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Effects of Moderate Biaxial Stretch-Forming on Tensile
and Crazing Properties of Acrylic Plastic Glazing®

B. M. Axilrod, M. A. Sherman, V. Cohen, and I. Wolock

The effects of biazial stretch-forming to approximately 50-percent strain on the tensile
and crazing properties of polymethyl methacrylate were investigated. The materials used
were commercial cast polymethyl methacrylate sheets, nominally 0.15 in, thick, of both
genergl-purpose and heat-resistant grades. Portions of the sheets were biaxially stretch-
formed by means of a vacuum-forming vessel, which had been designed to produce flat
uniformly stretehed disks of 10-in. diameter. Specimens from the formed pieces, as well as
from the unformed portions of the same sheets, were subjected to various tests, including
standard tensile, stress-solvent crazing with henzene, long-iime tensile loading, and ae-
celerated weathering.

The results indicate that biaxially stretch-forming polymethyl methaecrylate approxi-
mately 50 percent does not affect its tensile strength or secant modulus of elasiicity in
tension. owever, the total elongation and the stress and strain at the onset of erazing
in the short-time tests were greatly increased by the stretch-forming. The forming also
increased the threshold stress of stress crazing about 40 percent for loading times up to 7 days
and inereased the threshold stress of stress-solvent c¢razing with benzene about 70 to 80

percent.

It was observed in the long-time tensile tests that the erazing cracks were more

closely spaced and finer on formed as eompared to unformed specimens,

1. Introduction

Although polymethyl methacrylate glazing in ale-
craft is frequent{y prepared by a forming process that
stretches the material, there is little information
reported on the effect of this stretching on the tensile
and crazing properties of the material. Some data
of this type were obtained at Northrop Aircraft,
Ine. [1].2 Tensile tests were made on specimens
taken from pieces of polymethyl methacrylate that
had been stretched uniaxially. The pieces were
stretched about 60 percent while at 129° C (265° F)
and cooled while held at this elongation. It was
found that at both room and subzero temperatures
the specimens oriented transversely to the direction
of stretch were appreciably weaker than the longi-
tudinal specimens; also, ai room temperature the
latter specimens showed appreciable permanent set
in contrast to the former,

The effects of hot stretch-forming on polystyrene,
a material somewhat similar to polymethyl meth-
acrylate in forming behavior, have been reported by
Bailey [2]. It was found that uniaxial stretching of
several hundred percent greatly increased the tensile
strength, the elongation at failure, and the “crazing
strength’ ® in the direction of stretch; the tensile
strength was greatly reduced perpendicular to the
direction of streteh. Also the tensie strength of
sheets hot-giretched first longitudinally and then
transversely roughly 200 percent was reported as
greatly inereased for both directions.

The experiments described in this report were
mede to gain more information on the effect of form-
ing on the crazing and other properties of polymethyl

1 This investigation was condueted undor the sponsorship of the National
Advisory Commlttee for Aeronsutics; this report {8 a condensation of NACA
Technical Note TN2775.

2 Flgures in brackets indicate the llterature references at the end of this pa

2 In reference [2] the fest conditions were not indivated nor was it specilt?lglt'i
whether tha “erazing strength' was a stresz-grazing or a solvent-crazing threshold.

methacrylate. The properties determined on both
formed and unformed pieces of sheet material
included tensile strength, total elongation, strain
and stress at the onset of stress crazing, threshold
stress for stress-solvent crazing, and resistance to
weathering.

The major portion of the work was done on mate-
rial stretched biaxially to an elongation of about 50
percent, that is, about 50 percent in all directions in
the plane of the sheet. A few experiments were also
made on pieces stretched slightly, about 7 to 20 per-
cent. ‘This work was carried out as one phase of a
rescarch program concerned with factors affecting
the crazing and strength properties of laminated
acrylic glazing.

2. Materials

The materials used were commercial cast poly-
methyl methacrylate sheets 0.12 to 0.15 in. in thick-
ness. The samples used for all experiments except
the exploratory work were obtained direct,lg from the
manufacturers and were masked on one side only, as
is done for sheets used to make laminated acrylic
glazing, These samples, which included both the
general-purpose grade and the heat-resistant grade,*
consisted of one 36- by 48- by 0.15-in. sheet from
each of threc production runs. They are referred to
subsequently as ‘“‘representative’” samples and are
identified as follows:

NB8 Date -
sample Material ‘ Grade received
L1d | Lucite HC201_________ General-purpose______...| Sept. 1848
L2d | Lucite HC202. . _____ Heat-resistant .. R Dy,
Pla | Plexiglas I-a._______._| Gencral-purpose. -| Oct. 1949
P2a | Plexiglas TU . _..._____ i Heat-resistant_ __......_. Do, !

+ The two grades are defined in ASTM Speelfication I 70246 for Cast Metha-
erylate Plastic 8heets, Rods, Tubes, Shapes.
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3. Apparatus and Procedure

3.1. Forming Process
a. Equipment and Procedure

A vacuum-forming apparatus that would produce
flat biaxially stretched disks about 10 in. in diameter
was designed according to suggestions offered by
W. F. Bartoe of the Rohm & Haas Co.

A schematic diagram of the forming equipment is
shown in figure l. In this apparatus a sheet of
acrvlic material, heated to the rubbery state is
clamped to the ﬂnny- of the eylindric al forming
vessel, B. A partial vacuum is created in the vessel
by connecting the latter to an evacuated tank.
The pressure differential is controlled by the plug
valve, O, and the unclamped part of the sheet is
drawn into the vessel. The form D, an open-ended
evlindrical tube a little smaller in diameter than the
forming vessel and constrained by the guide E, is
mserted into the vessel. The pressure differential is
then removed quickly by admitting air through the
plug valve, F, so that the stretched acr vlu' sheet
shrinks about the end of the form. The sheet cannot
retract completely; the central portion remains

uniformly stretched across 1]10 open end of the fm'm
The formed acrylic sheet, shaped like a top hat,
cooled to room temperature in the vessel be fm'v
removal.
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Fraure 1.

Schematic drawing of vacuum-forming apparaius.

A, Plastic sheet to be formed; B, forming vessel; O, valve to evacupted tunk;
1), form; B, guide; F, valve to atmosphere.

In practice, the forming operation is done as
quickly as possible so that the acrylic sheet will still
be in the rubbery state when the pressure differential
is removed; the time from removal of the sheet
from the oven until forming is complete is less than
I min. The forming apparatus, assembled for the
drawing of a sheet and disassembled for the removal
of a drawn sheet, 1s shown in figures 2 and 3,
respectively.

b. Uniformity of Forming and Equation for Elongation

To determine whether the amount of stretching
is uniform over the face of the biaxially stretched

pieces, the following experiments were made: A
10-in. disk of Luecite HC201, which had been bi-

axially stretched 150 percent after heating to 140° ()
was marked off in 1-in. squares, then ]m:!wl to 140° C
and allowed to assume its original size. The lines
on the resulting disk were still equidistant within
-+ 5 percent, the standard deviation of the measure-
ment and marking errors, indicating that the amount
of stretching was reasonably uniform over the face
of the disk. Next, another piece of Lucite HC201
was marked with a square grid having a spacing
of 15 mm; the piece was then biaxially hot-stretched
to an elongation of 150 percent. The lines on the
flat top of the stretched dome were still equidistant
to within 45 percent, verifying that the stretching
was reasonably uniform,

The formula used for calculating the amount of
biaxial stretching in a formed disk is

Fiaure 2.

Vacuum-forming apparatus with a sheet af acrylic
plastic in place ready to be formed.
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(72“)0[\1“"{'(_1_], {l)
where ¢ i1s the elongation in percent, and ¢, and ¢, are
the initial and final thicknesses, respectively. This
formula iz based on the fact that the volume of the
malterial remains essentially constant on stretching.

This property of the materials was verified by
measuring the density of a small piece of both 160-
percent-formed and unformed material from each of
the four samples. The sample of Lueite HC201
showed a deerease in density of 0.8 percent as a result
of forming to 160-percent strain. The other three
samples showed de msity changes of less than 0.2 per-
cent as a result of this amount of stretch- forming.

3.2. Standard Tensile Test

The standard tensile tests were made in most
details in accordance with Method 1011 of Federal
Specification L-P—406a. In these tests the threshold
of stress erazing was noted visually by an observer
who immediately applied a sudden momentary pres-
sure to the sensitive eross head of the testing machine
to cause a jog in the load-extension record drawn by
the autographic recorder. The strain and the stress
at this threshold could thus be readily obtained from
the record.  The observer viewed the crazing against
a dark background, using north daylight or fluores-
cent light.

disassembled

Vacuwm-forming apparatus partly
after forming a sheet of acrylic plastic.
The formed piece is on the end of the form which is held by the operator

Fiavre 3.

3.3. Stress-Solvent Crazing Test

In the stress-solvent erazing tests, tapered tensile
specimens of the same (llllll‘ll}slt)lh as the long-time
tensile test specimens described in section 3.4 were
placed under load m a hydraulic testing machine,
benzene applied, and the load maintained for 4 min.
From preliminary trials on other specimens, the loads
on these specimens were selected to produce crazing
over a part of the tapered portion. The two speci-
mens of each formed or control piece were tested with
slightly different loads in an effort to locate the
threshold at different parts of the tapered portion of
the specimen.

Benzene was applied to the central 4- by 3-in,
portion of the specimen with a brush.  Subsequently
the solvent-crazed specimens were examined under
suitable lighting and the extent of the crazing noted.

3.4. Long-Time Tensile Test

The long-time tensile-loading cabinet for testing at
high relative humidity (about 95 percent) is
shown in figures 4 and 5. A similar cabinet without
a front cover or blower and with an interior instead of
exterior light was used for tests at 50-percent relative
humidity, the condition in the controlled atmosphere
room in which the cabinets were located.

In each cabinet four specimens can be tested simul-
taneously. The load on the specimen is applied by
a 300-Ib-capacity weigh beam through a turnbuekle.
A pair of alinement holes in each end of the specimen
and an alinement hole and an alinement pin in the
clamp, as shown on the specimen at the left of figure
4, facilitate alining the elamps and specimen. The
specimen alinement must be done very earefully, as
otherwise stress erazing oceurs much sooner on one
face than on the other or along one edge rather than
across the width of the specimen.

The humidity eabinet (fig. 4) has a blower that

| directs air against cloth wicks dipping into a tray of

water. The relative humidity 1s readily measured

Interior of lang-time tensile loading cabinet used for
testing al hagh relative humidity.

Froune 4.
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Fraore 5.

Frterior of long-time tensile loading cabinel jor
testing al high relative humidity.

The front of the eabinet is in plaee dnd & Brinell migroseope on an adjustable
stand is ingerted in the right-hand window for exemining the erazing of 8 speci-
m.

with wet- and dry-bulb thermometers placed near
the exhaust part of the blower. The relative humid-
ity 1s maintained at 95 42 percent.

To avoid heating of the cabinet, the fluorescent
lights used for observing erazing are placed just out-
side a window in the top of the box. Mirrors,
mounted behind and slightly above the specimens,
direct the light against the latter, which are viewed
against a black-felt backeround.

The tensile specimen used for the long-time loading
tests has a 3-in.-long reduced section tapering uni-
formly in width from 0.50 in. at the maximum cross
seetion to 0.33 in. at the minimum, In this way the
stress in the reduced section deereases from a value
of S, at the minimum section to 2/3 8, at the other
end. The time for the onset of erazing for different
stresses is found by observing the specimen periodi-
cally and noting the extent of the crazing. Some of
the details of the test procedure are as follows. The
specimens being tested were observed with the un-
aided eye, and, in addition, in the tests on the
representative samples nearly all specimens were also
observed with a 20-power Brinell microscope (fig. 5).
Observationg of the extent and nature of erazing
were made several times on the first day the load was
applied, then generally daily through the fifth day,
and onee on the eighth day, after which the load was
removed. The extent of the crazing from the mini-
mum eross section was measured with a paper scale
to the nearest millimeter; this corresponds to an
accuracy of better than one percent when converted
to stress.  The observed data on the extent of the
erazing were converted into stress values and the
latter were plotted against log time.

3.5. Accelerated Weathering Test

The accelerated weathering test employed was the
sunlamp-fog chamber type. This test was made in
accordance with Method 6021, Federal Specification

L P-406a, except that it was carried out for 480 hr
instead of 240 hr, the recommended time.

Light-transmission and haze measurements were
taken before and after the weathering test, using a
pivotable-sphere hazemeter, following the procedure
in ASTM Method D 1003-49T.

To permit the measurement of shrinkage, scratches
were ruled on each specimen about 2 in. apart before
the weathering. The scratches were measured with
a steel rule graduated to hundredths of an inch. In
measuring the distance between seratches a seven-
power magnifier was used, the distance being esti-
mated to a thousandth of an inch.

3.6. Degree of Forming of Representative Samples

Exploratory tests were made with pieces of acrylie
plastic sheet biaxially stretched slightly, 7- to 20-
percent elongation, and moderately, about 45 per-
cent, The latter elongation is an amount that may
be attained at some locations in formed aircraft
enclosures [3,4].> The results of tensile and stress-
solvent erazing tests indicated that the erazing prop-
erties, such as threshold ol stress crazing in the
standard tensile test and threshold stress for stress-
solvent erazing, were unaflected or only very slightly
aflected by biaxial stretchings 7 to 20 percent.”
However, for the 45-percent-stretched piece, the
crazing properties were considerably changed: for
example, the threshold stress for stress=solvent
crazing appeared to increase about 50 percent.
Accordingly, it was decided to form pieces from each
sheet of the representative samples to an elongation
of approximately 50 percent.

One piece was formed from each sheet. The
piece to be formed was heated in an oven to a tem-
perature of 120° or 140° C, depending on whether
the material was general-purpose or heat-resistant
erade. Four standard tensile and four tapered
tensile specimens and an accelerated weathering
specimen were taken from each disk. An equal
number of control specimens were cut out of each
sheet from a location adjacent to the piece used for
forming,

While it was desired to obtain the same amount
of stretch to within about 5 percent on the three
formed pieces of a sample, the actual variation in
elongation between disks was greater than this
amount, except for sample Pla. The values for
individual disks, based on the formula, eq 1, are as
follows:

Biaxial
| stretch of
the three |

| Biaxinl ||

NBS sample | streteh of

tha thres: || NBS sample

ilisks | disks
.I_--——v_| — —————— —— e
FPrereent | | Pereent
48, 56, 57 B &7, 58, 61

| 49,5469 || P2 | A4, 50, a6
| |

i In these referenees the reduction in thickness was reported, not the elonpation;
the slongations were caleulated by using oq (1)-

0 Iy was Interesting to note that the elongation ot failure was inereased 1o the
order of abont 20 pereent by the slight stretehing.
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TaBLE 1,

Mautlerial Biasial Tensile Elongation

Tensile ;un;u-a'h'a.—. rrl.f' qunf_.l;rf.'i'r'frla.h" methacrylate formed by biaxial stretehing @

Stress and strain sl threshold of eraxing

Secant

|::.m ple | streteh 8 | strength, Sa modulas ¢ Se
| Stress, & Strain
S
Unformed
Percent hfin b Percent ihfin .2 hin 2 Percent
Lueite HC201 s 7, 850 ==K 3. i 04 i, THO ==140 L] 2.4 == 13
Lueite HO202 I 0, 580 100 1. (0 03 L 380 4180 il 890
T A » 7.0 5D 75 .01 7,170 100 ) . 2
{ P 10, 070 4170 4. 06 £, 00 0, 080 180 1] .2
|
Formed
Lueite H{C 20 L1l & R0 130 « 7 4,00 (5 Viry light er two spaoeinmens eraeed
at 4 and 6.5 per i, respectively, others
und marks at > 10-percent strain.,
Luecite HC202 L1 7 9,650 <140 o= i. 01 06 weimens did not eraze.  Very
Mg
percent, on gt >10-percent strain
Plexiglas 1-A Plu 56 8080 <=t [ T f, Four specimens did not emze. | ihle
very faint erazing on two speeime
Plexielas 11 Py 50 0,030 480 i +3 L4 .M Three specimens did not erage,

s This tests were ma

I..l'

o on standard tensile specimens

4060, Method 1011, Type I Ihe testing machine used
capacity hydraulie universal testing achine, Autographic load-elongation
records were obtained with a nonave ing Southwark-Peters extensometor,

i machine, ‘'l
nin; the atmin g Wiks removed
n./min with further extension n

model PS4, coupled to the associnted reeorder on the testin
testing speod 0,05 in. /min up 1o 10-per i
at this point and the speed increased to 0,25 -
ured with dividers, The testing was done ar 23° C and 5 mt relative
humidity after conditioning the specimens 2 weeks in this sphere, Al
regiilts are the gverage for six specimens, two specimens from each sheet, unless

4. Results and Discussion

4.]1. Standard Tensile Tests

The results of the standard tensile tests on the
formed and the unformed portions of the four repre-
sentative samples are shown in table 1. Figure 6
llustrates the appearance of the fractures on broken
specimens of formed and unformed material,

The tensile strength and secant modulus of elas-
ticity of the four samples of polvmethyl methaery-
late were unaffected by stretch-forming to about
A0-percent elongation, The eclongation at failure,
as in the exploratory tests, was greatly increased by
forming from approximately 10 percent to about
60 percent.

The strain at the threshold of erazing also was
increased greatly as a result of the forming. In fact,
for samples 1.2d, Pla, and P2a, at least half of the
specimens showed no stress-crazing up to rupture.
Crazing on other specimens was very light or was
observed only at aceidental finger marks.

b. Discussion of Fracture Behavior

It is of interest to consider the fracture behavior
and the fracture mechanism in the formed and un-
formed material. First it was noted that while the
specimens of the unformed material commonly failed
at to 10-percent elongation with the fracture
approximately flat and normal to the tensile load line,
as shown by A in figure 6, occasionally a specimen
exhibited a much greater elongation, sometimes
accompanied by an oblique fracture (B in fig. 6).

=

light ernzing on others at hand marks
nl ll-pereent strain

otherwise noted, plus or minus the standoard error. The standard error was
cnleulated taking into account the possible existence of sheet-to-sheet variations
b Avenr for thre
One specimen
Hwo speeimens
tivily,
* T'wo specimens failod at knife-edge marks, each at 77-percent elongation
The stress range used for the calealation of the nt modduln 13 0 Lo 4,000
Iby/in.® for the Lucite HC201 and Plexiglas I-A and 0 to 5,000 Ib/in.? for the Lucit
HC202 and Plexiglas 11

kn dpe, at 5. 1-percent elongation.
ed at knife edges, ot 4.4- and g-percent clongation, respoc-

Next, it was observed that the formed specimens,
as shown in figure 6 (C', D, E, I), had a laminar
fracture. The laminar fracture of formed material
indicates that the segments of the polymer molecules
have a preferred orientation in the plane of the
sheet, thus favoring fracture propagation on planes
nearly parallel to the plane of the sheet. In the
unformed material the segments of the polymer
molecule are assumed to be randomly oriented.

Although it is not readily seen from figure 6,
on the fracture surface of each specimen there was
a small mirror-like area oriented perpendicularly

Fravere 6, Effect of biazial streteh-forming to about 50 percent
elongalion on the fracture of lensile specimens

A, Bample P2

not formed, total elongation 6 percent; B
formed, total elor 3
vl¢

ation 5 pereent; O, sample Lid
lomgat 77 percent; 1), sample Pla, formed 58 p .
t sample L2d, formed 49 percent, total elongation 52 percent;

CeTiE
v, formed 55 pereant, total elongation 40 percent.
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to the tensile load line. On specimens of unformed
material, the mirror area was diffusely bounded;
on the formed the boundary was sharp. The
mirror-like surf&ce was of the order of a few square
millimeters in area and was found extending inward
frem the boundary of a cross section.

On unformed material this area was Jocated at
the corner of the cross section for most of the speci-
mens; in the other instances, it was found either
extendmg inward from the cast edge or from the
machined edge. At corner locations the mirror
was roughly a quadrant of a circle, and at the edges
it, was semieireular.

On specimens of formed material the mirror area
was located at a corner on almost all of the speci-
mens, However, on the other specimens the mirrors
were located only at the machined edge. At corner
locations the mirror area was almost a right triangle
with the hypotenuse & convex curve instead of a
straight line; the area extended much farther along
the cast edge than along the machined edge. When
located on a machined edge, the mirror area appeared
to be somewhat less.than a semiellipse, with the
major axis normal te the edge. In testing a formed
specimen, usually some edge cracks appeared normal
to the edge after the material had been strained con-
giderably. These eracks became lar%er as the speci-
men was stretched further, and at failure the frae-
ture appeared to go through one of them. In figure
6 two such cracks are evident on the left edge of
specimen C just above the identifying letter. Such
cracks reflect light similarly to large crazing cracks,
indicating a mirror-like surface. Also, the large
edge cracks extend farther in the direction of the
cast surface than in the thickness direction, as in the
cases of the mirror areas on the fracture surface.
For this reason it is quite plausible to expect the
fracture in specimens of the formed material to
start at such edge eracks.”

From the fracture behavior of specimens of un-
formed material, discussed below, it is logical to
suppose that the fracture in such material also
begins in the mirror ares and that in this material
this area is an extension of a crazing crack.

The experimental evidence, that suggested that
the fracture started at the mirror area 1s as follows:
The fractures were examined on a large number of
unformed tensile specimens which were solvent-

_crazed and then broken. The tensile tests were done
in connection with another phase of this investiga-
tion on crazing [5]. The specimens, of the standard
tensile type, were wetted with benzene while under
a load; the solvent was applied to the central ¥%- by
2-in. portmn of one face of the reduced part of the
specimen. On all the specimens inspected it was
noted that a semicircular mirror-like area was present
on the fracture surface; this area was located with
its center at or near the solvent-crazed surface. It
is plausible to suppose that this mirror area is an

¥ In this report these en:‘.%s ] havu somewhat arbitrarily been considered as

distinet from fine crazing on machined edges was dis-
mgarded The reason s thn: such cracks and erazing are dependent on the
of the gpect possibly be minimized or eaused to begin

at highet strama by varying the machinlng technique or by properly annealing
the specimens,

extension of 8 solvent-craze crack, and hence that
fracture is initiated at such a crack. This hypothe-
sis was strengthened by comparing the location of the
fractures on a number of these specimens with photo-
graphs of the solvent-crazed specimens taken prior
to breaking. 1In all cases, the fracture was found to
pass through a crazing erack. Visual evidence to
justify furgwr this suppesition was obtained in &
different portion of the investigation, to be described
in detail in a separate report. In the latter work,
experiments were made on several different cast poly-
methyl methacrylate sheets of viscosity average
molecular weights ranging from 90,000 to 3,000,000,
In stress-solvent crazing tests on low-molecular-
weight material, one or a few large crazing cracks
developed, and the specimens were seen to fail by
the rapid growth of one craze crack. It should be
noted that solvent erazing reduces the tensile strength
of the specimens [5].

Because the evidence on the solvent-crazed speci-
mens strongly suggests fracture propagating out-
ward from the mirror ares that originates at a craz-
ing crack, and because similar mirror areas extending
in from the édge are found in standard tensile speci-
mens that are not solvent-crazed, it seems reasonable
to conclude, as previously noted, that failure begins
at the surface oip the specimen and that the mechan-
isms of fracture and crazing are closely related.
Indeed, one ht go further and say that in the
gpecimens of unformed material that are not solvent-

-crazed the fracture first starts at a stress-crazing

crack. In the formed specimens, which frequently
do not exhibit stress crazing, the fracture of the
specimens is delayed, that is, oceurs at a much higher
strain than in the unformed material. Furthermore,
the true stress is proebably higher at or near failure
in the formed material than in the unformed as was
actually found in a few tests.®

The difference in appearance between the mirror
part of the fracture surface and the rougher portion
may be associated with a low wvelocity of fracture
propagation at the former and a higher velocity in
the rougher portion. Such an explanation of the
fracture behavior of glass is discussed by Morey [6]
in his monograph on glass.

The fact that on the broken specimens of formed
material the mirror area had a smaller dimension in
the direction perpendicular to than parallel to the
plane of the sheet, or laminas, suggests that the
rate of crack growth, and perhaps the subsequent
high-speed fracture, to0, is slower across the laminas
than parallel to them.

Hsiao and Sauer [7}], who studied crazing in
s;fjecimens of polystyrene, present a different picture

the relation between crazing and fracture. They
conclude that *‘the fracture cracks of the material
are not the same as crazing cracks and that the

¢ In the exploratory work with specimens of a disk biaxially stretched to 45-per-
cent elongation, the load-elongation graph was taken out to 54-peroent strain with
a low-magnification recording strain gage. After the maximum load wag at-
tolned, at abowt 4-percent strain, the load declined with increasing sirain to shout
four-fifths of its maximum value and then remained slmest constant out to 50-
prat i, e il of ey o Bl i s o et o
the plastic range, the reduced eross-sectional area can b calenlated from the strain

and the true stress then derived. It was found that the true strees at 50-percont
straln was about 10 percent greater than at the maxlmum load
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source of fracture is usually some flaw in the material
and not one of the crazing openings.” However, it
would seem reasonable to expect that, since the
the crazing crack produces a stress concentration at
its apex, the subsequent fracture would be initiated
at the apex of the erack. A microscopic examina-
tion of the fracture surfaces, such as carried out by
Kies and coworkers [8] on several materials, 1s
planned; this study may clarify the situation.

4.2. Stress-Solvent Crazing Tests

The threshold stress data for the stress-solvent
crazing tests on the 50-percent biaxislly stretched
disks are shown in table 2. Typical specimens are
shown in figure 7. The threshold was determined
visually, using two criteria. For the first, called
criterion A, the threshold was taken as the maximum
stress below which there wag no regular distribution
of crazing cracks visible to the unaided eye, the
isolated cracks being disregarded. This was the
same criterion used in the exploratory tests. For the
second, criterion B, the threshold stress was taken
as the maximum stress below which no crazing
cracks were visible to the unaided eye.

As might be expected, the average threshold
crazing stress obtained by criterion B is slightly less
than by criterion A. Tie principal results as ob-
tained the two methods are in agreement, how-
aver, an(f are as follows:

The average threshold crazing stress for general-
purpose grade polymethyl methacrylate, crazed
with benzene by the procedure described previously,
is about 2,000 Ibfin.? for unformed, and about 3,400
to 3,800 Ib/in.? for the 50-percent hiaxially stretched
sheets. The corresponding values for the heat-
resistant %rade are about 3,000 lb/in.? and 5,000
to 6,000 lb/in.2, respectively. This represents an
improvement of from 70 to 80 percent for each
grade.

Not only did the formed specimens exhibit higher
threshold stresses than the unformed, but also there
was a tendency for the crazing cracks to be somewhat
finer and more closely spaced on thé formed speci-

mens.
4.3. Long-Time Tenszile Test

a. Threshold stress-crazing data

Values of threshold stress for stress crazing at 1,
10, and 100 hr, derived from plots of threshold
stress versus log time, are given in table 3.

The plots of threshold-crazing stress versus log
time were in general approximately linear. For
most specimens the extent of crazing was recorded
separately for each face of the specimen, because the
crazing often progressed more rapidly on one face
than on the other. An examination of the plotted
data showed no consistent behavior of the masked
relative to the ummasked face® Any consistent
difference in the exteni of crazing on the two faces
wag accordingly assumed to be caused by a slight
misalinement of the specimen. In such cases a
single straight line was fitted to the data for the two
{_aces, and the values in table 3 were taken from this
ine.

The slopes of the threshold stress versus log time
plots appeared to be about the same for all materials
and test conditions. The effect of such factors as
forming, relative humidity, sample, and grade on
the threshold stress is indicated It))est by examining
the 100-hr unaided-eye values, as these are the most
numerous and preeise. These values, taken from
table 3, together with values of the ratio of the
threshold stresses, S,, for the formed and unformed
specimens of each sample are listed in table 4, These
data indicate that forming to a biaxial strain of
about 50 percent increases the threshold-crazing

b In the expetlments described in [5], in which the loss of strength was deter-

mined as a result of stress-solvent crazing, no effect of the masking paper was
detected.

TaBLE 2. Threshold crazing stresses for stress-solvenl crazed specimens of polymethyl methacrylate formed by biaxial streiching =

. Threghold crazing stresse, 5., Range of Sg, the
NB3 Material Biaxial maximiem stress
sample atreteh & appliad, for the
Criterion AT Criterion B4 set af specimens
Ifnformed
Percent Bfina bfin.2 bitn 2
Lid Lueite HC200_______ . ii|eceomans 21104 40 2, 0004 50 2,700 to 3, 000
L2d Lucite HC202. .. * 2, 8201180 3, 000 to 3, 800
Pla Plexiglas I-A .- 2, 120120 2, 400 to 3, 000
P2y Plexiglas IT_ ... ___. . ___ 3, 1204160 3, 900 to £, 50O
Formed
Lid Lueite BC201. ..o oo e 5 £ 23, 390150 £ >3, 3104130 3,000 to 4, 500
L2d Lueite HC202 _______________________________. 57 * =5, 560280 2 =5, 130--380 &, 600 to 6, 200
FPla Piexipias I-A. ... 59 3, B904-310 3, 600-£310 4, 200 to 5,400
P2a Plexiglas 11 __________________ ... 50 45,7201 90 * =5, 5904-110 6,000 to 7, 200

& A contrelled amonnt of benzene, 9.02 Lo 0.04 g, was applled to & No. 1 camel's
bair brush (about 0.1 In. o diameter and 0.5in. long) from & marked glass dropper;
then the central 14- by 3-ln. portion of one face of the tapered tensile specimen,
which was under load, wag stroked with the brush, The specimens were under
load for 4 min, and wore removed from the testing machine; after 4 to 6
mﬂthey were examined for crazing thresholds, The erazing was done In & con-

atmosphere room operating st a temperature of 23° C and 50 percent rela-
tive humidity, after conditioning the specimens for 1 week In this attaosphere.

& A verage for 3 formed disks, 1 from each aheet of the sample,

# Each value {3 the average plus or minus the standard error for 6 g 1018
with 2 specimens from each sheet. The standard error was ealculated taking into
accoant the possible existence of sheet-to-gheet variation.

4 Criterion A: Tha{ point below which there Is ne regular distribution of crazing
cracka visible with the unaided eye; isclated oracks are disregarded.

Criterion B: That peint below which no crazing cracks were visible to the
unaided aye.

+ Ome speclmen did not craze under the load spplied.

sTwo spacimens did oot craze under the loads applied.
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Tasie 3. Variation with time of threshold stress for stress crazing polymethyl methacrylate formed by biazial stretching o

Threshold stress for the following relative humidities and times -
S0-percant relative humidity & 95-percent ralative humidity ¢
NB8 | rpeat. Biax- Btress range in
BAIN- | oth Sheet| lal redueed section of
rla stretch specimen 1hr 16 hr 10¢ hr 1hr 10 hr 100 hr
Unaided Micro- Unaided Micra- Unaided Micro- Unaided Micro- TUnaided Micro- TUnaided Milero-
aye BCope * eye EQOope eye SCO0P eye BECOD Byo SCope eye BCOpe
Pereent Bfin? ihfin.2 find it Bfind Bfin.t Bfin3 Wfin.? Wfind bfind find hfin. thiin.2
7 { 1 48 | 3,7 to 2,500 _________. =3,960 | - 3,780 | ... 8,700 | . _____ A, 780 | . 3,500 | .. 5200 | ..
2 56 | B,750to 2,500 . .. __.. =370 | >3,780 | - FU3800) | .. =300 | el =300 f .o 3,800 | ool
11d AVOr_ige ..o >3, 750 >3, 750 3,750 =3, 750 =3, 620 3, 350
u [ | N P 3750ta 2,500, . _____. 3,00 | - 3000 | .. (2,300) | ccciceee | ameeoan 2, 800 fon 2,600 | . ____. <3500 | oo...
2 (R 3750t 2500 . ___ 3,900 | _Louenas 3200 | e 2,600 | ... _ (3,100 | _..____. 2800 | ... | ZE0D | ___.____
Average __________ 3, 500 3, 100 2,450 | | | e 2,700 <72, 500
¥ { 1 49 6,000 to 4,000 _________ 6,000 6,000 (5, H00) (6, 000) 5,100 5,00 |l e b | e | oaeao |
3 5 6,000 to 4,000 .. ......] >»B,000 8, 000 ca 6, 000 ca 6, D00 ca 5, J00 ca 5, B0 6, D00 =>6,000 {6,200) | (C>6,000) 5, 000 5, 100
Lad AVOrsg. .ooeenn- >=6,000 =8, 000 8,000 4,000 5, 500 B800 § ol mimen b cmmeeos | mmmmmee | el | e
v { 1| el | 500003,330.. 0. - cad, 000 | ________ a3, 500 [ ________ ca 3, 200 <73, 300 3,800 3,800 3,300
3 .- | 5,000to 3830 __ - (5000} | .. ...- 4,200 | oael.a- 3, 400 4, 500 4,300 | ... 3, 500
Average __ . 4,500 3,850 3,300 <3, 400 4,080 | ... 3,400
F { 1 57 4,000 to 2,670___ S| 4,000 >4, 000 =4, 000 w4, 000 4, 000 =4, 000 >4, 000 >4, 000 4, 000 =4, 000 >4, 000
2 61 4000 to 2,670, ________ T4, 000 =4, 000 T4, 000 4,000 4,000 =4, 000 =>4, 000 =4, 000 =4, 000 =4, 000 4,000
Pla Average___________ >4, 000 4, 000 4,000 4,000 24, 000 4,000 =4, 000 =4, 00D 24, 000 =4, 000 4,000
U { 1| ceee | 4000102870, ____._ >4, 000 4,000 3,900 3, 500 2,800 2, 800 (4, 400) 4, 600 3,600 2, 300 2,800
2 .. | 4000te2,670._________ >4, 000 >4, 000 3, 800 3, 600 3, 300 3,200 4, 000 (3, 8000 {4, 000) 2,900 2, 900
Average ___.._.._. >4, 000 >4, 000 3,85) 3, T00 3,050 3, 000 >4, 200 3, 700 3, 800 2,850 - 2,850
¥ | { i 4 6,000 to 4,000 .. ... ~=8,000 ~=6, 000 =6, 000 -=6, 000 & 700 5, 500 6,000 (6, 000) {6, 000) § 300 5, 200
2 50 6,000 to 4,000 . - 6,000 6,000 26, 000 26,000 5,800 5, 800 6, 000 6, 000 >, 000 €, 000 < 6,000
P2 Average.._________ 6,000 6, 000 >6,000 | 6,000 5,750 5, 650 6,000 =6, 000 =6, 000 5, 650 5, 650
o { 1 eee | 500010 3,880 .| .. __. (4,600} | _.o_..- 4, 000 3, 500 3, 500 =5, 000 4, 700 {4, 8000 4, 300 4,100
2| .. | 5,000t03,330. . .- (5, 300) 5, 000 4, 700 4,600 4,100 4, 0090 5, 000 4, 500 4,400 &, 000 4,000
| :' AVEIBEE. . ceeoooes| aommoo o AT | e 4, 300 4, 00 3, TG =5, 000 5, D00 4,650 4, 500 | 4,150 4,050
A )

a Data obtasined visuslly on tensile specimens having a rodueed section about 3 in, long and tspering ¢ Specimens testad at 50-percent relative humidity were conditioned at 50-bereent relative humidity
uniformly in width from .23 t¢ 0.50 In, The gpecimens were subjected to dead loading in & long-time {or at least 2 weeks prior to testing. Specimens teated at 95-percent ralative humidity wete condltioned
loading apparatus, The tests were madae it 23° C. at 5-percent relative humldity for 1 week prior to tosting.

¢ F, Formed; U, unformad. + 20% Brinell microseope.

« Values are for individual epecimens. £ Values in parenthescs were extrapolated.
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stress of all samples about 40 to 50 percent. From
table 4 it is also evident that the threshold stress is
about 30 to 50 percent higher for the heat-resistant
than for the general-purpose-grade samples. The
data are not precige enough to determine with cer-
tainty any difference in threshold-erazine stress due
to relative humidity or to material of a given grade.

b. Appearance of Specimens

IFigure 8, taken near the end of the testing period,
illustrates the appearance of the long-time tensile-

TanLe 4 Threshold-crazing stresses of polymethyl methaeryl-
ate samples after 100 hours under load
S at Si-pereent relative ho S ut 85-percent relative hu
ity ¢ ity
NBS&
ol
Formed Unforme SNl y Formaed Ul nyforaed {
I {1 AT [} ()

['1GURY i i
and of
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with benzené
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unformed portions of sample

afler ess-solvent ecrazing

I'ié number on the top line designates the
sheet fro ht i1 ken, T
unf 1 inl. Seis the
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Oross section thires-

haold craging on B

3 ] o ;

loading specimens. The specimens were photo-

graphed while under load as the finest erazing cracks
usually were not visible on removal of the load as
noted by other workers.

The threshold-crazing-stress values give an incom-
plete picture of the effect of forming and other
variables on the crazing behavior of the materials.
Thus, the erazing on the formed specimens, where if
oceurs, 18 usually finer than that on the unformed
specimens.  Also, although the threshold stresses at
95- and 50-pereent relative humidities did not differ
appreciably in general, the nature of the crazing at
these two humidities was markedly different. The
cracks at 95-percent relative humidity appeared finer
and more closely spaced, and were almost alwavs
noticeably shorter than those the lower relative
humidity.

For most specimens the lengths of the longest
cracks in the vieinity of the minimum section were
measured with the Brinell microscope. A few eracks
u[' v\'|'|-|)[m||:![ l|'rl§_"1ll. appearing 1O 1”- LwWo or more
cracks joined together or to be initiated at very fine,
long seratches, were disregarded.  The cracks meas-
ured on the unformed specimens after 100 hr at
50-percent relative humidity were from 0.4 to 0.7 mm
long; at 95-percent relative humidity they were in
general about 0.1 to 0.3 mm long. The formed
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specimens, in the few instances where the data were
available (all on heat-resistant material), had corre-
sponding erack lengths of eclose to 0.2 mm at the
50 percent and 0.1 mm at the 95-percent relative
humidity.

It should be noted that the formed and unformed
specimens cannot be compared on the basis of the
above |'J':Il']\'-ll'flf_"||l data beecause the cracks on the
twosetsof specimens had started at different times and
the length of a erack apparently depends on the “crack
lifetime”, that is, the time elapsed under load after
the erack appeared. Nevertheless, when the crack
lifetime is taken into account the eracks on the un-
formed specimens seem to grow more rapidly than on
the formed specimens even when the i
{l[l[.'l'l'l'iillll_\' }Ii_\_:'}ll'l' on the latter. For I'XH"II])II‘. 011
one formed specimen of sample PP2a at 50-percent
relative humidity, eracks were first observed at the
minimum cross section (6,000-1b/in.? stress) at about
50 hr; and after 50 hr of erack lifetime, the longest
eracks in this area were close to 0.15 mm In {r~|1!_rlh_
On the corresponding unformed specimens with only
5,000-1b /in.? stress at the minimum, the eracks were
0.35 to 0.4 mm long for the same crack lifetime. The
difference in length is not as noticeable on specimens
at 95-percent relative humidity.

Another effect of the high humidity was to increase
the rate of creep I|I.‘1l'|\l'1H_\ at the stresses used in the
Some of the specimens al

stress 1s

long-time tensile tests.
the 95-percent relative humidity “nécked down' at
the minimum secction near the end of the Tr-_».lii]_'_i'
!ll'l'ii\t| The formed -[Jl'l"lllil'h-' of the heat-resistant
ma terials necked down sooner than the corresponding
unformed ~|J1-i'irlli'l|>. However, 1t should be noted
that these formed -In'r'-lillz-n-; had a '_'1I—|}1-|'m-||!—]1i_:’]||~l'
stress than the unformed. The necking down of the

Ficure 8
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formed and unformed specimens of samples Li1d and
Pla at the high humidity was about the same; the
stress at the minimum cross section was the same for
all specimens of a sample. Sample Pla is the only
one of the four materials on which it was not possible
to obtain values of threshold stress for stress crazing
at the high relative humidity; at the loads used the
material ereeps before erazing can begin

4.4. Discussion of Mechanism of Crazing

The effects of biaxial :-:IJ‘:-lt']1—|'l1|'111i11|: on the
crazing behavior of polymethyl methaerylate perhaps
may be explained qualitatively on a molecular basis
follows. In the unformed state the polymer
molecules are assumed coiled i an approximately
spherical shape; the chain segments have no pre-
ferred orientation. In the formed state the mole-
cules should be somewhat uncoiled and in a roughly
disk-like shape with the chain segments oriented
Jrl'mi[ﬂ[l]ill:lflJ|_\' in the |r|.'||||' of the material. The
following mechanism of erazing, somewhat similar
to that proposed by Maxwell and Rahm [9], is postu-
lated., The crazing is assumed to start at the surface
at submicroscopic flaws or weak points. Such weak
points may be submicroscopic regions in which, by
chanece, the polymer chain segments are oriented
normal to the ;||||||if'tl tensile stress.  With suflicient
stress, o separation between portions of adjacent
chains occurs; a stress concentration exists at the
apex the and the latter grows until it
reaches a region in which the polymer chain seg-
ments are oriented :4|J|1!'H\i1]1:|!1']}' in the direction
ri‘he' I'I':ii'|\ l'i'lln'l' ill::'_- not ITOW
I'!'II‘~1I.Ji' SLIess 18 :‘['i‘:!i]l\

ils

of craclk,

of the tensile stress
or grows slowly unless the
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increased. Subsequent crack growth may involve
rupture of primary valence bonds, especially if the
stress is relatively high, of the order of the tensile
strength, .

The process of biaxial stretch-forming, by orient-
ing the chain segments in the plane of tge sheet,
reduces the proportion and size of the weak, normally
oriented regions and increases the regions of pre-
dominantly paralle! orientation. Stated differently,
the stretch-forming may be sald to introduce
“cleavage’ planes in the plane of the sheet. This
orientation or introduction of cleavage planes greatly
impedes the development and growth of crazing
cracks, Thus, as noted previous%y in the long time
tensile loading tests, the crazing cracks, after be-
coming visible, grew more slowly on formed as
compared to the corresponding unformed specimens.

In regard to stress-solvent crazing, mechanisms
have been suggested by various authors [10, 11,
12], which, WhEe differing in some aspects, inelude
as a factor the concept of the solvent acting as a
plasticizer. By using this concept the mechanism
suggested above for stress erazing may be modified
to include the influence of solvents as follows. The
golvent molecules penetrating the surface of the
polymer tend to surround portions of the polymer
chains and reduce the forces required to separate
them. Because of this weakening influence of the
solvent molecules at a surface flaw, such as a region
of nermal orientation of the polymer chains, the
stress concentration that can be withstood is reduced
and a tiny crack develops at a lower applied stress
than in the absence of solvent. The solvent mole-
cules by capillarity probably fill the crack as it grows
and continuve to exert a weakening influence at the
apex. In this connection, it has been suggested by
Hopkins, Baker, and Howard [12] that snother
weakening influence at the apex of a crack is the film
spreading pressure of the crazing liquid.

The effect of forming on stress-solvent crazing
might be expected to be similar to that for siress
crazing. The reduction in the number and size of
the regions of normal orientation and increage in the
regions of parallel orientation should result in higher

threshold stresses for the formed material. Also,
for formed material as for unformed, the crazing
gtress should be lower In the presence of than in the
absence of solvent, owing to the weakening influence
of the solvent. '

4.8, Accelerated Weathering Tests

The results of the 480-hr sunlamp-fog accelerated
weathering tests are shown in table 5.

The light-transmission values for all the materials,
both unformed and formed, are 92.0 0.1 percent
initially and 92.3 +0.3 percent after weathering.
While the transmission values are slightly higher
after weathering the materialg, the individual differ-
ences, which do not exceed 0.5 percent, are considered
within the experimental error of measurements made
at different times. The haze values are approxi-
mately 0.5 0.2 percent for sall materials both
formed and unformed and before and after weather-
ing. In this connection, the specimens were in-
spected visually after the weathering test, but no
crazing was observed on any of them.

For all samples, the shrinkage of the unformed or
control specimens was very slight, averaging 0.05 to
0.1 perecent, which values are of the order of magni-
tude of the standard error of the shrinkage values.
The formed specimans of the hest-resistant grade
samples shrank only 0.2 percent; however, similgr
specimens of the general-purpose grade samples
shrank somewhat more, the values being 1 and 2
perc]ent for Plexiglas I-A and Lucite HC201, respec-
tively.

Mgst of the specimens were slightly warped after
the westhering test. In general, the formed speci-
mens were more warped than the unformed, particu-
larly for the general-purpose-grade materials,

The greater dimensional changes for formed pieces
of the general-purposegrade samples as compared
to the heat-resistant grade are not surprising for the
following reason. The specimen temperature in the
test is about 60 +5° C, which is not far below the
second-order transition temperature of the general-
purpose-grade samples, namely, 75° to 80° C; the

TasLE 5. Resulis of accelerated weathering tesls on polymethyl methacrylate formed by biaxial slrelching ¢

Light transmission ¢ ‘ Hazp ¢ Bhrinkage Warpage
carplo | it Initial After 480 hours Initial After 480 hours
Average Range Average
Average Range Average Range Avorape Ranga |Averagel Range
Percent Percent Percent Pereend Percemd Percend | Percen? | Percend Pereent Percent
Yad. . |jF___.__ 2.0 01.9to 92,1 02.3 02.21092. 4 0.7 0,3to0.9 0.7 G.5i00.8 23 1.0tp 4.3 3 -
u____. 92.0 92.0t092.1 92.1 2.0t 92.3 4 3toG5 .3 .2t00.3 Q.1 0 to0.2 1
Led. . {F ...... 92.1 92.1 to §2.2 92.6 2. 5to §2.4 .4 .34%00.5 .4 SBtenT 2 0.1100.2 1
U..____ 41.9 9.0t 91. 9 92,1 91.7to 92.5 4 .4tol4 .4 .2to .5 .02 0 to0.05 1
Pla._.. {F.. 92.1 02.0t0 92.3 92.6 92 5to0 92.6 .5 A4100.5 .3 2to0.4 1.0 0.6t0 2.0 2
U 92,0 91.9to92.1 $2.6 92.6 to 92.6 4 4tol.5 ! .3 400.5 Q.06 0 fo0.1 0
P2a_ ___|[F._.... 82,1 92,1 to 82.1 94, 5 FL6t092.5 .4 A4tod5 .5 Bto0.7 .2 0.1to0.4 1
| ¢ JRN 921 92.1t0 922 92.5 2.4 o 92.5 4 3t 0l N .2t00.3 .08 0 tedl 1

< Theamount of the stretching in ferming was 50 to 60 percent; the actual aver-
ages for each materizl are given in tabls 3. The weathering tests were made
according to Method 6021 of Federa] Specification L-P—408a, except that the test-
Ing time was 480 br. Instead of 240 br, Each average is for three specimens, one
from each of the three sheets of each material,

b F, Formed; U, unformed.

e Light transmissjon and haze measurements wers made with a pivotable-
sphere hazemeter, aocording to ABTM method D003 40T, Procedure A,

d Distanee between gage marks approximately 2 in. apart was measuared bofore
and after test with a steel scale and magnifying glass.

« Warpage was clasgifled arbitrarily as follows: 0, none; 1, slight; 2, some
3, considerable.
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corresponding temperature for the heat-resistant
gradeis about 94° to 95° C.°

4.6, Possible Applications of Stretch-Forming

The improvement in the crazing properties of
acrylic plastic sheet produced by moderate {50
percent) biaxial stretch-forming suggests that formed
enclosures made from prestretched flat sheetzs may
have superior crazing and strength properties com-
pared to enclosures formed from normal sheets. In
an astrodome as prepared normally, as, for example,
by vacuum drawing, there is 2 maximum amount of
streteh and craze resistance at the apex and negligible
stretch and minimum craze resistance at the rim.
The use of prestretched sheet would hence improve
the craze resistance, especially at the rim where
contact with crazing liquids is quite likely.

As an alternative to using prestrotched material to
achieve improved craze resistance at the edge of
acrylic enclosures, there is the possibility of preparing
an enclosure larger and more deeply drawn than
required, and then using only the central portion of
the formed piece. )

In view of the considerable changes in the physical
properties of cast polymethyl methacrylate sheet
resulting from biaxial stretching to about 50 percent,
it is of interest for both practical and fundamental
reasons to learn the effects of greater stretching on
this material. Experiments with this objective are
in progress on material stretched up to about 150
Ppercent. .

The effects of biaxial stretching on other physical
properties, such as creep, abrasion resistance, natural
weathering while under load, impact resistance,
fracture under bullet impact, and crazing with
various solvents, should also be determined.

5. Summary

Some of the effects on pelymethyl methacrylate of
biaxial stretch-forming to about 50 percent are as
follows:

1. The strain at the onset of crazing in the standard
tensile test is greatly increased; in fact, most speci-
mens showed no crazing. The tensile strength and
secant modulus of elasticity are unaffected. The
elongation at failure is increased from approximately
10 percent to about 60 percent.

2. The threshold stress for stress-solvent crazing
with benzene is increased about 70 to 80 pereent for
both general-purpose and heat-resistant grades.

3. In long-time tensile tests of up to 7 days’ dura-
tion (a) the threshold stress for stress crazing is
increased about 40 to 50 percent for both grades of
material at both 50- and 95-percent relative humidi-
ties, and (b) the crazing cracks produced are some-
what finer and appear to grow in length more slowly.

10 These walues were detived fbom volume-tomperature measurements mada
on thess samples over the range 25° to 110° O; a mereury dilatometar was uged.

The effect of biaxial stretch-forming on other
physical preperties, as well as the effects of higher
degrees of stretching, should be investigated for both
practical and fundamental reasons.

The considerable increase in the elongation at
failure and in the stress crazing and stress-solvent
crazing threshold of polymethyl methacrylate as a
result of moderate (50 percent) stretch-forming
suggests that formed enclosures made from pre-
stretched flat sheets may have greatly improved
crazing resistance and strength properties, possibly
to the extent that aerylic glazing need not be lam-
inated.
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Mass Spectra of Fluorocarbons”
Fred L. Mchler, Vernon H. Dibeler, and R. M. Reese

Mass spectra of 22 fluorocarbons have been measured on a 180° Consclidated mass
spectrometer, and the results are presented in six tables of spectral data. These inelude
seven normal paraffins from methane to heptane; izopentane and isohexane; three pure
eyclics and methyleyelohexane; four olefing; three C,F, isomers; a dicyelic; and a trieyelic.

heze spectra are very different from the hydrocarbon analogs. In all the paraffins the
most abundant ion is CFf, and the molecule ions are very smaﬁl or absent. Spectra of the
unsaturated compeunds and the cyclics are more distinetive than the normal paraffins,
In the paraffing, iops of formula C,F;n.; tend to be largest, except that when one carbon is
removed the largest ion is C.Fsa-1.  In gyelies, C,Fyq_; ions tend to be largest; in the dicyelie,
CnF2n-3 ions are largest; and in the trieyclic, C,.Fy,; ione tend to be largest. The trieyclie

3Fu is probably & fused cyclobutane structure. The dicyclic is completely fluorinated
methylnapthalene, CyFu, and is the heaviest compound ever run on the Bureau's mass
spectrometer. In the perfluoroparaffins there is a progressive incrcase in the current per
unit pressure for the CFJ ion with inecreasing molecular weight of the fluorocarbon. In
incompletely flucrinated molecules eontaining an H atomn the larger ion peaks containing H
will correspond with the larger peaks in the perfluoro speetrum, with H substituted for a
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fluorine atom.

1. Introduction

The growing interest in fluorocarbon chemistry
and technology makes it worth while to obtain mass
spectra of perfluoroliydrocarbons as a basis for chem-
ical analysis of unknown mixtures of fluorocarbons.
Also, it ig of theoretical interest to see how these
spectra_differ from the hydrocarbon mass spectra.
The Mass Spectrometry Section of the National
Bureau of Standards has for several years been col-
lecting mass spectra of fluorocarbons as compounds

become available, and the present paper gives a

compilation of spectra obtained to date. A previous
paper [1]! includes data en five perfluorohydro-
carbons. The present summary includes these
compounds. Other laboratories have obtained mass
spectra of a variety of fluorinated hydrocarbons, but
no systemstic compilation of spectrs has been
published.

Complete spectra of all the fluorocarbons included
in this paper have been published in the API Catalog
of Mass gpectral Data {2]. When the mass spec-
trum of a fluorocarbon is tabulated in the conven-
tional manner in the order of increasing molecular
weight of the ions, ions with different numbers of
carbon atoms and of fluorine atoms become mixed
in a confusing disorder. For that reason, specira
are presented here in order of the number of carbon
atoms and the number of fluorine atoms in each ion.
This is convenient for the purpose of interpreting
the spectra in terms of molecular structure and for
comparison with hydrocarbon spectra. For pur-
poses of chemical analysis the conventional tables
are, of course, preferable.

2. Experimental Details

Most of the mass spectra were obtained with a type
103 Consolidated mass spectrometer equipped with &
micromanometer [3] to measure the pressure in the

*This paper was presented at the Pi%ssl;urgh Conference on  Analytical

Chemistry and Bpectrochemistry, in March
1 Figures in brackets indleate the lterature references at the end of this paper.
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inlet reservoir, An ionizing voltage of 70 volts was
used, and the metastable ions were suppressed. For
the heavier compounds the suppressor voltage was
adjusted to give a resolving power of about 350.
The temperature of the ionization chamber was
250° C. The heaviest compounds require a magnetic
field in excess of the rated capacity of the magnet,
but there was no evidence of overheating in the time
required to scan the spectrum. Some of the mass
spectra were obtained with a type 102 mass spec-
trometer before the type 103 instrument was in-
stalled. There are only minor differences in spectra
obtained with the two types of instrument.

We areindebted to Dr. George H. Cady, University
of Washington; The M. W. Kellogg Co.; Minnesota
Mining & Manufacturing Co.; the Jackson Labora-
tories of the E. I. du Pont de Nemours Co., Ine.; and
to others acknowledged later for making available
the various fluorocarbons. Most of these compounds
are available only in small experimental batches.
The purity was in all cases adequate for a reliable
description of the spectra. Trace amounts of mole-
cules containing one H or one Cl atom were some-
times found, but, except where noted, there was no
avidence of heavier fluorocarbons as impurities. The
APT tables include mass peaks as small as 0.01 per-
cent of the maximum peak. For brevity, we omit
many of the small peaks in the tables to give a con-
cise presentation of the major features.

There are no difficulties in running fluorocarbons in
the mass spectrometer, although special precautions
were taken in handling the is0-C,yF;y because of the
reported toxicity of this compound [7]. The vapor
pressures are high and are of the order of magnitude
of the vapor pressures of the hydrogen analogs.
They are inert and are not strongly adsorbed, so they
are quickly pumped out, with no serious memery
effects in spite of the high molecular weight.

3. Results

Table 1 Lists the larger ion peaks in the mass spec-
tra of normal perfluoroparaffins from methane to n-
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