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STMMARY

The relaxaticn of stress in plasticized perspex at annealing
temperatures and at constant deformations cccurs in twe stages, the
first rapid and the second slow, The temperature cf this changs, from
ore stage to lhe cther reprcscnts the second-order transition lowered
by the gpplied ferces from 1ts normal value to the cexperimental
temperature, The tempercture dopendence and magnitude of the stress
to produce this lcowering of the seccnd-ordecr transition tempereatures
are smmllur tc tnoge o other vinyl polymers, The teasile stresses in
a spceimen during amncaling tend tc o value below this critical value,

The anncaling of complute structurcs should be performed when
mounted 1n the complete metal francwerkz., The relaxation date provide
2 ranimim temporature and tive of heting, othor precautions and
conoltions arc discusscd., A heating perrod of not less than 3 hours
at 65-70°C 1s recommendcd. Further work on unplasticised materizl
18 propcscd,
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1 Introduction

In arder that the maxaimum strength of perspex structures may be
ettained, it has been shown that crazing, surface scratches and other
points of stress concentration must be avoided. Crazing consists of a
system of fine cracks asppearing in or beneath the plastic surface, it
mist bec rvcognised as incipient faillure. It may be induced in the
material by the combined influences of stress and solvent vapour and in
the extreme casc when failure 1s imminent by high stresses alone. The
importance of the removal and exclusion of all active solvents or their
vapours cannot bec over-cmphasised. Eech of these considerations has

been desalt with in earlier reportsnlsz

The stresses to which a transparent plastic structure is subjected
should be kept as low and as uniform as may be attainable. Stress
concentrations may be caused by features of the design, and less obviously
by the presence of stresses arising in polymerisation of the material or
in ite subsequent treatment. The shaping or forming of the curved
structure, its asserbly and mounting ere each possible causes of such
stresses. Polymerisation stressos are removed by the heat treatment
reduired for shaping and are thercfore of importancc only in material
used n 1ts original cast Torm. The heat treatgpnt of flat sheet for this
purpose has been considered in a previcus note.

The amnealing of complete ghapings has, therefore, as ite objective
the reduction in the gtress level in the original structure before it is
subjected to service stresses such as acrodynamic leading. When such a
struciure consists of two separate shells cemented togother with an
interspace ihe cxact geomitrieal fitting of the shells before cementing
1g improbable  This fact, together with clamping and sarinkasge of the
cement by loss of solvent, and non-uniform cooling after forming, are
sources of initlal atress. The solvent loss may occur either by evapora-
tion or diffusion through the plastic or by polymerisation in the case of
monomeric cements. When such a structure is subscguently mounted in its
metal framework further stressing is probable. Hence anncaling should,
if possable, be porformed on the complete mounted assembly.

2 Stregs relaxation cxperimantz ot congtant deformation

2.1  Material employed

Commeraial methacrylate plasticised with 5 per cent of dibutyl
phthalate w2n employed. In order to attain an outer fibre stress in
bending of about 1000 1t/ss.in, at a convenient deformation sheets 3/16
inch thick were used and cut intc .irips 10 inches long =nmd 1 inch wide.
411 the strips were heat treated at 1L09C. and annealed at 80°C. as
described in Technical Note Chem 10887, a procedurc eguivalent to the
forming process on a curved structure. For a few experiments similar
strips 1/16 inch and 1/8 inch thick were uscd.

2.2 Experimental proecedurc

For each experaiment a strip was set up az a bent beam under a thres—
point loading system. It was inserted under two metal rods each 1/8 inch
in diameter and 7 inches aspart and a third such rod parallel to and
equidistant from the other two was inserted beneath the specimen and
raeised on to a fixed stop to deform the latter by « constant amount. The
forece rejuired Just to laft the rod off the stop =0 as to break eilcetrical
contact between them was determined =l any given time by direct weighing.
The complete assembly wag contained in an air oven at the desgired tempera-
ture, the balance for the stress determination being mounted above it and
comnected to the central rod tnrough o hole in the oven top.
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The deformation under bending was arranged to give an initial outer
fibre stress (see 2.31) of approximately 100C 1b/sq.in. This necessi-
tated for the thickest specimens an initisl load of the ordcr of 2000 g.
which could be determined readily to the nearcst gram. The time was
measurcd from the inscrtion of the sample in the asscnbly in the oven
already at the required temperature. This causcd a small initial distur-
bance after which the temperaturc was conbrolled to wathin + 1°%. 1If
over long puriods of cxperament the temperaturc varied outside these
1imits the results were rejected. Readings of the load necessary to
maintain the deformation were token at varying time intervals suitable
for convenient plotting on a logaraithmic time scale. Exgeriments were
performed over the temperaturc range 5500. to ?506. in 5~ intervals.

2.3 Results and discussion

2,31 The relaxation mechanism

Representative results are shown in Figs.1l (2) and (b) in
which stiress 1s plotted against time on a log scale. In order to correct
the measured load for small variations in the dimensions of the sample
the stress 18 caleulated as an sguivalent outer fibre stress. This is
defined ag the outer fibre stress to which the sample would have been
subJected under the mecasured load if the stress gradient ascross the sce-
tion of the beam had remained uniform. It is thus a methed of averaging
the stressces present and will be further examined below.

The decay of siress at congtent deformation cccours in two stapges.
During the first the ratec is repld and 1s lincar or the sroescnt method of
pletiing; in the second stage the rate is alse lincoar but much slower.

At very low stresscs thas line curves off asymptotically +to the log taime
axls. For the rubber-like material polyiscbutylene, Androvws, Hofman-~Bang
and Toboleky* have found that the decsy of otress of material held in
purc tension at constant elongabtion is lincor in = simlzx plot over a
wide range of log (time) and slso curves off at lov stresscs. Polymethyl
methacrylate differs from polyiscbutylenc conly in the substitution of =
-G 0C CHz for o -CH3 proup in the side chaarn.  We may, therefore, reason-
ably assume a similar relaxetion mechanism for the methacrylate when it
ig uin the rubbery condition.

All the experiments were performed at temperalures below that at
which the unstressed methacrylate becomes rubbery in character. External
forces have been shown’? to lower this temperaiure - the second order
transition point - for a range of polymers ancluding polystyrene, Saran
and polyvinyl chloride. Henoe the intersuetion of the two straight lines
(Figs.1 (a) and (b)) may be assumed to give the Force required to reduce
the transition temperature to that of the cxperiment. Above that stress
the material is rubbery and stress deeay s repid; below Lt the relaxa-
tzon 1 delayed as the molecular chains cf the polymer are less mobile.

The temperature variation of the stress al shich the transition is
observed with the temperature of that transaition is plotted in Fig.2. The

log (stress) = 1 plot for the methacrylate is included for comperison with
T

the publashed results; it is curved dowmmwards in the mamner found for
Saran 3. Over a short interval such ag Eoyer5 uged for polystyrens a
linesr plot could be drawn. The two slopes and stress magnitudes are of
the same order, which 13 evidence of the identaty of the phenomena. As
for Saran B a reasonably linear plot is obtained for all values of the
stress against temperature. Por the present data extrspolating to zerc
stress gives a temperaturc very olese to the sccond order transition
observed dilatometrically for the sarple.
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2¢32 The stress distribution in the relaxing specimen

The variation of the stress distribution with timg within the
bent specimen will now be considered. The imitisl stress gradient across
the scction of the beam may be asgumed to be uniform. The simplifying
assurption will first be made that the central position of the neutral
axis remains unchanged, i.e., that the stress decay is symmetrical asbout
that axis,

For polyiscbutylenc it was shown® that at low clongations the shape
of the experimental curves is independent of clongation; the curves are
superpogacle by multiplying the gtregs values by a simple factor which vas
proporticnal to the elengation and, therefore, also to the initial stress,
Assuming the same law to hold for portions of the sample sufficiently
stressed to be above the second order transition, in those portions of
the sample remote from the neutral axis the stross decays more rapidly
then in those rear to it. The stross gradient in these portione diminishes
with time but remains uniform as long as the chain mobility is retained.
On the further assumgtion that the slow ratio of decny ils wlso logarith-
mic the stress distrisution may oc determined sraphically for given ratez.
The form of such curves is shown an Tig.3. Grophical antegration to
calculate egquivalent outer fibre stresses as defined an 2.31 above gives
curves of the form cbiained exporimcntally. Fig.4 shows such curves
caleulated for 3/16 and 1/16 inch thick somples with spproxamate initial
stress gradient uscd cxperimentelly. The usc of thinner samples geve
increascd slopes, a slightly hagher stress ot the lranzilion and 1ts
later cccurrcnce, as thesc curves indiccote.

It will Le noted that the itrue outer faitre gtrese i1z below tae
equivalent mean value as scor as the strees gradient acrosy the section
cf the beam ceases to he uniform. The deeasy of the lower stresses in
the inner portion beang relativily slowcr than those ncar the surface,
the former have an inercasang influcnce on the value f the mean., The
cbserved siress at the trangition isg one sach volw out i gimilerly too
high. Altering the tempuraturd 1s cauavalcnt to ~dter .ac the initisl
slopes of the cwrves (Figs.l () and (b));ate relefive fieot on the
stress at the transitioan was found graphically Lo 3 Toos laan the experi-
mental crror of its detorminoticn.

The graphical treatment indicsten that the tr.ns.ilon 1a cbserved
at approximately the time at vhich the outer porticnsg inat-ally at the
highest stress reaca the truc transition. This obszervaticn permits an
eabimete o the true stress at the trangition fto be made. The area
A3 CD indlested on Fip.3 is coaloulaled as a functionr of the true value
AB from the inatial stroes,. and the reste of stress decay below the transi-
tion. Since tnls arva is equal to %'BG * (obrcrvad stregs ot the transi-
tion) the value of AB is derived.

TABLE T

The stregs to reduce the second order transition
to varioug temporstuares

Temperature Equivalent outcr fibre Calculated stress
o} stress 1b/sq. in. 1b/sq. in.
55 902 : 647
60 T3 ' 576
65 600 132
70 350 314
75 I 193 159
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Table I shows these calceulated mean values which are alsc included in
Fig.2 (dotted lines). The agreement in the calculated values between
samples 3/16 inch and 1/16 inch thick was good.

If the decay in compressive stress differs from thet in tension
the neubtral exis 1g virtuslly shifted towsrds the face at which the rate
iz slower since the system 1z an eguilibraium. It cen nc longer be treated
simply as in the abeove case. The important facts to be noted arc that the
equivalent outer fibre stress calculatod from the cxperimental data 1s
always above the actusl stress present ond that the tensile stresses
tend to a uniform low value. Sinee the latter arc of rajor importance in
farlure and the sole cause of crazing the valuc of annealing 1s under-
lined.

3 Annealing of shapings

The appropriste conditionsz for the heat treatment of complste
structures may now hc Zetailed. The chief factors to bhe considered are
the methed, temperature and time of hoating and the conditions of cooling.
For cleanliness and to maintain dryness in double sghell hoods air is
recommended; in any case no agueous fluid should be used nor any iilquid
or gas liable to causc crazing under stress. Solvent vapours which may
be present in cemented joints or have becn absorhed in the plastic are
removed with grest difficulty under ordinary temperaturc conditions, but
the greater part can be de-sorbed at anncaling tempersturcs. To assist
this desorption proccss enclosed sceccs, such as 1nterspaces, should ve
well ventilated </ath clean dry =zir preheatcd to oven temperaturcs. The
temperature of annealing should be a3 high as 1s consistent with the
avoldance of seriocus distortion of the structuwre. Distortion depends on
the unknown stresses 1nitially locksd in the miterial =nd on the adequacy
of the forming operation. If the lattcr has becen conducted at too lov a
temperaturs the materaal exhiblts an vlastze memory and distorts towards
1ts original cast condition. haterial held in the deformed state at
forming temperatures shows less distortion when annealed at a lowsr
temperature than when cooled immediately after forming; hence also the
rate of cooling influcnces the extent of this form of distortion. Thus
the choice of temperatures for annealing depends on tnknown factors and
rust be somevhat arbitrary. The data presented in this note suggest a
minimur of 65°0. for perspex to Specificatlion D.T.D.339A4 (containing 5%
of dibutyl phthalatc); expericnce svailable at the present time suggests
a maximm of 70°C.

The tire of heating for annealing must be sufficient to permit the
attzinment of thermal eguilibrarum and, thersfore, the degired fall in
stress. Prolonged heatang 1s not justified in that the stress decay 1s
very slow in the later stages end at the rcecommended temperatures the
stress remaining 1s small. A total poricd of threce hours 1s propesed
rmeasured from the time at which the oven temporaturc recovers (i alrcady
hot when the structure is inserted) or rsachus {af heated with the strue-
ture from cold) the reguired valuc. Cooling may be permitted to cccur
naturally to still air at room tempersiurc. Since all the plastic 1s at
temperatures below the second order transition point aftcr annealing the
ill-effects of irregular cooling arc small. Negligible permanent stresses
ere set up and the only objective 1s to avoid cxeessive terperaturc
gradients through the materisl. If desired the rate of cooling may bc
slowed by covering the structurc in a suitable insulating materinl; this
muist be chosen to avoid =cratcohing the surface of the glazing. Alterna-
tively the oven may be switched off and sllowed to cool hefore removing
the shaping., Table II summarises the above rocommendataons.



TABLE IT

Recommended conditicns of amnealing formed stiructures
of perspex to Specafication D.T.D.3304

Temperature 65 - 70°C.
Time Wot less than three hours
Ventilate all enclosed spaces with clean dry air at 65 - 70°0.

L Canclusions

The relsxation of stress in plasticised polymethyl methacrylate at
annealing temperatures and at constant deformation has been shown to
occour 1n two stagrs, the first rapid and the second glow. The temperature
of the change from onc stapge to tho other represents the second order
transition lowered from its normal value to the experaimental temperature
by the applied forces. The temperaturc dependence and magnitude of the
stress to produce this effect are similar to that of other vinyl polyrers.
The stress distribution through a sample in bending is considered; the
tensile stresses tend to a uniform value below that required to lower the
transition to the temperature in questiocn.

The annealang of a complete structure is dascussed. This should be
performed when mounted in its final mwetal framework. On the basis of the
reclaxation data a tims and minimum temperaturc are proposed for the heat-
ing cycle. Distortion limits the upper temperature that can be used and
a value based on present experience is put forwsrd. Further work is to
he done on unplasticised methacrylate.
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