and down movement will give a return

to zero. Negative counts will signify creep and positive counts recovery
or visa versa j this will depend on how the instrumentation has begsen set-up.
Establish at this stage the meaning of + time and negative readings.

3. Loading Procedure.

The restrictor valves in the pneumatic/hydraulic pack vary the rate
of load removal or application independently with rubber inserted between
the rem bearing and lever arm the loading period should only take about
1 second. ' '

With the pneumatic switch in the UN=load position put appropriate
waights on the weight pan, Set counter to zero and load the machine
with the pneumatic switch., Each count is equivalent to a strain of 0,000025.
After the count rate has slowed sufficiently the low band pass switch
can be used = this eliminating much of the noise, and also the effect of
any fast stray transients. Before the removal of load this must be
switched back to high band pass.
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Am!endix l.

-Extensometer Jige.
' .

This jig centralizes the extensometer about the mid-point of the specimen
and also pre-sets the gauge length to 80 mm, If the operation is carried out
carefully the gratings should remain at the correct angle and reduce the setting
up time for the optical system.

i/

Remove the roller bearings and spigots from the used specimen. Close up
the jigs Insert the specimen and extenscmeter into the jig. Open the jig and
remove the specimen. Adjust the extensometer knife edges until in contact with
the gauge length templates, After measuring the cross-sectional area of the
unused specimen insert this centrally with respect to the extensometer with the
aid of the spigots provided and close the jig. After removal some adjustment
may be required to centralize on the axis of the specimen.

"“2_6_9."
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Appendix 1l.

Some Monitor 1/Monitor 1 Signal patterns,

Lever arm moved up/down
Adjust the amplifier balance control
{on amplifier connected to the Y plates)
. Spot : _ a
DittoO esveasssocccascnsncs X plates.
Signal to noise ratio too low
readjust optical system
. 0 Spot b
Bignal strength sufficient but
readjustment of photo-diode
assembly is required
- Spot ) . c
0. K. '
0.K. ' Spot : d
Spot :; e
Z3 Spot b 4
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APPENDIX 111. '

Some Monitor 1/ Monitor 2 Signal Patterns,

Lever arm moved up/down

1. Move balance until changes in

" level is observed.

he Centralize with the balance control and

*  increase hysteresis or reduce gain

c; Decrense hysteresis or increase gain

i. Correct shape but noise level max. hysteresis
level. Original Monitor /1/Monitor/1
signal not sufficient.

= 'Y OCK.

) —2 64—

—  Spot

Spot
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Spot
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APPENDIX IV

lymer Physics .

\nomalous Post-Annealing Creep
esponse of UPVC and PMMA

>. Wright

MMARY

20 C creep compliance of UPVC is temporarily increased
orior annealing at temperatwres above —45 C and below Tg.
s effect increases with decreasing annealing time. Similar
aviour is observed with PMMA which sugges! that this may
a general phenomenom shared by polymers in the ‘glassy
srphous state’. The temporary, and therefore unstable nature
he annealed state is inappropriate for a test specimen, par-
farly for tests of long duration. It is suggested that volume
xation in UPVC below 45 C proceeds by short-range
aration into regions of molecular order and disorder. This
te is rapidly disrupted at temperatures above 45 C.

RODUCTION

rmal conditioning prior to property evaluation is a
oured method of minimising batch-batch variability. A
tively severe and recent thermal conditioning treatment
posedly erases the influence of the (often unknown)
vious thermal history. This provides an easily ac-
sible materials reference state which however, is
ost certainly arbitrary. The reference state in addition
y be only a transient oné and therefore not stable over
period of tes!. An arbitrary unstable reference stale is
ticularly inappropriate for creep testing, where long test
ations are common and creep data are aften intended
use in design calculations.

.ccording to classical concepts of the glassy amor-
us state, a polymer at any temperature below its glass
1sition temperature (Tg) undergoes volume relaxation
nsification). The rate of this relaxation at temperatures
below Tg is so small that for normal periods of ob-
vation the state is apparently stable. Al temperatures
t approach Tg the rate of volume relaxation will be in-
ased resulting in a detectable change in the density and
perties of the polymer.

etting (1) investigated the etfect on the tensile modulus
UPVC after annealing for various periods at a tem-
ature of (Tg—17 C}. The modulus {25 C) at low strain
es increased substantially with annealing time. At high
3in rates the modulus was not significantly affected.
tz and McKinney (2} employed a similar heat treatment
UPVC and attributed the observed increase in'the pre-
ss transition endotherm to an increase in crystaliinity.
rs (3) attributed a similar etfact 1o a decrease in free
ume. These observations are compatible with classical
ectations. Volume relaxation involves an increase in
lecular order. this decreases molecular mobility and
refore increases the long term (low strain rate) modulus.
2 high strain rate modulus is not primarily dependent on
lecular mobility and is ‘therefore not sensitive to an-
1ing.

‘'urner (4) investigated the effect of pre-conditioning
iod at 60 C on the creep response of UPVC at 60 C. i1
s reported that the time dependent creep compliance
sreased  with increasing pre-conditioning period.
srefore in this respect the response is apparently
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classical and indicative of volume relaxation in the direc-
tion of equilibrium.

The procedure adopted here involves room temperature
creep testing after annealing periods at various tem-
peratures. Although annealing as compared with pre-
conditioning introduces an additional interaction {the
cooling cycle) it does offer a distinct advantage. The ef-
fect of thermal treatment can only be ascertained unam-
biguously by comparisen with the state ar respbnse of the
untreated material. The creep behaviour with no-annealing
presenis no problem, but the zerc pre-conditioning state is

‘unattainable.

!
EXPERIMENTAL
‘The following sequence was adopted:

{i) Calendered sheets of UPVC (Cobex 018 grade sup-
plied by BXL Ltd) were stored for 2 years at 20 C.
(i) Creep specimens of nominal dimensions 3mm x Smm x
140mm were prepared.

(iiiy Creep specimens were stored in ovens at, either
60 C+1 C, 50 Cxt C, or 40 Cx1 C.

(iv) After a specified annealing period covering a range
bhetween | hour and 2000 hours, specimens were removed
and cooled (1o 20 C) under controlled forced air convection
for 30 minutes.

(v} The cross- sect:onal areas of the cooled specimens

were measured and the specimens prepared for tensile

creep lesting.,

{vi)...1 hour, 24 hours or 336 hours after the removal of the
specimen from its oven (termed the delay time) a tensile
stress of 25MN/m was applied and the creep strain recor-
ded for 104s.

A similar sequence but with only one annealing tem-
perature of 60 C, and one delay time of 1 hour was applied
to PMMA (cast Perspex, ICI Lig).

The tensile creep machines used in the study have been
described previously {5). A Moire fringe extensometer, em-
ploying crossed diffraction gratings with a ruling pitch of
4um provides the means of automatic strain detection. The
Moire fringe image illuminates an assembly of 4 silicon
photodiodes. . The photodiode signal is amplified and
shaped to. provide 2 or 4 counter compatible pulses, for

each 4um extension or contraction of the 66.67mm gauge

length. Thus strain increments of 0. 0015% can be totalised
on a bi-difectional counter and/or used to trigger a dugntal

event recorder which essentially records the time co-
ordinate for each positive or negative strain increment for

the duration of the creep test.

RESULTS "

The family of creep curves shown in Figure 1 are for UPVC
with various annealing periods at 50 C with a 1 hour delay
before testing. The creep characteristic with no thermal
treatment is identified by the discontinuous line. Similar
data were generated after longer delay times and at dif-
ferent, anneallng temperatures. The initial creep response
tended to be rather erratic for these annealing treatments,
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ol No amnealing __ . ___ _ . _______]
1 ¢ {
10 10?2 102
Annealing period in hrs.
e 5. The time dependent tensile creep compliance AC of cast

A at 20 C v. annealing time at 60 C. The delay time between an-
ng and testing is 1 hr.

parison with the non-annealed reference state
yonse. If this response was not known then the data in
res 2 and 3 would appear to be classical. i.e. a
rease in compliance with increasing annealing time.
 is qualitatively similar to the trend observed by Turner
and discussed in the introduction. ]
would be logical in the absence of any other evidence
seek an explanation for this anomalous behaviour by
rence to observed morphological differences between
'C and that of a classical glassy amorphous polymer.
phological studies have revealed direct evidence of or-
2d regions in UPVC {(6), (7), (B). These regions might be
irded as small crystallites or regions of molecular orien-
on with a characteristic cohesive energy and a
cific melt temperature, or simply as regions of zero con-
rational entropy which are stable below a particular
perature. Ctearly, both aspects describe the same
nomenom but at this stage it is considered preferable
reat each one separately.

bst (9) has estimated that the smallest stable unit of
ecular order in plasticised PVC would be disrupted at
peratures above 50 C. Larger ordered units have a
ier melt temperature but their formation is less
sable. Stafford (10} has used the argument that the
rupted of ‘crystallites’ is responsible for the
nomenom of 'reversible stiffening in plasticised PVC’.
compliance of plasticised PVC increases dramatically
ir annealing but slowly returns to its original stiffness
1 time after annealing. In this respect the response to
ealing is similar to that reported here, but Statford did
observe the transition in short period annealing effects
‘5 C. This transition being close to the minimum ‘crystal
' temperature as calculated by lobst adds con-
wrably to the case for a thermal disruption model. The
it of thermal history on the creep response of UPVC
Id be explained by the following sequence:

Over extended periods (2 years in this case} at 20 C,
il crystallites are formed which are stable at this tem-
ature. The low (or zero) free volume within the
stallite structure is responsible for deformation
sesses with very long retardation times. Hence the
sence of crystallites might be considered as delaying
strain response and increasing the creep compliance
i long creep times.

After short periods of annealing at 50 C or 60 C the
stallites sufter rapid thermal disruption leading to an in-
ase in creep compliance particularly after long periods
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under load.

(3) Afier long periods of annealing above 45 C the free
volume is slowly reduced by the classical process of
volume relaxation. As this proceeds the creep compliance
will slowly decrease.

{4) With increasing delay time after annealing, crystallites
are slowly reformed with an attendent decrease in com-
pliance.

The second approach is to consider the entropy of the
system. Gibbs and Di Marzio (11) have proposed that even
though the observed Tg is a kinetic phenomenom there is
an underiying thermodynamic transition at a lower tem-
perature T, If the polymer is cooled infinitely slowly then
at T, the configurational entropy of the specimen as a
whole would be zero. Adam and Gibbs (12) calculated that
a universal expression for T, could be:

T, — Tg - 53 C

According to Adam et al the activation volume in the
Evyring (13) viscosity equation is identified as the minimum
cooperatively re-arranging region. The transition
probability, the mobility, and hence the relaxation or creep
rate increases as this minimum activation volume
decreases. Obviously this cooperative entity must contain
free volume for internal re-arrangement, or more precisgly a
unit value of quantised free volume {hole} must be present.
The volume of the cooperative entity, and hence the rate
of relaxation and creep might therefore depend signitican-
tly on the distribution of free volume or the guantised unit
of free volume. At temperatures below T, close packing is
energetically favourable because the equilibrium con-
figurational entropy is zero. This cannot be achieved on a
macroscopic scale within a finite time because this in-
volves large diflusion distances and a high degres of
molecutar cooperation.

It is proposed here, however, that expulsion of free
volume could be achieved within a finite time at the short-
range level. The result of such a process would be small
regions of aligned molecular segments (crystallites) with
zero configurational entropy bounded by a region with a
high free volume content. Pictorially this is similar to the
fringed micellar grain mode! of the ‘glassy’ state adopted
by Yeh (14). Therefore it could be envisaged that after a
finite period of storage at 20 C the quantised unit of free
volume would increase in size with a resuliant increase in
the minimum volume of molecular cooperation and a
decrease in creep compliance. On raising the temperature
above T, the ordered regions are rapidly disrupted with a
resultant décrease in the volume of the cooperative entity
and increase in compliance.

Both the energy and entropy approach combine strongly
to support the hypothesis that the volume relaxation
process below —45 C is quite different from that operating
above this temperature. Above 45 C, voiume relaxation
proceeds classically by a uniform diffusion of free volume,
Below --45 C (T,) the uniform diffusion process is no
longer enargetically favourable and is replaced by a short
range process which results in the formation of ‘small
islands' of order in a matrix of disorder. The short range or-
dered regions are disrupted rapidly on annealing above
45 C and it is proposed that this is responsible for the
anomalous creep behaviour reported here for UPVC.

The existence of two different volume relaxation
processes could also explain why in some cases {e.g. Ret-
ting (1)) apparently classical effects are abserved after an-
nealing. The period at room temperature prior 1o annealing
determines whether sufficient localised volume relaxation
has accumulated to give a non-classical response. Thus a
recently processed polymer may be expected {o react dif-
ferently to annealing than one stored below T, for a long
period prior to annealing.
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