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HOT GAS WELDS IN UNPLASTICISED POLYVINYL -CHLORIDE

J.E. Abram

Wi
ABSTRACT

Low weld tensile strengths are shown to be a feature of hot gas
welded clear unplasticised polyvinyl chloride (UPVC). Typical
weld strengths are 20-30 MPa compared to 45 MPa for hot -gas
welded filled UPVC and 61 MPa for hot tool welded clear UPVC.

A short mechanical, microstructural and chemical analysis
revealed only minor differences between clear sheet and rod.

An examination of weld fracture surfaces revealed the presence

of unfused regions (flaws) which act as fracture initiation sites,
In over 807 of the surfaces studied fracture occurred at such
sites, at or close to the weld surface, These regions were
observed for both hot gas welded clear and filled UPVC but not

in hot tool welded clear UPVC. It was concluded that these
regions were a feature of hot gas welding and that clear UPVC

was more sensitive to them than filled UPVC. A range of linear
elastic fracture mechanics (LEFM) test techniques,were used to
establish that,clear UPVC had a K_, of 2.1 MPam?, which dropped
to 1.5 MPam ? after welding. Thé filled UPVC examined was too
tough to allow K__ to be measured. However, embrittlement of the
welded filled UP%E was indicated, as only brittle fracture, with
no plastic zone, occurred. A simplistic LEFM analysis based on
measured flaw sizes and failure stresses for welds confirmed the
embrittlement of hot gas welded clear UPVC. Two approaches were
tried to improve weld strengths: 1) to reduce the size and number
of flaws and 2) to increase the toughness of the weld rod. An
initial study indicated that changes to the rod lubricant system
and the inclusion of 10 phr methyl methacrylate-butadiene-styrene
in the rod composition led to improved and more consistent weld
strengths. However, improvements were limited to weld Strengths
of 32 MPa and to achieve any further improvement the clear sheet
toughness would need to be increased.
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Preface
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degree. No part of this thesis has been submitted for a degree
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2) J. Abram, D.W. Clegg and D.V. Quayle, "The Mechanical
Properties of Welds in UPVC", Proc. 3rd Polytechnic

Symposium on Manufacturing Engineering, Wolverhampton,
May, 1982, p. 168.
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Intyoduction

It is normal when dealing with hazardous chemicals, such as
those present during the reprocessing of low level radioactive
waste, to handle them in airtight glove bozes. By using such
boxes the need for special protective clothing or remote

handling facilities is minimised.

These boxes need to be made from materials which are resistant

_both to the chemicals contained inside them and to accidental

damage which would lead to leaks. In the past, such boxes have
been produced as welded stainless steel boxes, into the sides
of which are incorporated the glove and viewing ports. This
construction is adequate for the smaller sized boxes with sides

up to lm long. However, larger boxes suffer several drawbacks:

1) To obtain adequate viewing of the interior, large
sections of the wall have to be replaced by trans-
parent material. This makes the meintainiong of an
airtight environment difficult due to the large
amount of sealing around each viewport. It further
leads to weakness in the overall structure resulting
from the number of holes that are cut in the walls.

2) Even with a large number of viewports it is virtually
impossible to eliminate all the blind spets in the box,
i.e. areas into which the hendler cammot readily see,

3) The welded constructicn of these boves leaves sharp
corners which act as dirt traps and are difficult to
keep clean. Further the welds alcag the base of the
box are particularly vulnerable to attack by spiiled
chemicals.

4) In the case where they are used for the reprocessing
of radioactive materials, the disposal of contaminated
boxes at the end of their useful 1life s very expensive.

British Nuclear TFuels Ltd, Windscale site (now Sellafield, and
hereafter referred to as BNFL) decided upon a new approach. To
overcome the first two drawbacks, a totally transparent material,
which could be easily cut or sealed, was required. The third
drawback could be overcome if.the waterial was easily shaped so

that the sharp corners could be rounded out. Further, with a

<l=



1.1,

material which was easily moulded, thc base of the box could
be moulded as a shallow tray thereby lifting vulnerbale joints
above any épilled chemicals., The fourth drawback could be
overcome if the material was easily destroyed, say by ashing,

with any contamination being recovered from the residue.

One class of materigls which satisfies the above requirements
are the glassy amorphous thermoplastics, such as polystyrene,
polymethyl methacrylate, rigid polyvinyl chloride, and polycarbonate.

However, the other requirements of a glove box material, the good

. chemical resistance and toughness, reduced the choifce to clear

rigid polyvinyl chloride. This material is- better known as

clear unpliasticised polyvinyl ¢hloride, clear UPYC,

To fabricate UPYC structures, four methods of jointing are

available:

1) mechanical fixation, screws, bolts, clips, etc,
2) adhesive bonding
3) solivent welding

4) thermal welding

The first two methods introduce a second material into the

structure, which may be attacked by the chemicals, and are not

particularly successful in producing airtight seals. The third

method of solvent welding involves the use of large quantities

of organic solvents which introduce unadceptable health and

fire hazards. However, thermal welding methods ares well established
in the plastics fabrication industries, being capable of producing

strong, airtight joints with little or no operator risk.

Thermal Welding of UPVC

UPVC does not become completely fluid when heated. However,
o
if parts are heated to between 175-190°C and moderate pressure

applied, then fusion joints can be formed.

The methods of supplying heat to the parts include ultrasonic,

friction, radio frequency electric fields, heated tools and hot



1.1.1.

gas jets [1]:For large structures and thicker sheets only
the last two are applicable, this work being concerned mainly

with the last method.

Hot Tool Welding.

This technique, sometimes known as hot plate welding, uses
a heated tool, normally a round or square sheet of metal with a
non-stick surface, as the heat source. The tool is heated either
electrically or by hot air to 175 - 190°C and the parts to be
joined are lightly pressed against its surface. When these are
softened and a bead has formed, the pressure is relaxed and
the heat allowed to 'soak in' for a short period, approximately
45 seconds. The parts are then rapidly brought together and held

under pressure until cool, see fig. 1.

The technique is used mainly for the jointing of pipe systems
and is ideal where many welds of the same type are required.
It is easily automated and, once the correct weld conditions have
been determined, high strength welds are readily reproduced.

Typical weld efficiencies quoted for UPVC are 70 - 1007 [1l

Hot Gas Welding

Hot gas welding is analagous to oxyacetylene welding in metals
in that rod, of the same material as that being joined, under the

action of heat and pressure is laid into a groove prepared between

_the parts and a fusion joint with both of them formed. Unlike

metal welding, where a naked flame is used, & heated jet of gas,
either air or nitrogen, supplies the heat, Also neither the rod
nor the parts go fluid; pressure is required to form a good fusion

joint and there is no flux to aid welding. However,similar

types of welds are used, i.e. butt, lap and fillet welds, see fig. 2.

Like metal welding, the weld efficiencies achieved are dependent
on the skill of the welder. An experienced welder should achieve

weld efficiencies of 70-90% [1]. However,values as low as 30%

are not ‘uncommon for inexperienced welders.

The feature of this method cof welding is the range and the size
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of structures which can be fabricated using it. Typical uses
include ventilator ducting, fume extraction systems and tank
lining.

Some automation has been developed, but only finds a use
where simple straight line welding is required, for example in

floor covering.

Construction of Glove Boxes

The hot tool welding method would seem to offer the best
fabrication route, requiring less skill and time than hot gas
welding whilst producing stronger welds. However, two drawbacks

are apparent when considering gleve box construction:

~

1) when two lengths of sheet need to be joined, to mzke a
side wall, the weld would have to be completed at avery
point along the length at the same time. If a weld
length of 2m was required, the hot tool would have to
be of a similar or larger size. This presents problems
in terms of the power requirements to heat the tool .and
in the accurate control of the temperature along the
tool.

2) hot tool welding is best suited to cases where a large
number of identical welds need to be made. This is not
the case in glove box construction in which each glove
box is tailor-made for a specific job. Further, in each
box there is a large number of different welds used. They
range from simple straight butt welds to corner welds, to
fillet welds, these being used to fabricate shelves or
support structures inside the box,

‘These present no obstacles to hot gas welding, which was therefore,

adopted as the main fabrication method.

However, during routine testing at BNFL, the efficiency of
hot gas welded clear UPVC sheet was found to be typically only

40%, far short of the 70-90% efficiencies quoted in the literature.
The following research iﬁvestigation was inspired by a need to:
1) determine the reasons for the low weld efficiencies. achieved
by the BNFL welders.

2) determine the ways to improve the weld efficiencies.

wbw



1.3.

A more detailed description of the hot gas welding methods
is given next , along with guidelines and typical conditions
used. waever,details of the research into hot gas welding,as

reported in the literature, are given in section 2.6,

General Practice and Guidelines for Hot Gas Welding

Hot gas welding is really still an art and as such the
experience and skill of the welder is considered the main factor
controlling the strength of the finished weld. It is normal,
therefore, to find the practice and conditions for welding being
given only as guidelines, with the final details being determined
by the welder to suit both him and the material. The following
concerns the practice for the welding together of two UPVC sheets

using a butt weld.

As in all types of welding,cleanliness is important both in

the welding gas and the surfaces to be joined.

A groove is formed between the sheets by chamfering the edges
to give an inclﬁded angle of 60-70°. The chamfered surfaces and.
the rod are wiped clean and any grease or oil removed with a
volatile solvent. The sheets are then clamped leaving a gap, not

greater than lmm, between them, see fig. 3.

The rod, known as either weld or filler rod, is normally
supplied with a circular cross section of 3mm diameter. Rod with
2,4 and 5mm diameter is sometimes used and the use of triangular
and cloverleaf cross-sections is becoming more common. Prior to
welding, one end of the rod is cut to a 30° angle to aid the

start of the weld.

The gas jet is heated and directed by a hand held welding
torch, or gun, in which the gas either passes over electrically
heated elements or through gas heated coils, see fig. 4. The
electric torch is more common today and recent versions contain
heater control systems which allow particular gas temperatures

to be selected and maintained without having to alter the gas flow



conditions. The torch may also be supplied with a small fan
compressor built into the/handle, this supplies air as the
welding gas, at a sufficient flow rate and pressure for most
welding. A wide range of nozzles may be fitted to the torch
depending on the type of welding being done, these being either

a push or screw fit.

The follovwing gas conditions may be taken as being typical of
those used in industry, although individual welders may use

slightly different ones:-—

Gas ¢ Dry, oil-free air or nitrcgen
Flow ¢ 15-40 litre/min
Pressure : 20-100KPa

. o] s
Optimum Temperature: 300°C measured 3mm from the nozzle end.

The gas temperature should be monitored at a set distance
from the nozzle but the usual practice of experienced welders is
to play the gas jet over the palm of their hand from a distance
of 3 - 4 inches. The welder then varies either the gas flow

rate or the heater power to get the 'right' temperature.
, L P & g mp

With both types of torch a period of 5 - 10 minutes should
be allowed after turning on, for the welding gas temperature to
stabilise. With the electric torch, the gas should be flowing
all the time power is on, and should be left on for 5 -. 10 minutes

after power is switched off tc avoid damaging the heater elements.

There are three types of hot gas welding: tack, hand, and
speed. Tack welding provides a temporary weld with sufficient
strength to hold pieces in place until a more permanent weld is
carried out. Nozzle A in fig. 5 is used and the blade is drawn
along the rcot of the groove causing a weak fusion joint to be

formed.

Hand welding is the basic method of hot gas welding. Both hands
are used, the torch being held in one hand and the rod fed into

the groove with the other. A simple round nozzle, B in fig. 5



is used. The hot gas is directed into the groove and at the

tip of the rod, the cut end, which is held vertically

above the start of the weld. The rod is pressed into the groove
and once softened and fused with the sheet will begin to bend
through 9Q° and lay horizontally in the groove. If correct
conditions are maintained, a bow wave of softened material should
be observed at the bottom of the rod. As this happens, the
torch is advanced along the groove, continuing to heat the base
of the rod and the groove, see fig. 6. A pendulum action is
commonly used, the jet being directed in an arc from a point
just in front of the weld bow wave to a point on the rod just
above the bow wave and back again. The full cycle is normally
repeated between one and three times a second. Once started,
typical speeds of 100-200mm/min are obtainable. After finishing
a run, a short time is allowed for the weld to cool. Degraded
material is then removed from the weld by scraping and the next

run started.

Speed welding is used for long straight runs with Nozzle C,
see fig. 5, fixed to the torch, This nozzle has a preheating
guide tube down which the weld rod is fed prior to entering the
heating zone of the gas jet, The shoe at the end of the tube is
used to force the rod into the groove and maintains the torch
a uniform distance from the weld. Typical speeds are 1-2m/min
and this technique has the advantage of freeing one of the

welder's hands to hold the parts together.

For both hand. and speed welding it is usual to use sufficient
‘weld runs to overfill the groove by 30%, see fig. 7. Dressing
of the weld, that is the removal of excess weld material above the
surface of the sheet, is not nofmally carried cut except for

aethestic reasons.

Weld Efficiency

The determination of weld efficiencies is carried out in the
same way for both hot tool and hot gas welds. Two sheets of UPVC
are welded and the resultant plate is cut across the weld into

narrow parallel sided test pieces. These .are then tested in tensicn



and the resulting load at failure recorded. The load at
failure, normally yield , of similar sized samples of
unwelded material is also determined. The ratio of'welded
to unwelded failure load is then expressed in percent and is

called the weld efficiency, weld factor or weld quality.
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Literature
In the following chapter a review of the literature
relevant to the work carried out will be given. As such
it has been divided into'sik main sections. The first
two are brief reviews of the polymerisation of polyvinyl
chloride, the physical propertiés of the polymer and the
additives and processing required to convert the polymer
into a finished product. The third is a review of the
mechanical properties of unplasticised polyvinyl chloride
and the factors which affect them. Section four covers
fracture and fractography, whilst section five reviews
the subject of fracture mechanics and its application te
pelymers. The final section reviecws the research carried
out and gives a more detailed description of hot gas welding

as applied to unplasticised polyvinyl chloride,

Polyvinyl Chloride Polymer

The polymerisation, processing and properties of poly-
vinyl chloride have been extensively reviewed [2-5], and as
part of this work is concerned with a materials characterisation,

a brief summary is included.

It is important to understand the difference between a
polyvinyl chloride product and the polymer polyvinyl chloride.
The product is made from a mix of polymer plus additives
vhich has undergone some processing. Different products
may contain a different molecular weight polymer, and the
additives and the processing ﬁay also be changed. A variation
in any of these three parameters may affect the mechanical
and physical properties of the product [6]. Therefore, whenever
comparing results from different polyvinyl chloride products,
allowances need to be made not only for differences in the

testing conditions but also on the processing history of the

material,



In the following, PVC will refer to the polymer, polyvinyl
chloride, whilst UPVC and PPVC will refer to unplasticised

and plasticised polyvinyl chloride products respectively.

2,1.1. Polymerisétion

It is standard commerical practice to convert vinyl
chloride monomer to PVC by addition polymerisation using free
radical mechanisms either in bulk. emulsion or suspension [7].
Bulk polymerised PVC (B-~PVC) is the purest of the three since
1fttle or no polymerising aids are used. It is little used in
industry due to problems of controlling the exothermic reaction
during polymerisation [8]. Emulsion polymerised PVC (E~PVC)
is the least pure due to the difficulties of removing the
emulsifying agents. However, particle morphology considerations [7]
have meant it is used extensively in the PVC industry.
.Suspension polymerised PVC (5-PVC) is the main polymer type
used in UPVC products due to reasonable purity and easc of

manufacture [7].

Cwing to processing requirements [9] only a liﬁited range of
molecular weights are used in PVC. 1In S-PVC the mclecular
weight is determined by the polymerisation temperature and in
~commercial practice a temperature of 50°C is used [10,11].
PVGC .so produced is generally atatic, amphorphous and linear.
The number of short chain branches is typically 5 x 10—3 per
monomer unit with the number of long chain branches approzimately

0.5 % 10_3 per monomer unit [11].

These polymers are thought to be approximately 10% crystalline
[11], but there is a debate over this figure [12] and the exact
nature of the crystalline bhase is uncertain. The crystallinity
can be increased by lowering the polymerisation temperature
but even when polymerised at -40°C the level of crystallinity is
still only 20-25% [10,11]. The increased crystallinity improves the

heat and solvent resistance of PVC but also increases the processing

<10



difficulties and is not generally used in industry [13].

2.1.2. Molecular Weight

The statistical nature of the addition polymerisation means
polymers are produced with a range of molecular weights. The
molecular weight may be defined with respect to either number,

viscosity,-weight or z average, ﬁn’ Mv’ ﬁw’ ﬁz? respectively.
These are single value parameters, with the ratio of Mv/Mn
sometimes used as a measure of the width of the distribution.[14].
Although the first three molecular weights can be determined
experimentally from fundamental properties of the polymer,it is
normal commercial practice to characterise the polymer using

a simple relative viscosity measurement J15, 16]. The measure-
ments are transformed into a single value parameter usually
reported as the K number which is dependent not only on

molecular weight but also the solvent and the temperature of the

test. The relationship between ﬁh’ ﬁﬁ and K for a range of

solvents and test temperatures has been given [17], see Table 1.

A more versatile method which will give all four molecular
weight averages is that of gel permeation chromatography.(GPCO, [18,19].
However, this method is again only relative, needing to be

calibrated using known molecular weight polymer

A study of several industrially available PVC's [20], has shown
that the value of M /M is typically 2.2.

2.1.3. Glass Transition Temperature, T , and other Transitions

gi

An amorphous polymer is considered to be either glassy or
rubbery depending on where its glass transition temperature T ,
lies with respect to the testing temperature. In the foriter 7
case it lies far above and for the latter it lies far below. The
glass transition occurs when, with increasing temperature, the
polymer chain which was frozen becomes capable of extensive carbon-
carbon bond rotations and hence becomes flexible [21]. This
transition has been observed to affect many of the polymer's

properties, i.e. mechanical, dielectric and thermal. Howeversthis
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transition is rate—dependent with the transition occurring at
lower temperatures for 'slow' mechanical tests than for high

frequency dielectric tests.

It is also common to find othér transitions occurring at
lower temperatures than,Tg, these being labelled 8,8,y and £ in
order of decreasing temperature of transition. These are usually
associated with either side group rotations or short chain

segmental local mode rotations [21].

The glass transition temperature of PYC is dependent on
molecular weight but for molecular weights used commexcially. the
difference is negligible [22]. TFor iIndustrially available PVC
the Tg’ determined using a slow thermal method is 789C . The

A . . . o o
B transition is usually quoted as lying between <40 -~ 0 C as the

frequency Hz used in the test changes from 100Hz to 2200Hz 122,237,

However, there is evidence of a small transition lying between
the glass transition and the B8 transition which only appears for

PVC quenched from above the Tg [23,24].

Degradation of PVC

PVC is renowned for its susceptibility tc degrade when subjected

to typical processing temperatures. Degradation manifests  itself

by the elimination of hydrogen chloride from the polymer chain,

and in many cases, the discolouration of the material. Despite
extensive research the mechanisms of thermally activated
degradation have not been fully clarified [25-28]. The main
problem is that the degradation process is extremely sensitive to
many factors including : the presence or absence of oxygen; the
effects of mechanical working; the presence of defects in the
polymer chain; and the presence of polymerisation additives.
Further, the relevance of the literature concerning PYC degradation
is limited since every commercially used PVC product contains

additives designed to prevent or slow down the degradation process.

In general, PVC degradation involves not only the elimination
of hydrogen chloride but also the competing reactions of chain

scission and crosslinking. One of these will dominate depending
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on the factors listed above. In the absence of oxygen, PVC
degrades by the elimination of hydrogen chloride by a zipper-
like reaction which leaves short sequences of polyene structures,
the cause of the colour formation. This process leads mainly

to the crosslinking of the polymer chains. When again oxygen is
present, tﬁe polyene structures left when hydrogen chloride is
eliminated, are rapidly oxidised, preventing the colour formation,
into hydro-peroxides or peroxides. The presence of the peroxides

leads mainly to chain scission.

Most research has been carried out on the chemical nature of
the degradation process with the industrial Interest centred on
the preventicn of the discolouration of the material, As such,
little work has been reported on the effects of degradation
on the physical properties of PVC,though it is generally stated
that discolouration must have proceeded considerably before the

mechanical properties would be affected. [25. 9],

PVC is not only prone to thermally activated degradation but
also to photo-oxidation and ionising radiation—induced degradation.
However, as above,the mechanisms are poorly understood and little

work on the cffects on physical properties has been published.

Additives and Processing

As previously stated, to produce a finished product, polymer
and additives are mixed and then proéessed. The additives are
added either to aid processing or to modify the peolymer's
properties. Processing is the means whereby the mixture of
polymer and additives are first converted into a homogeneous melt
which is then moulded into the shape required for the product.

It is normal industrial practice to quote the amount of additive
present in a PVC product in terms of the parts per hundred

resin (phr), where resin refers to the polymer.

Additives

The additives which are required in the processing of PVC are

thermal stabilisers and lubricants. These arc normally selected
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to have the minimum effect on the properties of the product.
Additives used to modify the properties of the product include
U~V absorbers, pigments, fillers, impact modifiers and, in

the case of PPVC, plasticisers 6, 30-32].

The thermal requirements for processirg UPYC are such that
unstabilised PVC would rapidly degrade. The stébilisers )
generally employed are based on lead, tin, barium~cadmium, and
cadmium-zinc organo-metallic compounds ]33}, However, when
clarity is an important requirement for the finished product,
organotin compounds are used. For exceptional clarity the
choice is further limited to the sulphur containing organotin

compounds [34].

Lubricants are generally classed as either internal or
external depéndiﬁg on the function they fulfil, This classificaticn
is based on their compatibility with PVC. Those which are more
compatible are classed as internal lubricants and function to
control the mixing and shear heating. Those which are less
compatible are classed as external lubricants and act to preyent

PVC sticking to the hot metal of the processing equipment{

This categorisation is only a guide since no lubricant is
either completely compatible or non-compatible and each lubricant
will act in both modes to someldegree. The details of lubricant
action are poorly understood and the types and levels of lubricants
required for a particular processing system are usually determined
-by trial and error [35]. Furthermore, because of the time and
cost of these trials, details of the lubricant system and

indeed the composition in general are rarely reported.

Commonly used external lubricants are synthetic waxes; fatty
esters, ethers and alcohols; low-molecular weight polythylenes;
and lead stearate. Internal lubricants include long chain fatty
acids, calcium stearates,.alkylated fatty acids, and long chain

alkyl amines [30].

Fure PVC is not thought to be susceptible to U-V attack.

fowever, PVC which has undergone processing and therefore may be
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slightly degraded or PVC which contains traces of polymerisation
additives is known to degrade during exbosure to U-V radiation.

This degradation is mainly observed as embrittlement in clear

products and embrittlement and discolouration in filled products([29,36]
U~V absorbers are, therefore, added to the composition. For

clear products these are usually either derivatives of 2- hydroxy-
benzo-phenuone, 2—(2H—benzotriazol ~2-yl) - phenols or phenyl esters.
Filled products may also incorporate these, though more use is

made of titanium dioxide and carbon black [30].

Pigments are generally used to colour the product although
they are sometimes used to give further protection against U-V

attack,

Fillers are generally added to UPVC composition to reduce
costs., Typical fillers are the clays, calcium carbonate and

titanium dioxide at loadings up to 307 by weight [30].

Impact modifiers improve the toughness of UPVC products by
introducing a second phase of rubbery material such as acrylonitrile-
butadiene-~styrene (ABS) terpolymers, methyl methacrylate-butadiene-
styrene (MBS) terpolymers,chlorinated polyethylene and ethylene-
vinyl acetate (EVA} copolymers. These are usually added at the
5=10% level and tend to reduce the yield stress from 55MPa to
42MPa 130]. The impact strength may also be improvea if
precipitated calcium carbonate, with a particiz size less than

O0.1ym, is used as the filler [37].

The mechanical and physical properties of a PVC product are
most dramatically changed when plasticisers are added to the
composition. The addition of 30phr dioctyl phthalate (DOF) uay
reduce the polymer yield stress to values lower than 25Mra. The’
product so formed is no longer a glassy materizl but a rubbery
flexible material. The range of materials used as plasticisers
is extensive and the levels at which they are used varies between
20-100phr [38].

The main point concerning additives is that not only is therz



2.2.2,

an extensive choice of materials to perform a wide range of
functions but that each material acts not just in one mode,
but to a degree, in two or more. The selection of additives
for a particular composition is therefore very complicated

and the final choice is only arrived at after several trials,

Typical formulaticns for a clear UPVC extruder composition

and calendering composition are given in Table 2.

Processing

Many routes are available to the processor, to convert a
mixture of polymer and additives into a homogeneous melt and
then from a melt into a particular shaped object. Some of the
more common ones include extruzion, calendering, compression

moulding, blow moulding and injection moulding.]39].

Tor this work the two methods of importance are extrusion
and calendering. These two, in essence, are very siicilar
processes requiring similar molecular weight polymer and similar
additives. They also introduce similar levels of orientation
and similar thermal histories, when compared to injection
moulding [39].

To manufacture weld red & simple extrusion process would be
used, whilst to manufacture sheet a calendering process followed
by a press lamination process would be used, To manufacture
the thickness of sheet used, foils of UPVC, approximately 0.5-1,0mm
thick, are first calendered. Then the number of foils required
to make up the thickness of sheet desired are stacked in a press,
heated to about 180°C and are then pressed together until they

have fused.

It has been noted [40,41] that two-roll milling, a standard
industrial method of mixing polymer and additives prior to both
extrusion and calendering, way result in a reduction in the
polymer molecular weight. Typically, the reduction was found to

be 207 for PVC milled for 5 minutes at 190°C [41].
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2.3, Mechanical Properties of UPVC

Commercially available clear'UPVC is described as a glassy,
amorphous thermoplastic, at ambient temperatures. Other
important materials in this class are polymethyl methacrylate (PMMA),

polysﬁyrene (PS) and polycarbonate (PC).

The mechanical properties of this class of materials are
sensitive not only to the temperature and rate of testing but
also to the presence of additives and the thermal history of the
material. There has been no full assessment of the effect of
additives or thermal history for the as-supplied commercial
materials although it has been suggested that they would only
produce variations in properties of up to 20% [42]. However
this value still means cauvtion is required when comparing

mechanical data obtained from different grades of material.

2.3.1. Temperature and Rate of Testing

"As with all thermoplastics the mechanical properties of
UPVC vary with the temperature and rate of testing. There is
also a slight dependence on pressure but it has been shown
that it requires an increase in pressure of 1000 atmospheres to
‘raise the Tg by 11% 143] and therefore pressure may be ignored
as far as normal testing is concerned.

The effects of temperature and rate have been studied by
Vincent [44]) and Bauwens et al [45). It is concluded that the

o tensile yield stress increcases between 0.7 - 0.9 MPa for each lOC

decrease in temperature and increases between 1.7 - 2.7MPa
each time the strain rate is doubled. The BRauwens et al study
used the Eyring rate theory [46] to analyse their data. They
found that as the temperature decreased or the strain rate
increased more account: had to be taken of the B transition.
They showed that at any temperature a test done below a certain
rate was dominated b& the glass transition, whilst above that
rate it was controlled by both the glass and the § transiticn.
In their study they found that at 0°¢ and 23°C the critical

strain rates were 0.0083—1 and C.04s " respectively.
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The . temperature dependence of the yield stress in the
glass transition controlled region is confirmed by Williams
and Isherwood [47}, and Rawson and Rider [48]. 1In the same
region the rate dependence is confirmed by Pezzin et al [49]

and Shinozaki et al [50].

Williams and Isherwood [47] and Harrell and Chartoff (23}
both revort a decrease in tensile modulus of 0.01 - 0.02 GPa
with aﬁ increase in test temperature of 1OC. Pezzin et al [49]
and Shinozaki et al [50] have shown that a doubling of strain

rate increases ‘the tensile modulus by 0.03 - 0.05 GPa.

From these studies, UPVC is found to have a tensile yield
stress of 55 -~ 65MPa and a temsile modulus of 2.7 - 4.1 GPa

o

when tested at 20°¢c using a strain rate of 10“3 s .
The brittle strength of UPVC, and thermoplastics in

general, is less sensitive than yield stress to changes in

test temperature and strain rate [51]. This reduced dependence

on temperature means that as the temperature is reduced, the

yield stress increases and the prcbability of brittle faiiure

increases. The brittle-ductile transition [5Z] occurs when

the temperature is such that half the specimens tested fail

in a brittle manner, see fig. 8. - In amphorous polymers

this transition has been associated with the R transition [53, 54].

In the case of UPVC the R transition occurs between -40 - OOC

as does the brittle-ductile transition.

2.3.2. Molecular Weight Dependence

The properties of UPVC are dependent on molecular weight
and possibly molecular weight distribution. However, as most
commercially available UPVC is processed from PVC having
ﬁw/ﬁn « 2.2 [20], the effects of molecular weight distributien

are not discussed.

The Tg of PVC increases rapidly with molecular weight
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but plateaus at Tg = 78°% for»molecular weights exceeding ﬁn =
10,000 [22]. The yield stress for UPVC with Mw = 50,000 - 500,000
has been shown to be "sensibly" constant although energy-to-break
and flexurgl brittle strength increase for ﬁw less than 200,000 [44].
Pezzin and ZinelIi [41] reported no molecular weight dependence
for either yield stress or tensile modulus for ﬁw greater than
70,000 but were unable to test UPVC with Mw = 26,000 due to
difficulties of processing. Shinozaki et al [50] reported a
constant yield stress for a range of commercially available
URPYC's, with different molecular weights, but a slight decrease

in tensile modulus with increasing molecular weight.

Other properties shown to be dependent on molecular weight

are time-to-rupture under fatigue loading [55], discentinuous

~growth band formation during fatigue testing [56], craze

stability 57,587, heat stability, impact strength and soften-
ing point 159].

Lffects of Additives

It has been shown that the presence of some soluble, liquid
additives increase certain properties such as yield stress,
whilst insoluble, solid additives lead to a decrease [60], see
fig. 9.

The clearest example of how additives affect the properties

of PVC is seen when plasticisers are added to the ccomposition.

The addition of 50phr of di-octyl phthalate (DOP) to PVC

reduces the material yield stress to 21MPa whilst increasing
the elongation-to-break to 290 %[38]. This is achieved by
depressing the polymer Tg either closer to or below room

temperature.

However, some plasticisers exhibit anomalous behaviour in
that. when at low concentrations, less than 10phr, they increase
the yield stress and reduce the elongation-to-break, but still
depress the polymer Tg 161]. This effect has been called
anti-plasticisation. Mascia - [62] has studied this effect in

PVC, using tri-cresyl phosphate (TCP), by examining the
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dynamic response and creep response at various temperatures.
He showed that'the anti-plasticisation effect is absent for
material tested at or above 40°C. Indeed above 40°C the
material showed the typical plasticisation effect. This
confirmed the results of work carried out by Peukert [63]

on plasticised weld rod.

The effects of the presence of particulate fillers on the
mechanical properties of UPYC have been extensively studied,
Vincent [44] examined the effects of adding titanium dioxide,
calcium stearate, PMMA butadiene-methyl methacrylate copolymer,
and vinyl acetate on the yield stress, impact strength and
elongation~tc-break, Increasihg the loading of titanium
dioxide increased the impact strength and decreased the yield
stress. ‘At 30phr the impact strength had increased 1507
whilst the yield stress had decreased 10%7. The additiocn of
up to 2phr calcium stearate lead to a reduction in yield stress
of 15Z. When PMMA or vinyl acetate were blended or copolymerised
with UPVC the yield stress increased and the impact strength
decreased. However, when butadiene-methyl methacrylate was
blended with UPVC the yield stress decreased and the impact
strength increased. Similar effects were shown by Weldon [59]

when calcium stearate and vinyl acetate were added to UPVC.

Studles of the effects on mechanical properties of adding
calcium carbonate to UPVC are complicated by particle size and
agglomeration effects [64]. The major effect of perticle size
is that the impact strength increases as the size décreases,

A 207 loading of calcium carbonate has been shown to increase
the notched Charpy impact strength from 6.5KJ]ﬁ$ to 9.6KJ/h$

for a particle size of 2.4um but will increase it to 36KJ]M2

for a particle size of 0.07um [64]. However, at this loading the

yield stress drops by 147 and 217 respectively,

Baum [65] has studjed the weathering of UPVC stabilised with
three different organotin compounds with and without particulate
U~V stabilisers, He reported that the yield stress for unweathered
material was significantly less for the UPVC containing the

U~V stabilisers.
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The increase in yield stress for a UPVC composition containing
soluble additives is noted in one of the supplier's literature [66].
The specific example quoted being a l1iquid organotin stabiliser
as used in clear sheet. Tt is further noted that thére s an

» attendant increase in brittleness when such additiyes are used,
This is also reported by workers [67] studying the creep and

fatigue response of various grades of UPVC,

Dunlagp et al [68] whilst studying the effects~6f;@1asticisers
on the Tg of PVC showed that the addition of a liquid organotin
stabiliser at the 2phr level reduced the PVC Tg to 69°C, They
considered it to be a plasticising additive. A barium-cadmium
particulate stabiliser only reduced the Tg to 77°C, Similar
findings were reported by Duiser and Keijzer [69] who found that
the Tg of a PVC composition containing 2phr of liquid organotin

stabiliser was reduced at 6500.

2.3.4. Thermal History and Orientation

Turner [70] reported a marked reduction in the long term creep
compliance of UPVC when conditioned at 60°C for 12 weeks prlor to
testing. He reported that rapid cooling from above Tg then restored
the compliance. Dunn and Turner [71] monjtcred the short term
modulus, 100 sec. creep modulus at 0,27 strain, after various times
of conditioning at 60°C. They found a 707 increase after 6.6 years,
and also report that conditioning at 20°C for 3.5 years raised the
modulus by 8%. Mascia [62] reports a similar trend in the results for
creep compliance and sheer modulus, when comparing unconditioned

UPVC with UPVC kept at 60°C for 3 months prior to testing.

Wright [72] studied the effects of annealing UPVC for different
lengths of time, at various temperatures between 40°C and 600C. He
reported the expected improvemrnt in creep modulus with increasin
anneal time for the longer duration annealed material. A further

'improvement was obtained when a delay time was introduced
between annealing and testing, In all cases, though, this
improvement was mly towards the creep modulus obtained for

UPVC conditioned at 20°C for 2 years, iHowever, he also



reported an anomalous effect for the high temperature, short
duration annealed material in that as the time of the anneal increased
the creep modulus was initially observed to drop before showing

the usual improvement.

Struik [73] also reports- an improvement in creep modulus with
o . : .
proleonged storage at 20 C when compared with the values obtained

from material quenched from 90°¢, -

Illers ]74] reports an increase in density and ydeld stress
and a reduction in elongation-—to-break for TURPYC annealed at 70°¢
compared to material quenched from above T . Mills [75] and
Cross and Haward [76] have shown that quenﬁhing UPVC from above Tg
produces a material which at low strain rates will yield in a
uniform manner without showing any signs of necking. This yield
occurred at.a lower stress than for unquenched material. They found
this state to be unstable in that when increasing delay times were
introduced between quenching and testing the material behaviour
gradually returned to that of unquenched material, Rider and
Hargreaves [77] report a drop of 107 in yield stress for UPVC
annealed at 71°C but give no details of the cooling rates used.
Shinozaki et al [50] annealed injection moulded UPVC specimens at
110°C and found that both tensile modulus and yield stress increased
with annealing times up to 20 minutes but they then.remained
constant, The increase in modulus and yleld stress was between
10~-20% whilst elongation-to-break decreased from 1407 to 807Z.
Again, no details were given for cooling rates from the annealing

. temperature.

The methods of differential scanning calorimetry (DSC) have
been used extensively to study the effects of wvarying thermal
history on UPVC. Illers J74,78], McKinney and Foltz ]79], and
Gray and Gilbert [80] all report the presence of an endothermic
peak super-imposed over the glass transition for UPYC annealed
below Tg' The area under this peak is dependent on the rate of
cooling and heating and the time and temperature of the anneal.

Heating to above 'I‘g and quenching removed the peak,
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Wolpert et al [81] studied the effects of usieg different
heating and cooling rates on the Tg for a range of thermoplastics
including PVC. They showed that similar rates for cooling
and heating produced the standard glass transition with faster
rates moving the transition to higher temperatures. Slow
cooling and fast heating produced the endothermal peak super—imposed
over the glass transition. TFast cooling and slow heating
produced a small exothermic peak super-imposed just prior to
the glass transition, see fig. 1(}. These extra peaks were
explained as being due to the rate effects varying the relaxation
of free volume. Illers [78] and Gray and Gilbert [80] explain
exothermic peaks super-imposed on the curve bhetween Tg at ZOOOC
as being caused by crystallinity formed during aaneaiing
treatments above Tg of previously quenched PVC, the exothermic
peak occurring between 10-20°C lower than the annealing

temperature,

The effect of orientation on URYC has been studied by
Rider and Hargreaves ]77]. They examined the yield stress
dependence on draw ratio, draw direction and draw temperature,
either 71°C or 90°C, The lower temperature drawn material had
a yield stress up to 200 Z greater than the undrawvm material,
when tested in the draw direction fox draw ratiocs in the range
6 - 7. 1n the same range the high temperature drawn material's
yield stress only increased wup to 507. Both high and low
-temperature drawn material had yield stresses lower than the
undrawn material when tested at 90°C to the draw direction,
see fig.11l.. Rawson and Rider ]48] found no change in the
temperature dependence of the yield stress for the lot drawn
material compared to the undrawn sheet., However, they report
a slight anisotropy in the yield stress for the as-received sheet

(less than 8Z) which was not observed by Rider and Hargreaves.

Rawson and Rider [82] extended their study to include the
effects of hot drawing on tensile modulus wusing an ultrasonic
method [83] to determine the elastic constants of the materials.
They reported a linear relationship between tensile modulus
and yield stress for a range of draw directions and birefringence,

birefringence being used as a measure of draw ratio.
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Brady and Jabarin [84] studied the effects of cold drawing
(23°c) upvC. They observed that the temperature at which
shrinkage occurred was reduced from 70°C, for undrawn material,
to 45°C. However, the yield stress increased from 72MPa to
88.3MPa, To try to preserve the improved mechanical properties
whilst improving the shrinkage temperature, they studied the
effects of two annealing treatments. Both were carried out at
70°C for 3 days. In the first, the sample was constrained
in its draun state, whilst the second was unconstrained,
Undrawn sheet was also annealed at 70°C for 3 days, unconstrained
for use as a comparison. Their results, for each treatment,
for the shrinkage temperature,yield stress, modulus, total

shrinkage and Tg are given in table 3.

Fracture and Fractography

A material may fracture in either of two modes, ductile or
brittle. Ductile failure is usually observed as slow Learing
with large deformations and is associated with yielding of
the bulk polymer. Brittle failure, however, is wsually a low stress,
low energy and small scale deformation processvresulting in

planar csurfaces covered with cleavage type features.,

Crazing and Brittle Fracture.

Brittle failure in glassy thermoplastics is usually preceded
by craze formation through which the crack grows, in either a

slow stable menner or a fast catastrophic fashion [85],

The crazing behaviour and craze morphology have been extensively
studied but the complete details have not been fully established.
Craze formation is dependent on many factors including: the
level and duration of applied stress, temperature, polymer,
molecular weight and the presence of orientation in the polymer [58].
Crazing develops under a tensile stress only, the plane of the
craze being normal to the stress direction. The crazes usually
initiate at surfaces but can develop internally from notches ox
inclusions. Crazes tend to be wedge shaped, the distance

between the craze walls increasing with distance from the craze tip,
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however, the wedge angle is only 1-2°.. At the tip of the

craze the wedge shape sometimes gives way to a cusp--like form [85].
Kambour [86] showed the craze to consist of 40-607 void with
polymer highly orientated between the voids. The fracture
surfaces of some polymers show interference colours [87]. This

is caused by a residual layer of craze material left on the
surface as the crack moves first along the centre of the craze.
Then as the crack accelerates, the crack moves away from the
centre of the craze and begins to jump between the craze/solid
interfaces, This.mode of craze/crack growth has been demonstrated
by Doyle et al [88] and Beahan et al [89] using transmission
electron microscopy. As the crack continues to accélerate, the
fracture mode abruptly changes and the crack begins to bifurcate,
that is move on two or more planes. This results in exception-
ally rough fracture surfaces and may lead te the ejection of

large pieces of the specimen [90]. Why this happens is uncertain
but it appears to be related to the velocity and energy cof the
crack [91].

UPVC was originally thought not to craze as no interference
coldurs were seen on the fracture surfaces [87]. Later work
by Gotham [92], and Coines and Howard [93] showed that UPVC
did indeed craze. Mills and Walker [24] have characterised
crazes in monotonically loaded UPVC. They reported crazes up
to 500pm long with thicknesses between 6.3 - 8.9ﬂm at the

crack tip.

Fractography

Fractography is an important tool in studying fracture
behaviour, bothih.terms of the initiation and the propegation

of cracks [95].

The gross features of a brittle fracture surface are defined
as the mirror, the wist, and the hackle zones [91,96]. The
mirror region is a highly reflective smooth region at and
around the fracture initiation site, the mist surrounds the
mirror zone and is a more rough surface which then becomes the

hackle zone, a very rough shattered surfacc. However, within
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each of these regions there are further finer features.

It is generally considered that the mirror region corresponds
to slow crack growth through the preceding craze, the mist is
a transition zone and the hackle is the fast fractufe region [97].
Within the mirror zone penny shaped features may be observed [94],
these being formed either by void coalescence or by secondary
fractures in advance of the main crack, The features~most.studied
in the transition zone are the patch or mackerel patterns
observed on the fracture surfaces of PS. These patterns have
been attributed to the craze wedge first separating from one
craze/solid interface,then from the other J97]. The hackle
zone ccntains four méin features, rough shatter bands, fine
striations, river markings and Wallner lines. The shatter bands
and the fine striations are thought tc be essentially similar [88]
with the shatter bands,being caused by excess energy in the crack.
This causes the crack not to move through,the preceding craze,
thereby leaving a striation, but into, the bundle of crazes
which surround the crack tip, hence leaving a shatter band.
River markings are seen when the crack has been moving on two
or more different levels which gradually meet as- the crack
advances [98]. Wallnér lines are perturbations of the crack
cauced by the interference between stress waves reflected by
the specimen surfaces and the crack front [99]. These are
normally observed as curved bands of roughened material which
show in some cases, an unexplained periodicity. Where two or
more sets are present definite over-lapping may be seen. These
lines have been used as a means of determining the crack wvelocity,
"when the stress wave velocity is known and have been shown to
occur when the crack is moving with a velocity close to its

3 o
n

maximum [98]. TUltrasonic pulses have been used to artificially
modulate the crack front to allow crack velocity determinations

in glassy thermoplastics [100].

The fine striations observed on PS fracture surfaces have
also been observed on UPVC 15%5 57, 98, 101], styrene-diene triblock
copolymers [102] and polymethyl-a-cyanoacrylate adhesive [103]
fracture surfaces. They are all characterised by spacings

typically 10-30um with a high degree of regularity in size and
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spacing. They lie parallelwgo the crack front and do not
overlap, as do Wallner lines, they have a well defined leading
edge behind which lies a craze band which fades into a
featureless zone approximately equal in length to the craze
band. ‘Similar lines have been seen on the fracture surfaces of

PC [104] but with a much larger spacing.

TFracture Mechanics

In the engineering context the study of brittle failure
is through the theories of fracture mechanics IlOSle?]; For
the case where failure occurs at lecads low compared to the
vield stress and when the material is approximately obeying
Hooke's law, a linear elastic fracture mechanics (LEFM) approach

may be used,

Fracture Mechanics Theory

Inglis [108] has shown that for a small elliptical hole in
a uniformly stressed, linear elastic plate, the stresses around
the hole are modified so that a maximum local stress, cf; is

]

observed at point C, see fig. 12, equal to

’ ~ 1
= o+ 2
op = 0, [1+2(a/p)?] -(1)
Where OA is the applied stress, 2a is the major axis length

and p is the radius of curvature of the ellipse at point C..

Griffiths [109, 110] used Inglis's analysis with an energy
balance criterion for fajlure to derive the failure stress Sp
for a line crack (the limiting case of an ellipse) as

1
OF = (2E Y/ma)? -(2)
in plane stress, or
. ? 'J’
9F = (2F y/ma(l - v%) )? ~(3)

~in plane strain E is the material's Young's Modulus, y is the

surface energy, 2a, the crack leagth and v Poisson's ratio.
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Irwin [111], using a stress analysis approach showed the
stresses around the crack tip to have the followiung form

oy =KE@) g;; (@ - (4)

ij
Where K is termed the stress intensity factor and f(r) and gij(o)

are radial and angular functions. K is defined as

I = o.vYra -
K =o0,/na (5)
K is usually referred to the mode of opening of the crack, i.e,

KI is the K relevant to Mode I opening, see fig. 13,

Irwin suggested that fracture occurs when K reaches a critical
value K> this value being a constant for the material, that is
the same way as yield stress is a constant, i.e., allowing for

rate and temperature dependence,

The equivalence of Griffith's and Irwin's approach was
demonstrated by Irwin who intrcduced the strain energy release
rate parameter G. At the instance of fracture, this parameter
has a constant value Gc’ which equals the surface energy term ¥y,

of CGriffiths which, substituted into (2) aad (3) and using (5)

gives
1
K, =GF1/"3 = (EG)?
¢ -(6)
for plane stress and
R = (EC /(- )
c c v -(N

for plane strain.

Irwin J111] and orowan 1112] suggested that plastic work, p
done at the crack tip should be included in the surface energy
term and that in engineering materials Yp is very much grezter
than y . Irwin went on to show that this work was independent
of the external conditions, providea the volume of plastically

deformed material was small, with respect to the specimen

-~28~



2.5.2.

dimensions, and therefore could be used in place of Y.
The zone of plastically deformed material has been analysed

by Dugdale [113] who showed that it extended beyond the crack

- tip by an amount Aa, given by

A2 | coc ( Oy
" sSec ( ‘A/ 20’y )—-\

~(8)

Where oy is the yield stress.

Fracture Mechanics Testing -

To allow for the finite size of test specimens equation (5}
is modified by the inclusion of a gecometric factor, Y. such that

Kc = GF Yy a ~ =(9)

These geometric factors have been determined for a number of

test geometries [114, 115].

The G
The dependence of Gr c

simplified through the plane strain/plane stress approximations,

and KI on specimen thickness is

that is thick/thin plate respectively, and in practice the approz—
imation is determined empirically. The surface of the specimen

is assumed to be in plane stress and this state is assumed to
continue into the sample for a depth approximately equal to the

plastic zone size Aa. Provided the sample is thicker than 2Aa the

‘middle is assumed to be in plane strain.

The usual parameter studied in fracture mechanics is the

plane strain fracture toughness, K. ,,for mode I opening. The

Ic’
plane strain state prevents the relaxation of the strain by
through-the~thickness yielding and leads to a brittle, flat

fracture at relatively low loads,

A GIC versus thickness plot for aluminium is shown in fig. 14,

[116]. -
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‘fractures the specimen. The fracture toughness, K

The insensitivty of G__ to specimen thickness in the plane

IC
strain regions allows tests to be done under more controlled
conditions. If specimen thicknesses less than those necessary
for plane strain testing are used then large differences in
Gy are caused by small variations in thickness.

In metals, the minimum thickness conditions for plane strain

testing is given by [114].

2
b > 2.5 K_../ o)
IC Yy ~(10)

The condition is semi-empirical, based on results for
aluminium and a value judgement that fifty times the plastic
zone size is sufficient thickness to ensure minimal effects

due to the plane stress surface region [117].

Other specimen dimensions such as crack length and distance
from the crack tip to the opposite edge of the specimen should
also be greater than (10) for valid plane strain testing [114].,

Plane strain fracture toughness testing may be divided into
two sections. The first section uses methods and specimens which

give one result per test specimen and the second uses methods

-and specimens which give more than one result per specimen,

In the first category are tests using single -edge notch (SEN),
double edge notch (DEN) and the centre notch (CN) specimens in
tension and the SEN specimen in bend, see fig. 15, 7The feature
of these is that once the crack propagates, it is unahle to
come to rest again within the sample and hence completely
1> is -
determined through (9) using standard geometric factors [114,115],

In the second category samples are used which are sufficiently
large that under fixed grip (constant displacement) testing the
propagating crack is able to come to rest within the sample. If
the grip separation is increased until the crack propagates sgain

and is then held constant, the crack may again come to rest within
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the sample. With the correct design and a suitable material
this procedure may be repeated many times before the crack
completely separates the sample. Using this type of testing,
two types of behaviour are obscrved: slow stable crack growth
and fast stick-slip fracture; typical load-extension curves
are shown in fig. 16. During testing, the grip displacement
is increased at a constant rate. With some designs and
materials the crack grows so slowly that the movemeut of the
grips serves to drive the crack forward without it stopping,
thus giving slow crack growth, However, with other designs
and materials the crack movement is so fast that the grips
are effectively frozen during propagation and therefore no
further work is done on the sample. This results in stick-siip

fracture.

Specimens for this type of test are shown in fig. 17 and
they are known as double cantilever beam (DCE), tapered double
cantilever beam (TDCB), compact tension (CT). and double torsion (DT)

specimens,

For each,specimeﬁ type, an appropriate geometric factor
has been determined [118,119,114,120] thus permitting a direct
calculation of KIC' However all four specimens can also be
used to determine GIC using compliance methods. If a calibration
curve of compliance against crack length is produced then G

IC
can be calculated frowm [123].

2
ot N
2b da -(11)

Where P is the failure load, € is the specimen compliance and
dc/da is the rate of change of coémpliance with crack length, at
that crack length, and b is the specimen thickness, see fig. 17.
The compliance calibration curve is produced by mesasuring the
specimen compliance, that is the defiection of the ends of the

beams divided by the load, for a range of different crack lengths.

When using either the DCB or CT specimens, both the load
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and the crack length are required before GIC can be calculated.
By careful design the dc/da term can be made constant for a range
of crack 1éngths and therefore whilst the crack is within

that region only the load at failure is required in the calculation
of the GIC I1211. Tc produce a constant dc/da, the DCB design is
modified to a taper. Strictly it should te contoured, but a
simple taper is a reasonable approximation for a limited size

of cracks 1227,

In almost all of the multi-result tests the specimens are
grooved along their centre line to guide the crack and to

prevent it wandering out of the side of the specimen.

The two types of crack behaviour, i.e. slow or fast crack
growth, provide different information about the crack, When
slow crack growth occurs, data may be obtained about crack
propagation and about the way in which cracks, too smail to
produce catastrophic failure, may grow to a critical size. Fast
catastrophic failure only gives information on the crack

initiation behaviour [123].

Mai et al [124] have analysed the varicus TDCB designs and
have shown that crack growth is more stable, when smaller taper
angles are used. They alsc show that arm break-off becomes
more common when smaller taper angles are used, and therefore
specimen grooving becomes essential. Arm break-off may be reduced
if designs with smaller e/w values are used, where w is the
specimen length and e is the extra beam length necessary to
bring the taper to its apex. They suggest that the most stable
crack growth will occur for TDCB's which are reverse lcaded,

that is loaded at the end away from the apex.

Kobayashi and Broughtman [125] have suggested that the

bonding of stiff side plates to the specimen may reduce the

incidence of arm break—-off., They developed the technique to
permit a fracture mechanics analysis to be carried out on a

rubber modified acrylic, PMMA was used for the side. plates.

One important requirement for reliable fracture mechanics
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tesfing is the need for reproducibie,sharp,starter cracks.,
Marshall et al [126] have demonstrated the need for care when
notching PS. They showed that slow razor notched, impact
razor notch and fatigue ?otched PS TDCBs' gave KIC values of
1.87, 1.32 and 0,45 MPam’? respectively. They found that

both forms of razor notching and low frequency fatigue notching
(less than 30Hz) produced a bundle of crazes at the crack tip.
These crazes acted as energy sinks prior to crack propagation.
High frequency fatigue notching (greater than 30Hz) lead to
the creation and growth of a single craze at the érack_tip
thereby lowering the fracture surface energy. Razor notching »
of PMMA was found to be adequate as only a single craze formed

at the crack tip,

Fracture Mechanics and Polymers

The methods of LEFM have been applied to many glassy pclymers,
in particular PMMA [127-132], PS [126,127,130,134-136], PC [135-139],
epoxy resins [121,140-147] and UPVC T47,56,57,93,94,148-156].

The majority of work has cencentrated on either PMMA or
epoxy .resins. PMMA has been considered an ideal material with
which to use LEFM, since in many tests considerable spans of
slow stable crack growth can be achieved. This permits the’
evaluation of‘KI for both crack initiation and propagation over
a wide range of test rates and temperatures; typiéal curves are

shown in fig. 18 and fig, 19 131, 132].

The epoxy resins have been studied because of their extensive
use as adhesives and as the matrix material in many fibre
composites, ‘They also provide a means of evaluating the effects
of chemical structure on ffacture behavicur., It is possible,
by the careful selection of catalyst or hardemer, to vary the
crosslink density of the cured resin, and therefore to examine
how crosslinking affects fracture behavicur. The dependence of
K on crosshead speed and test temperature has been studied and
typical curves are given in fig. 20 and fig. 21 [147]. At low cross-
head speceds, crack propagation is stick-slip. However, as the cross-—

head speed increases, the KIC decreases, and when it equals
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the arrest value of K, K_ , then crack propagation is slow and cont-

Ia

inuous. At high temperatures K_, is very much larger than K

IC
and crack propagation is stick-slip; but as the temperature

Ia

decrecases, decreases until equal to K. , and again slow

K
IC
continuous crack propagation is observed,

Ia

A comparison between PMMA and epoxy resins is made difficult
since different aspects of K are reported. However, it would seem
that with PMMA, slow stable crack propagation is favoured by
slow croschead speeds and high temperatures whilst the reverse

applies for epoxy resins.

In the case of UPVC wvarious factors affecting KT" and GIC’
such as specimen dimensions, rate and temperature of testing,

composition and orientation have been studied.

Cornes and Heward [93] reported a value of 2.45 KN/m and
for KIC of 2.9 MPam% for 1 and 2mm thick clear rigid PVC SEN'S
‘tested at -40°C. At the same temperature, using a notched three-
* point bend test, Williams et al 1123] reported an identical
value for G | although no information was given concerning the

Ie’

sheet thickness,

Guild et al [148] used UPVC with PMMA to study the effects on
fracture behaviour of bonding together different materials. Using
a grooved DCB method with a nett section thickness of 1.5mm, UPVC

+ i I .
was reported to have a K ¢ of 3.56 - 0.20 MPam®. Initial notching

I
was carried out with a Stanley knife.

Mills J149], using centre notched specimens and a photoelastic
analysis, studied the effects of annealing and quenching on KIC
for 1 and 2mm thick UPVC sheet. The annealed and as-received
sheet fractured in a brittle manner with Ko = 2.0 % 0.2 MPam%.
Quenched lmm sheet failed by shear yielding, but 807 of the

quenched 2mm sheet failed in a brittle manner.

Mills and Walker[94) used clear rigid UPVC SENS with thicknesses

1,2,3 and 6mm to study craze growth and the effects of thermal
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history on KIC. They reported that as—received sheet had a

RIC of 2.00 MPam

2.57 £ 0.24 MPam

. After quenching, the 2mm sheet had a KICof

whilst 3 and 6mm sheet had a KIC of 1.95--t 0.16
1

of 1.94 10.17 MPan? .when

B Nmee

1
MPam’. The quenched 2mm sheet had a Ko

tested 21 days after quenching. They investigated the mwethod of
notching and found that fatigue notching did not produce

significantly lower values for K_, than razor notching. Poor

IC
alignment of the loading system and the notch was blamed for

!
higher values of R recorded (up to 2.9 MPam®). They

C
concluded that using the energy balance approach of Griffiths
implies slow stable crack growth is possible with the material.
They, however, proposed a theory of advance fracture formation
which would tend to prevent slow stazble crack growth, which
they failed to observe, They suggest analyses should be
presented in terms of the critical stress intensity factor, K

IC?
and not fracture surface energies,

GIC'
Brown and Chin [150] used 6mm thick UPVC and a compact

1
tension test method to determine a value for of 1.3 MPam*.

K
, “IC
They did not cbserve any stable crack growth and no shear lips

were seen on the fracture surfaces.

Green and Pratt [151] reported a dynamic KIC of 2 MPam% for
cracks in UPVC travelling at speeds between 510-590 mfs. At
velocities above 590 m/s the crack bifurcated and an approximate
KIC of 2.6 MPam% was estimated. The UPVC used formed a large
craze bundle, approximately 300-400um, during notching. In
propagating‘through this bundle, the crack accelerated to
speeds of greater fhan 500 m/s and théy were tinable to report
values of KIC for crack velocities less than 500 m/s. They
suggest that although the grade of UPVC used has a low
dynamic toughness the presence of the craze bundle would lead to
a more useful toughness under practical conditions of loading.
However, once fracture had started it would be more catastrophic
than PMMA.

Plati and Williams [152] used an instruvmented impact tester

to determine for UPVC. Over the temperature range -100 to

('i
Jic
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+600C, using notches with a 50um radius, GICwas found to be
between 1.3 and 1.4 KN/M., When tested at 20°¢ using notch

tip radii of 250um and 500um, rose to 2.0 and 3,8 Ki/m

C1c
respectively.

Radon [153] and Johnson and Radon [154] used impact and slow
bend tests to study the temperature dependence of KiC for TPVC,
They report maxima in the curves of KIC versus temperature
which varied with testing speed. They suggest that these maxima

correspond to an effect due to the gtransition,

Miller et al [155] orientated UPVC by hot drawing and then
examined the effects of differing degrees of orientation on
fracture surface energy using a grooved DCB method, They
reported slow stable crack growth, with a resultant nonwreflective
surface, and a diminishing fracture surface energy with '
increasing orientation. Above a certain orientation, indicated
by a birefringence of 2 x 10~3, the crack growth propagated
in a jerky manner with a highly refiective fracture surface,

For undrawn material of lmm thickness a value of fracture

surface encrgy of 3,6KN/m was determined,

Skibo et al [56, 101] used LEFM to study the effects of
molecular weight and plasticiser on the properties of PYC, They
1

showed that for unplasticised PVC, K_ . varied from 0.7 - 2.4 MPam’

IC
for Mw from 0.605 x lO5 - 2.25 x 105, when 6.4mm thick sheets

were tested.

The effects of specimen dimensions and notching method on
KIC have been studied using a pipe grade UPVC [156]. It was
concluded that, provided the size requirements recommended for
metals, i.e tbatvthe important sample dimensions are greater
than 2.5 (KICVQ;)Z, are met, then LEFM may be used. Further,
that razor blade pre-cracking produces acceptable crack tips

uitder these test conditions.

Chauffoureazux [64] reports the results of impact tests on

DEN specimens of UPVC containing differing amounts of two
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calcium carbonates of different particle size. The unfilled

UPVC had a KIC of 2.3 }Pam% and the 207 by weig?t filled
UPVC, fine particle size, had a K;c of 2,7 MPam*. It is,
however, peinted out that the filled UPYC fracture surfaces
showed evidence of ?lastﬁc yielding at the notch!tip which

may invalidate the results for the filled materials.

Hot Gas Welding of URVC

The basic techniques of hot gas welding of thermoplastics
were patented independently by Reinhardt in the ¥,S.A. J158]
and Henning in Germany [159] between 1937 and 1938, However,
almost all the development work and later studies were carried
out in Germany. Except for improvements in equipment and the
introduction of speed welding, there has been little change in
the methods of hot gas welding since they were first patented.
As such it still remains a skill which is learnt by experience

over months and years of welding.

In general the literature concerning hot gas welding of UPVC
contains recommendations for good welding procedure with little
research or explanation of why one set of conditions are

better than another.

~ Sheet Preparation

Voigt [154] gave recommendations for the preparation of the
groove formed between two sheets to be butt welded. The groove
was to be z single-vee configuration for thin sheet and a double-
vee for sheet thicker than 6mm; the included angle of each vee
should be 60°~ 70°. The use of a double-vee groove for thick
sheets was to save both time and material, as it required more
rods to fill a single large vee than two smaller vee's., When
using a single-vee groove special attention is drawn to the need
to ensure good root penetration, this being helﬁed by leaving a
slight gap, 0.5 - 1 .0mm, between the bevelled edges of the sheets.
It is further advised that an extra reinforcing weld rod should

be welded along the root from the reverse side of the groove.
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These sheet preparations have been accepted as standard ever

since.
2.6.2, Uelding Gas

Many authors have reported the values for various parameters
of the welding gas used during welding, or have recommended

certain values tc be used, and these are listed in table 4,

Henning 1160] reported the effects on weld strength when
different welding gases were tried. He used air, nitrogen,
hydrogen, carbon dioxide and oxygen and reported that all the
gases bar air produced nearly 1007 efficient welds, The welds
produced using air as the welding gas were only 757 efficient,
Connors J161] found only mincr differences in weld effiéiencies
between welds produced using either nitrogen or air, However,

his average efficiencies were only- 537,

Connors [162] examined the effects on gas temperature due to changes
in flow rate, pressure and power, for both electrically heated
and gas heated welding torches. He observed that a drcp in gas
pressure from 55KPa to 28KPa caused the gas temperature to
increase up to 60°C. He strongly recommended that monitoring
devices, for all four parameters, be used to ensure constant

welding gas conditions,
Neumann [163] has observed a 100°¢ drop in gas temperature
‘'when the measuring position was changed from the nozzle tip to

approximately 12mm away from the nozzle tip.

2.6.3. Weld Rod

Weld rod comes in beth unplasticised and slightly plastic~
ised forms, Originally the weld rod was plasticised to Improve
extrudability [159] but improvements in thermal stabilisers and
extruders have allowed unplasticised rod to be produced. In
Eufope the plasticised rod is still in common use [164] and

typically contains 10phr tricresyl phosphate 1165]. At this
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level it is acting as an anti-plasticiser [62]. Peuvkerts [63]

hés reported that welds made with plasticised rods are stronger
than those made with unplasticised rods when tested at temperatures
less than AOOC, but that their efficiencies drop below those of
unplasticised rod welds when tested above 4OOC. Plasticised

rods were also observed to char more easily at higher weld

temperatures.

Voigt [159] examined the effect of weld xod shape on weld
efficiencies. He tried rods with circular, hexagonal, square
and triangular cross sections and found that the weld efficiencies
decreased in that order from 857 for walds with ecircular rod to

507 for welds with triangular rod,

2.6.4, Welding Technique

"It is suggested [159,165] that good welding technique is
indicated when a bow wave of softened material is observed at
the junction of rod and sheet during welding, see fig. 22.
Further along the line of the welded rod and to either side of

the rod, a small ripple of material should be scen, see fig. 23.

During welding, the weld rod should be pushed vertically
into the groove with a force of approkimatelyC1=2Kgsy J165].
If the weld rod is pushed into the groove at an acute angle, see
fig. 24, stretching of the rod will occur. Stretching may also
occur if too great a force is used [159]. This may cause the
rod to fracture as it cools or as a second weld rod is welded
e over the first, see fig. 25, [165], It is recommended that
the rod length is measured before and after welding, so that the
length of rod used to produce a certain length of weld can be
determined and hence the degree of stretch in the rod can be
calculated. Some stretching is considered unavoidable and up
to 157 stretch is considered harmless [165]. The effects of
pushing the rod into the .groove at angles other than 90° on

the weld strength have been reported [1], see fig. 26.
In the introduction, see section 1.3, the torch action
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during welding, is described as simply being advanced along

the weld. Some authors prefer the use of a pendulum action [159,165].
For this the gas jet is continuously directed through a short arc
first oﬁto the rod then back. to the groove thereby giving a more

uniform heating between the rod and the sheet.
The effects of improper heating of the parts on. the weld
efficiencies and associated characteristic features of the

resul tant weld have been described [159], see table 5,

2.6.5. Testing of Welds

<

Two tests are commonly used to ascertain the quality of
the weld: firstly, a visual examination of a polished cross-
section of the weld [159,161], and secondly, tensile testing

of samples cut across the weld [161,166,167].

UPVC does not go completely fluid during welding and
examination of the polished cross-section of the weld usually
reveals that the weld rods and sheet have retained, to a degree,
their original shapes [159,161]. The weld rods during welding
soften and as they are pushed into the groove they tend to
distort their cross-section to match with the groove configuration.
This distortion has been taken as a sign that a good welding
technique has been used. Examples of typical cross-sections
are given in figs. 27-30. ¥Fig. 27 shows the cross—section of
a satisfactory double~vee butt weld. Note the homogeneity
through the weld and the distortion of the groove wall and rods.
Figs. 28-30 shcw the cross-section for some typical faults in
hot gas welding of UPVC, Imn the first, fig. 28, the temperature
was too low: there is no deformation of the rods and little ox
no fusion. Fig. 29 shows the cross-section of a weld for which
the temperature was too high and the materials have charred.

Fig. 30 shows a double-vee butt weld in which no root penetration

has occurred.

Voigt [159] examined the cross-sections of hot gas welds in

clear UPVC using polarised light and observed complex fringe
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patterns. These he suggested were indicative of the large
residual strains caused by thermally induced shrinkage of the

rods across the weld.

The second means of assessing the quality. of the weld is
to conduct tensile tests on specimens cut across the weld with
the weld perpendicular to the directibn of loading. This has
been commonly used and the method is the subject of ASTM
D1789-~77 [167] and BS 4994 ]166]1. In the literature, as in
the standard, the weld efficiency is calculated from the ratio
of weld failure strength to unwelded sheet failure,étrengtﬁ,
with failure strength defined as being the maximum load
sustained by the sample divided by the sheet thickness and

specimen width,

ASTM D1789=77 [167] defines a satisfactoxy~weld as- one. with
a weld efficiency greater than 757, whilst BS 4924 T166] requires
efficiencies greater than 90%..In the litexature weld
efficiencies range from 100%[165] to 507 J161] and it is suggested
[163] that weld efficiencies of as low as 30% are common for
inexperienced welders, However, interpreting the literature
valves for weld efficiencics is made difficult as the definition
of weld eificiency fails to take into account the different
weld configurations and differing degrees of filling of the

weld groove used by different welders,

A comparison of the different weld configurations used showed
. that the single-vee weld with a backing run was strongest,

90% efficient; a double-vee butt weld had an efficiency of 807
while a single-—-vee butt weld without a backing run was only 707
efficient [163]. The same author claimed that the dressing of

a weld, i.e, the removal of welded material in excess of the

sheet thickness, lead to a 257 reduction in efficiency.

o} 3 o
The effects of storage at temperatures between 80 C and 180 C

for times between 15 minutes and 24 hours on the efficiency of

welded sheet and unwelded sheet have been studied, Prior to

testing, the materials were either slow-cooled or quenched to
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the testing temperature. Henning [160] reported that both’
slow-cooled welded and unwelded sheets had tensile strengths

‘up to 107 less than the untreated materials. The quenched
unwelded sheet had a tensile strength up to 157 less than the
untreated sheet but the quenched welded sheet showed no reduction

in tensile strength.

The effect of various chemical environments on weld efficiency
have been studied by Connors J161] and Henning [160]. Connor's
results are given in table.G. His examples wexe immersed for
10 days in the reagents. Only the sulphuric acid immersion
shows an improved weld efficiency. However, Hennin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>