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Effects of Moderate Biaxial Stretch-Forming on Tensile 
and Crazing Properties of Acrylic Plastic Glazing 1 

B. M. Axilrodr M. A. Shermanr V. Cohenr and 1. Wolock 

The effects of biaxial 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 
general-purpose and heat-resistant grades. Portions of the sheets were biaxially stretch­
formed by means of a vacuum-forming vess el , which had been designed to produce fiat 
uniformly stretched disks of IO-in . diameter. Specimens from the formed pieces, as well a s 
from the unfo rmed portions of the same sheets, were subjected to various tests, including 
standard tensi le, stress-solvent crazing with benzene, long-time tensile loading, and ac­
celerated \reathering. 

The results indicate that biaxially stretch-forming polymethyl methacrylate approxi­
mately 50 percent does not affect its tensile strength or secant modulus of elasticity in 
tension . However, the total elongation and the stress and st rain at the onset of crazing 
in the short-time t ests were greatly increased by the stretch-forming. The forming a lso 
increased the threshold stress of stress crazing about 40 percent for loading times up to 7 days 
and increased the threshold stress of stress-solvent crazing with benzene about 70 to 80 
percent. It ,,·as observed in the long-time tensile tests that the crazing cracks were more 
closely spaced and finer on formed as compared to unformed specimens. 

1. Introduction 

Altbough polymethyl methacrylate glazing in air­
craft is freq uently prepared by a forming process that 
s tretche the material , thcrc 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, 
Inc. [1].2 T ensile tests wer e made on specimens 
taken from pieces of polymethyl methacrylate that 
had been stretched uniaxially. The pieces were 
stretched about 60 percent while at 129 0 C (265 0 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 weak er than the longi­
tudinal specimens; also, at 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 
s trength" 3 in the direction of stretch; the tensile 
strength was greatly reduced perpendicular to the 
direction of stretch. Also the tensile strength of 
heets hot-stretched first longitudinally and then 

transver ely roughly 200 percent was reported as 
greatly increased for both directions. 

The e:Kperiments described in this report were 
made to gain more information on the effect of form­
ing on the crazing and other properties of polymethyl 

1 This investigation was conducted under the sponsorship of tbe National 
Advisory Commi ttee for Aeronautics ; this report is a condensation of NACA 
Tech nica l Note 'T'N2n9. 

2 Figures in brackets indicate the literature references at t he end of this paper. 
3 In reference [2J the test conditions were not indicated nor was it speci tied 

wbether the Ilcrazing strength" was a st ress-crazing or a sO}\7cnt-crazing threshold . 

methacrylate. The properties determined on both 
formed and unformed pieces of heet material 
included tensile streng th , total elongation, strain 
and stress at the onset of stress crazing, threshold 
stress for stress-solvent crazing, and re i tance to 
weathering. 

The major portion of the work was done on matc­
rial stretched biaxially to an elongation of about 50 
percent, that i , about 50 percent in all directions in 
the plane of the shect. 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 
research program concerned with factors affecting 
the crazing and strength properties of laminated 
acrylic glazing. 

2 . Materia ls 
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 directly 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 three production runs. They are referred to 
subsequently as "representative" samples and are 
identified as follows: 

)lBS 
sample Material Grade I Date 

recei\' cd 

Lid Lucile HC20L .... . ... General·purpose ......... Sept. 1949 
L2d Lueite HC202 ... _._ ... H eal·resistant. ..... ..... Do. 
PIa Plexiglas I- A .... _ ..... General·pm·pose ......... Oct. 1949 
P2a Plexiglas II ........... Heat·resistant .... _...... Do. 

• The t\l"O grades arc defined in ASTM Specificatioll D i02-46 for Cast Metha· 
cry late Plastie Sheets, 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 equipmen t is 
shown in figure 1. In this apparatus a sheet <?f 
acrylic material, A, heated to the rubbery state l S 

clamped to the flange of the cylindrical forming 
vessel, B . A partial vacuum is created in the vessel 
by connecting the latter to an evacuated tank. 
The pressure differ en tial is controlled by the plug 
valve, C, and the unclamped part of the sheet is 
drawn into the vessel. The form D , an open-ended 
cylindrical tube a li ttle sma~ler in diameter. than t~e 
forming vessel and constramed by the .g~nde ~ , ~ s 
inserted into the vessel. The pressure drfferenttalls 
then removed quickly by admitting air tlnough the 
plug valve, F , so that the stretched acrylic sheet 
shrinks about the end of the form. The sheet cannot 
retract completely; the central portion remains 
uniformly s tre tched across the open . end of the fOrlY.t. 
The formed acrylic sheet, shaped lIke a top hat, l S 

cooled to room temperature in the vessel before 
removal. 

TO VACUU M 
-- TANK 

F c 

FIGURE 1. Schematic drawing of vacuum-forming apparatus . 

D~o;~~i,Cg~~re~ i~ ~~~r~:~in~s:~~~~ng vessel; C, valve to evacuated tank; 

--- -- - --------

In practice, the forming opera~ion is d~ne ~s 
quickly as possible so that the acrylIc shee~ WIll s~ill 
be in the rubbery state when the pressure dIfferentIal 
is r emoved ; the time from removal of the sheet 
from the oven until forming is complete is less than 
1 min. The forming apparatus, assembled for the 
drawing of a sheet and disassembled for the removal 
of a drawn sheet, is 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 follo'wing experiment~ were made: ~ 
10-in. disk: of Lucite HC201 , whICh had been b1-
axially stretched 150 percent after hea ting to l40 0 C, 
was marked off in I-in. squares, then heated to l40 0 C 
and allowed to assume its original size. 'rhe lines 
on the resulting disk vere still equidistant within 
± 5 percent, the standard deviation of the measure­
ment and marking errors, indicating that the amount 
of str etching 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 equidist~n t 
to within ± 5 percent, verifying that the stretchmg 
was reasonably uniform. 

The formula used for calculating the amount of 
biaxial s tre tching in a formed disk is 

FIGURE 2. Vacuum-formin g apparatus with a sheet of acrylic 
plastic in place ready to be formed . 
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e= 1 00 (.Jt~/t,- 1 ), (1) 

where e is the elongation in percent, and tt and t, arc 
the initial and final thicknesses, respectively. 'I'his 
formula is based on the fact that the volume of the 
material remains essentially constan t on stretching. 

This property of the materials was verified by 
measuring the density of a small piece of bo th 160-
percen t-formed and unformed material from each of 
the four samples. The sample of Lucite HC201 
showed a decrease in density of 0.8 percent as a result 
of forming to 160-percen t strain. The other three 
amples showed density changes of less than 0.2 per­

cen t 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 M ethod 1011 of Federal 
Specification L-P-406a. In thesc tests the threshold 
of stress crazing was noted v isually by an observer 
who immediately applied a sudden momentary pr.es­
sure to the sensitive cross head of the testing machme 
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 li.ght. 

Vacuum-fanning apparatus partly disassembled 
afte,' fanning a sheet of acrylic plastic . 

T he formed piece is on the end of the form which is held by the operator. 

3.3. Stress-Solvent Crazing Test 

In the stress-solvent crazing tests, tapered tensile 
specimens of the same dimensions as the long-time 
tensile test specimens described in sect ion 3.4 were 
placed under load in 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 cr azing 
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 effor t to locate the 
threshold at different parts of the tapered portion of 
the specimen . 

Benzene was applied to the cen tral %- by 3-in . 
portion of the specimen with a brush . Subseq lIen tly 
the solvent-Cl'azed specimen s were examined under 
suita ble ligh ting and the extent of the crazing no ted . 

3.4. Long-Time Tensile Test 

The long-time tensile-loading cabinet for te ting at 
high relative humidi ty (abou t 95 percent) is 
shown in fi gures 4 and 5. A similar cabinet withou t 
a fron t cover or blower and with an interior instead of 
exterior light was used for tests at 50-percent relative 
humidi ty, the eondition in th e con trolled atmosphere 
room in which the cabinets were located. 

In each cabinet four specimens can b e tested simul­
taneously . The load on the speeimen is applied by 
a 300-lb-capacity weigh beam through a turnbuckle. 
A pair of alinement holes in each end of th e pecimen 
and an alinement hole and an alinement pin in the 
clamp, as shown on th e specimen at th c left of figure 
4, facilitate alining the clamps and specimen. The 
specimen alinement must be done very carefully , a 
otherwise stress crazing occurs much sooner on one 
face than on th e other or along one edge rather than 
across th e wid th of the specimen. 

The humidi ty cabinet (ng. 4) has a blower that 
directs air against cloth wicks dipping into a tray of 
water. The relative humidity is readily measured 

FIGURE 4 . I nterior of long-time tensile loading cabinet used fo r 
testing at high rei alive humidity . 
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FI GURE 5. ExteTioT of long-time tensile loading cabinet for 
testing at high Telative humidity. 

T he front of Lhe cabinet is in placc and a Brincl! microscope on a n adjustable 
stand is inserted in t he right-hand window for cxamtnlllg the crazlIl g of a specI­
men. 

with wet- and dry-bulb thermometers p~aced n~ar 
th e exhaust part of th e blower . The relative humid­
ity is maintained at 95 ± 2 p ercen t . 

To avoid heating of the cabinet, the fluorescent 
ligh ts used for observing crazing are placed j us.t out­
side a window in the top of th e box. Mirrors, 
mounted behind and slightly above th e specimens, 
direct the ligh t against the latter, which are viewed 
against a black-felt background. . . 

The tensil e specimen used for the ~ong-tlme.loadm.g 
tests has a 3-in. -Iong reduced sectIOn tapenng Ulll­

formly in width from 0.50 ~n: at the maxil~um cross 
section to 0.33 in. at the mInImum. In thIS way the 
stress in the red uced section decreases from a valu e 
of So at the minimum section to 2/3 So at the other 
end. The time for the onset of crazing for different 
stresses is found by observing th e specimen peI'iodi­
cally and noting the extent of th e crazing, Some of 
the details of the test procedure are as follows , The 
specimens being tes ted were observed with the un­
aided eye, and, in addition, in th ? tests on the 
representative samples nearly all specimens were also 
observed with a 20-power Brinell microscope (fig . ,5). 
Observations of th e extent and nature of craZIng 
were made several times on the first day the load was 
applied, then generally daily throug? the fifth day, 
and once on the eighth day, after whIch the load wa;; 
removed . The exten t of th e crazing from the mini­
mum cross section was measured with a paper scale 
to th e neares t millimeter; this corresponds to an 
accuracy of better than one percent when converted 
to stress, The observed data on th e exten t of the 
crazing 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 ~nade. in 
accordance with M ethod 6021 , Federal SpeCIficatlOn 

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

Ligh t-transmission and haze me~surements .were 
taken before and after the weatherIng test, usmg a 
pivotable-sphere hazemeter, following the procedure 
in ASTM Method D 1003- 49T. 

To permit the measur.emen t of shri~mge, scratches 
were ruled on each speCImen about 2 In. apart bef<;>re 
the weathering. The scratches were meas,:red wIth 
a steel rule graduated to hundredths of an mch. In 
measuring the distance between .scratch es ~ seve~­
power magnifier was used , the dIstance belllg estI­
mated to a thousandth of an inch . 

3.6. Degree of Forming of Representative Samples 

Exploratory tests were made with pieces of acrylic 
plastic sheet biaxially stretched slightly, 7- ~o 20-
percen t elonO'ation, and moderately, about 4b per­
cent. The l~tter elongation is an amount tha.t may 
be attained at some locations in formed aU'craft 
enclosures [34].5 The results of tensile al~d stress­
solven t crazi~g tests indicated that the cr~zlllg. prop­
erties, such as threshold of stress craZIng In the 
standard tensile tes t and threshold s tress for ~ tress­
solven t crazing, were unaftected or only very slIghtly 
aftected by biaxial stretchin~ 7 to 20 p ercent.s 
However for the 45-percen t-stretched piece, the 
crazing l;roperties were considerably changed; for 
example, the threshol~ stress for stress-sol vent 
crazing appeared to .InCI·ease abol~t 50 percent. 
Accordingly, it was deCI~led to form pIeces from e~ch 
sheet of the represen tatIve samples to an elongatlOn 
of approximately 50 percent. 

One piece was formed fro~ each sheet. The 
piece to be formed was heatedm an ,oven to a tem­
perature of 120 0 or 140 0 0, dependlllg on w~ethcr 
the ma terial was general-purpose or heat-resistant 
grade. Four standard tensile and four tape~'ed 
tensile specimens and an accelera~ed weathenng 
specimen were taken from each dISk. An equal 
number of control specimens were cu t ou t of each 
sheet from a location adjacent to the piece used for 
forming. . . 

While it was deSired to obtam the same amount 
of stretch to within about 5 per cen t on the three 
formed pieces of a sample, the actual variation i.n 
elongation between disks ,vas gr eater than thIS 
amount, except for sample PIa. The values for 
individual disks, based on the formula , eq 1, are as 
follows : 

NBS sam ple 
Biaxial 

stretch of 
the three 

disks 

Percent 
Lld _._._. ___ . ___ ._____ 48,56,57 
L2d_._. __ . __ . ___ . _____ 49,54, 69 

N BS sample 
Biaxial 

sLretch of 
the three 

disks 

Percent 
Pla ___ . ___ . _. _. ______ . 57, 58.61 
P2a . __ . _____ ._._. __ ._. 44, 50,56 

, In t hesc rcfcrences thc rcduction ill t hickness was reported, not the elongation; 
the elongations wcre calculated by using cq (I ). . . 

6 It was intercsting to note that the elongatIOn at fai lure was mcreased to the 
order of abou t 20 perCe'lL by the slight stretching. 
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TABLE 1. Tensile properties of polymethyl methacrylate fonned by biaxial stretching " 

-

St ress and stra in a t t hreshold of c/'axin g 

M aterial NBS Biaxial Tensile Elon ga tion Secant 

I :: I 
san:ple stretch ' strength , Sm mod ulus f 

Stross, S c Strain 

Unformed 

Percent lb/in.' Percent lb/in. ' lb/in. ' Percent 
Lucile E 0 20L ___________ Ll d -- -- - - i , 850 ±80 , 8.8 ± 1. 2 3.6.3 ±.05 6, 780 ± 140 86 2.4 ±. 15 
Lucite E0202 ____ ____ ____ L2d --.--- 9, 580 ± lOO 14 ± 3 4.00 ±. 03 8,380 ± 180 88 2.9 ±.3 
P lexiglas I- A _________ ___ PI a . ---. - 7,920 ±W 19 ± 7 3. i 5 ±. Ol 7, 170 ± l oo 91 2.6 ±. I 
Plexiglas II ___________ ___ P2a . -- -. - IO, OiO ± I,O d i . 6 ± 0. 4 4.06 ± .09 9, 080 ± 180 90 3.2 ±. 1 

Formed 

Lucite HC20L ___ ________ LId 54 i,830 ± 130 -73 ±3 

Luci le H C20L ________ __ L2d 57 9,650 ± 140 59 ± 4 

Plexiglas I- A __ __________ Pia 59 8,030 ±90 67 ± 4 

Plexiglas 11. _____________ P2a 50 9,930 ±80 49 ±3 

a 'rh e t ests were made on standard ten sile specimens, }'cderal Specifi cation 
L- P - 406a, Method lOll, T ype 1. T he tes ting mach in e used was a 2,400-lb­
eapaeity hydraulic universa l testing machine. Autographic load-elongation 
records were obtailled with a n onaveraging Sou thwark -Petel's extensometeJ' , 
model PS- 6, coupled to t he associated recorder on the testing m achine. The 
test ing speed was 0.05 in ./min up to lO-percent strain ; the strain gage was rem oved 
at this poin t and th e speed in creased to 0.25 in./min with further extension meas­
ured with dividers. T he testing was done at 23° 0 and 50-percent relative 
humidity a fter conditioning the specimens 2 weeks in th is atm osphere. All 
resul ts arc the average for six specimens, two specimens from each sheet, Wlless 

4_ Results and Discussion 

4.1. Standard Tensile Tests 

The resul t.s of the standard tensile tests on the 
formed and the unformed portions of the fom repre­
sentative samples arc shown in table l. Figure 6 
illustrates the appearance of the fractures on broken 
specimens of formed and unformed material. 

The tensile strength and secan t modulus of elas­
ticity of the fom samples of polymethyl metha,cry­
late were unaffected by stretch-forming to about 
50-percen t elongation. The elongation at failme, 
as in the exploratory tests, was greatly increased by 
forming from approximately 10 percent to about 
60 percent. 

The strain at the threshold of crazing also was 
increased greatly as a result of the forming. In fact, 
for samples L2d, PIa, and P2a, at least half of the 
pecimens showed no stress-crazing up to rupture_ 

Crazing on other specimens was very light or was 
observed only at acciden tal finger marks_ 

b_ D iscu ssion o f Fracture Behavior 

I t 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 5- 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 mu ch greater elongation , sometimes 
accompanied by an obliqu e fracture (B in fig . 6) . 

3. 60 ±. O5 -- -------- -- Very ligh t craz ing; two specimens crazed 
a t <I and 6.5 percent, respectively, others 
at hand marks at > lO-pcrccn t strain . 

4. 01 ±. 05 ---------- -- '1'h roo specimens did Dot craze. Very 
ligh t crazing on two specimens a t ,.....7 
pel'cen L, on one at > 1 D-pel'oen t strain. 

3.73 ±. 05 ---------- -- 1"oul speci mens did not craze. Possible 
very faint crazi ng on two specimens. 

4. 04 ±. Ol -- ------- - -- 'J' hrec specimcns did not craze. Very 
ligh t crazin~ on others a t ha nd marks 
at > lO-percen t strain . 

oth erwise noted, plus or minus the sta ndard error. The standard crror was 
ealculated ta king into account the possihle existen ce of sheet-to-sheet variations_ 

b A verage for three disks. 
, One specimen fa iled at knife edge, at 5.l-pCl·cent elongation . 
d Two specimens fa iled at knife edges, a t 4.4- and 9-percent elongation, respec­

t ively. 
,,'rwo specimens fa iled at k nife-edge marks, each at 77~pcJ'ccnt elongation. 
I T he stress ran ge used for the calculat ion of th e secant mod ulus was 0 to 4,000 

lb/ in .' for the Lucite ll020l an d P lexiglas I -A and 0 to 5,000 Ib/in .' for the Lucite 
R0202 and P lexiglas II. 

N ext, i t was observed that th e formed specimens, 
as shown in figure 6 (C, D , E, F ), had a laminar 
fracture. The laminar fracture of formed material 
indicates that the segments of the polymer molecules 
have a preferred orienta tion 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 figurc 6, 
on the fracture surface of each specimen there was 
a small mirror-lilee area oriented perpendicularly 

FIGURE 6. Effect of biaxial stretch-formin g to about 50 percent 
elongation on the fracture of tensile specimens 

A, Sample P2a, not form ed , total elongation 6 percent; B, sam ple P ia, not 
formed, total elongation 54 percent; 0 , sample LId, formed 57 percent, total 
elongation 77 percen t; D, sample Pia, formed 58 percent, total elongation 57 
percent; E , sample L2d, for med 49 percent, total elongation 52 percent; F, sample 
P2a, formed 55 percent, total elongation 40 perceot. 
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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 surface was of the order of a few square 
millimeters in area and was found extending inward 
from the boundary of a cross section. 

On unformed material this area was located at 
the corner of the cross section for most of the speci­
mens; in the other instances, it was found eith~r 
extending 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 semicircular. 

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 a 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 to the edge. In testing a formed 
specimen, usually some edge cracks appeared normal 
to the edge after the material had been strained con­
siderably. These cracks became larger as the speci­
men was stretched further, and at failure the frac­
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 cracks.7 

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

The experimental evidence, that suggested that 
the fracture started at the mirror area is 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 X- by 
2-in. portion of one face of the reduced part of the 
specimen. On all the specimens inspected it was 
noted that a semicircular mirror-lilte 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 

1 In this report these edge cracks bave somewhat arbitrarily been considered as 
distinct from crazing cracks; also any fine crazing on machined edges was dis­
regarded. The reason is that sucb edge cracks and crazing are dependent on the 
macbining of the specimens, and could possibly be minimized or caused to begin 
at higher strains by varying the macbining technique or by properly annealing 
the specimens. 

extension of a 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. In all cases, the fracture was found to 
pass through a crazing crack. Visual evidence to 
justify further this supposition was obtained in a 
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 b e 
noted that solvent crazing 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 area that originates at a craz­
ing crack, and because similar mirror areas extending 
in from the edge 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 of the specimen and that the mechan­
isms of fracture and crazing are closely related. 
Indeed, one might go further and say that in the 
specimens 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, occurs at a much higher 
strain than in the unformed material. Furthermore, 
the true stress is probably higher at or near failure 
in the formed material than in the unformed as was 
actually found in a few tests.s 

The difference in appearance between the mirror 
part of the fracture surface and the rougher portion 
may be associated with a low velocity 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 [61 
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, too, is slower across the laminas 
than parallel to them. 

Hsiao and Sauer [7], who studied crazing in 
specimens of polystyrene, present a different picture 
of 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 

8 In tbe exploratory work with specimens of a disk biaxially stretched to 45-per­
cent elongation, tbe load-elongation grapb was taken out to 50-percent strain with 
a low-magnification recording strain gage. After tbe maximum load was at­
tained, at about 4-percent strain, tbe load declined with increasing strain to about 
four-fiftbs of its maximum value and then remained almost constant out to 5(). 
percent strain, the limit of elongation of the strain gage; at this point the load was 
increasing slowly. A3 the volume of the mater ial remains practically constant in 
the plastic range, the reduced cross-sectional area can be calculated from the strain 
and the true stress tben derived. It was found that the true stress at 50-percent 
strain was about 10 percent greater than at tbe maximum 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 crack. A microscopic exam ina­
t ion of the fracture surfaces, such as carried out by 
Kies and coworkers [8] on several materials, is 
planned ; this study may clarify the situation. 

4.2. Stress-Solvent Crazing Tests 

The threshold stress data for the stress-solvent 
~razing tests on the 50-percent biaxially 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 
~riterion A, the threshold was taken as the maximum 
stress below which there was no regular distribution 
of crazing cracks visible to the unaided eye, the 
isolated cracks b eing disregarded. This was the 
sam e criterion used in the exploratory tests. For the 
second, criterion B, the threshold stress was taken 
as the maximum stress below which no crazing 
~racks were visible to the unaided eye. 

As might be expected, the average t lueshold 
crazing stress obtained by criterion B is slightly less 
than by criterion A. The principal results as ob­
tained by the two methods are in agreement, how­
{lver, and are as follows: 

The average threshold crazing stress for general­
purpose grade polymethyl m ethacrylate, crazed 
with b enzene by the procedure described previously, 
is about 2,000 Ib/in.2 for unformed, and about 3,400 
to 3,800 Ib/in. 2 for the 50-percent biaxially stretched 
sheets. The corresponding values for the h eat­
resistant grade are about 3,000 Ib/in. 2 and 5,000 
to 6,000 Ib/in. 2, r espectively. This r epresents an 
improvement of from 70 to 80 percent for e.ach 
grade. 

N at 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 the formed peci­
mens. 

4.3. Long-Time Tensile Test 

a . Threshold stress·crazing data 

Values of threshold stress for stress crazing at 1, 
10, and 100 hI', derived from plots of threshold 
str ess 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 unmasked face.9 Any consistent 
difference in the extent of crazing on the two faces 
,vas accordingly assumed to b e caused by a slight 
misalinement of the specimen. In such cases a 
single straight line was fitted to the data for the two 
faces, and the values in table 3 were taken from this 
line. 

The slopes of the threshold stress versus log time 
plots appeared to be about the same for all materials 
and t est conditions. The effect of such factors as 
forming, relative humidity, sample, and grade on 
the threshold stress is indicated best by examining 
the 100-hr unaided-eye values, as these are the most 
numerous and precise. These values, taken from 
table 3, together with values of the ratio of the 
threshold tresses, S c, 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 

, In the ex periments described ill [51, in which the loss of s trength was deter· 
mined as a result of stress·solven t crazing, no efTect of t be masking paper was 
detected. 

T ABLE 2. Threshold crazing stresses for stress-solvent crazed specimens of polymethyl methacrylate formed by b'iaxial stretching a 

N B S 
sample Material Biaxial 

stretcb , 

U n fo rm ed 

Percent 

'l'hrcshold crazi ng stress", SfC Range of So. the 
---------;-------1 maximnm stress 

I a pplied, for the 
Criterion A d Criterion B d set of specim ens 

-----~------

Lid 
L2d 
]' Ia 
P2a 

Lucite HC20L ....... _ .. __ . . ____ .. ___________________ . ___ _ 
lbj in.' 

2, 110± 40 
' > 3, 020± 40 

2,300±15O 
3,2iO±140 

IDj in .' 
2, OOO± 50 

, > 2,820±I90 
2, 120±I20 
3, 120± 160 

IDjin .' 
2, 700 to 3,000 
3,000 to 3,600 
2, 400 to 3,000 
3,900 to 4,500 

Lucite H C202 _____ ._._. ______________________ _______ _____ _ 
Plexiglas l - A __ __ .. __ . __ . __ . ______ . _______________________ . 
Plexiglas II. ______ .. ____ . _______________________________ ._ 

1 

Formed 

Lid 
L2d 
PIa 
P2a 

Lueite H C20I . _______________________________ _ 
Lu cite HC202. _ ._. ___________________________ _ 
Plexiglas l - A ____ .. _ .. ________________________ _ 
Plexiglas IL __ .. _______ • ___ . _______ _ ._._. ____ _ 

a A contro lled am ount of benzene, 0.03 to 0.04 g, was applied to a No.1 camel's 
hair brush (about 0.1 in. in diameter and 0.5 in . long) from a m arked glass dropper; 
then the central ~4· by 3·in . portion of one face of the tapered tensile speCimen , 
which was under load, was stroked with the brush . The specimens were under 
load for 4 min, and tben were rem oved from the testing mach ine; after 4 to 6 
days, they were exa.mined for crazing thresholds. The crazing was done in a con~ 
trolled atmosph ere room operating at a temperature of 23° C and 50 percen t rela­
t ive hwnidity, after cond itioning the specimens for I week in this atmospbere. 

• Average [or 3 formed disks, 1 from each sbeet of the sample. 

54 
57 
59 
50 

1>3, 390±15O 
• > 5. 55O± 280 

3,890±310 
' > 5,720± 90 

1>3,310±130 
• > 5, 130±380 

3,690±310 
• > 5, 590±1I0 

3,000 to 4, 500 
5, 600 to 6, 900 
4. 200 to 5,400 
6,000 to 7,200 

' Eaeb value is tb e average plus or minus the standard error for 6 specim ens 
witb 2 specimens from each sheet . The s tandard error was calculated tak ing into 
account the possible existence of sheet-to-sbeet variation . 

d Criterion A : That point below wbicb there is no regnlar distribution of crazing 
cracks v isible witb tbe unaided eye; isolated cracks are disregarded. 

Criterion B : That point below whicb no crazing cracks were visible to tbe 
unaided eye. 

• Ono specimen did not craze under the load applied. 
I Two specimens did not craze under t he loads applied . 
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C.:J 
C.:J 
(lO 

TABLE 3. VaTiation with time of thl'eshold sl1'ess fO T sl1'ess crazing polymethyl melhacl'ylate formed by b'iaxial stretching a 

-
Threshold stress for the rallowing relat ive humidities and times c 

50-percent relative humidity d 95-pcrccnt relative hum idity d 
NBS " , Biax- Stress range in 
sam- 'I I ';;'t; Sheet ial reduced section of 
pIc rue t stretch speci men 1 hr 10 br 100 hr 1 hI' 10 hI' 100 hI' 

U na ided lVIicro- U naided l\rficro- U naided l\1icro- U naided lV[icro- U naided :rvlicro- U naided l\1icro-
eye scope ' eye scope eye scope eye sco pe eye scope eye scope 

--- - -- ------------------ -------------
Percent lb/in,2 lb/in.2 lb/in, 2 lb/in.' Ib /in.2 l",in ,2 lb/in.' Ib/in.' lb/in.' Ib/in.' Ib /in.' lb/in,2 lb/in.' 

2 56 3,750 to 2,500 -------- - -- > 3, 750 ________ > 3,750 ____ ____ f (3,800) ___ __ __ _ > 3, 750 _____ ___ > 3,750 ___ _____ 3, 500 ________ I j F { I 48 3,750t02,500-- - - - --- - - > 3,750 ________ > 3, 750 __ ____ __ 3,700 __ ______ > 3,750 ______ __ 3,500 ___ _____ 3,200 ____ ____ , 

LId Average____ __ _____ > 3, 750 > 3,750 3,750 > 3,750 > 3,620 3,350 

U { ~ :::::::: g~:n~~:~:::::::::: ~:~ :::::::: ~:r08 :::::::: (~ : ~~) :::::::: --(3;iOO) ___ :'_ ~:X: (C& ~: ~) :::::::: <~:~ :::::::: 
A verage ___ ________ 3, 800 3,100 2, 450 _____________ ___ 2, 700 < 2, 500 

j 
1<' {I 49 6,000 to 4,000 ________ __ > 6,000 > 6,000 (5,900) (6, 000) 5, 100 5, 100 ________ _ ______ _ 

3 54 6,000 to 4,000 - --------- > 6,000 > 6,000 ca 6, 000 ca6,000 c&5,OOO ca5,9OO > 6,000 > 6, 000 (6,200) (> 6,000) 5,000 5,100 
----

A vcrage _______ ____ > 6,000 > 6, 000 6, 000 6,000 5,500 5,500 ________ ________ ________ ________ ________ _ ______ _ 
L2d 

U I ____ 5,OOOt03,~30 ----- - ---- ca 4, 000 ________ ca3,5OO ________ ca3, 200 < 3.300 ca5,000 _______ _ 3,800 3,800 ~,300 3, 500 
{ 3 __ __ 5,000 to 0,030 __ ________ (5, 000) ________ 4,200 ________ 3,400 3,500 _____ ___ ________ 4,000 _____ ___ 1 ,1, 500 _______ _ 

2 61 4,000 to 2,610-- -- ------ > 4,000 > 4,000 > 4, 000 > 4, 000 > 4, 000 > 4, 000 > 4, 000 > 4, 000 > 4,000 > 1,000 > 4,000 > 4, 000 j 
F { ,L 57 4 ,oooAt.:C:~l~~:---::::::::: > : : : > 4, 000 > :::: > 4, 000 >:: ~: ~:: : -;~~~ > 4,000 1 > : ::: - -;~~~~~-I >::~: -;~~~~ I 

PIa A verage___________ > 4,000 > 4, 000 > 4,000 > 4, 000 > 4, 000 > 4, 000 > 4, 000 > 4, 000 1 > 4, 000 > 4, 000 1 > 4, 000 > 4, 000 

u { 1 ____ 4,000 to 2,670 __________ > 4, 000 > 4,000 3,900 3,500 2,800 2,800 (4, 400) (4,400) 3,600 3, 600 2,800 2,800 
2 ____ 4,000 to 2,670 __________ > 4,000 > 4, 000 3,800 3, 900 3,300 3,200 > 4, 000 > 4, 000 (0,800) (4, 000) 2,900 2, 900 

A veragc ___________ > 4, 000 > 4, 000 3, 850 3,700 3,050 3,000 > 4,200 > 4, 200-1 3,700 3800 I 2,850 2,850 

2 50 6,000 to 4,000 ________ __ > 6,000 > 6,000 > 6,000 > 6,000 ,\, 800 0,800 > 6, 000 > 6, 000 > 6, 000 > 6, 000 6,000 ' 6,000 j F {I 44 ~'000t.04,OOO ---------- > 6, 000 > 6,000 > 6,000 > 6,000 5,700 ~,500 >~,OOO 6,000 (> ~,ooo) (> 6,000) 5,300 5, 300 

P2a Average___________ > 6, 000 > 6,000 > 6,000 ->6,000 5, 750 5, 650 > 6, 000 > 6,000 1 > 6,000 > 6,000 1 5, 650 5,650 

U 1 -- - - 5,000 to 3,330---- ------ ________ (4, 500) 4,000 3,900 3,500 > 5,000 > 5, 000 4, 700 (4, 600) 4, 300 4 100 
{ 2 __ __ 5,OOOt03,330-- - --- - - - - (5,300) > 5, 000 4, 700 4,600 4,100 4, 000 > 5,000 > 5,000 4, 600 4,400 4,000 4:000 

_____ II ; ,".,~ A verage_______ __ __ ---- - - - - > 4, 750 -- -- --- - 4,300 I 4,000 I 3,750 I > 5, 000 > 5,000 I 4,650 4,500 I 4, 150 I 4,050 

• Data obtained visually on ten sile specim ens having a reduced section a bou t 3 in , long and taperin g 
uniformly in width from 0,33 to 0,50 in, The specimens were subjected to dead loading in a lon g-time 
loading apparat us. 'I' be tests were made at 23° C . 

b P , Form ed; U, unform ed. 
c: Values are for ind ividual specim ens. 

d Specimens tested at 5O-perceut relative humidi ty were conditioned at 50-percen t relative humidi ty 
(or at 1c3.st 2 weeks prior to testing. Specimens tested at 95-percent relative humidi iy were conditioned 
at 95-percen t relative humidity for 1 week prior to testing. 

• 20X Brinell m icroscope. 
I Values in parentheses were ex trapolated . 



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 hea t-resistant 
than for the general-purpose-grade samples. The 
data are not precise enough to determine with cer­
tainty any difference in threshold-crazing stress due 
to relative humidity or to material of a given grade. 

h . Appearance of Specimens 

Figure 8, taken near the end of the tes ting period, 
illustrates the appearance of the long- time tensile-

T A B LE 4 . Thresh old-crazing stresses of polymethyl methacryl­
ate samples after 100 hours under load a 

S, at 50,pOl'cen t re lat ive hu- S, at 95-percen t r elat ive hu-
midity' ruid ity ' 

N BS 
sample 

For med Unformed (S,Jp For med Un formed (S,), 
(F) (U) (S,)u (F) (U) (S,) u 

--------------------

lb/in,' lb/in.' lb/in.' lb/in.' 
LId 3,750 2, 450 1.53 3,350 < 2,500 > 1. 34 
P Ia > 4,000 3,050 > 1.31 > 4,000 2,850 > 1.40 
L2d 5,500 3,300 1. 67 ' 5, 000 3,400 1.47 
P2a 5,750 4,000 1.44 5,650 4, 150 I. 36 

• Unaided eye data from table 3. T he standard error of t he values sho wn in 
this table is of the order of 200 lb/in. ', based on the agreemen t between d u plicates. 

b Average for two specimens. 
, Value for one specimen only. 

FIGURE 7. Specimens of formed 
and of unformed portions of sample 
P 2a, after stress-solvent crazing 
with benzene. 

The n umber on the top line designates the 
sheet from which the specimen was taken. U is 
u nformed and F is formed material. So is t he 
s tress in pounds per square inch at the min im um 
cross section of the specimen . S" is the thres­
hold crazing stress according to cri terion B . 

loading specimens. The specimens were pho to­
graphed while under load as the finest crazing cracks 
usually were no t 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 material . 
Thus, the crazing on the formed specimens, where it 
occurs, is usually finer than that on the unformed 
specimens. Also, although the threshold stresses at 
95- and 50-percent 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 humidi ty appeared finer 
and more closely spaced, and were almost always 
noticeably shorter than those at the lower relative 
humidity. 

For most specimens the lengths of the longest 
cracks in the vicinity of the minimnm section were 
measured with the Brinell microscope. A few cracks 
of exceptional length, appearing to be two or more 
cracks joined together or to be initia ted at very fine, 
long scratches, were disregarded. The cracks meas­
ured on the unformed specimens after 100 hI' a t 
50-percent relative humidity were from 0.4 to 0.7 mm 
long ; a t 95-percent r elative 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 crack lengths of close to 0.2 mm at the 
50 percent and 0.1 mm at the 95-percen t relative 
humidity. 

It should be no ted that the formed and unformed 
specimens cannot be compared on the basis of the 
above crack-length data because the cracks on the 
two se ts of specimens had started at differen t times and 
the length of a crack apparently depends on the "crack 
lifetime", that is, the time elapsed under load after 
the crack appeared. Nevertheless, when the crack 
lifetime is taken into account the cracks on the un­
formed specimens seem to grow more rapidly than on 
the formed specimens even when the stress is 
appreciably higher on the latter. For example, on 
one formed specimen of sample P2a at 50-percent 
relative humidity, cracks were first observed at the 
minimum cross section (6,000-lb/in.2 stress) at about 
50 hr; and after 50 hI' of crack lifetime, the longest 
cracks in this area were close to 0.15 mm in length. 
On the corresponding unformed specimens with only 
5,OOO-lb/in.2 stress at the minimum, the cracks 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 markedly at the stresses used in the 
long-time tensile tests . Some of the specimens at 
the 95-percent relative humidi ty "ne.cked down" at 
the minimum section near the end of the testing 
period. The formed specimens of the heat-resistant 
materials necked down sooner than the corresponding 
unformed specimens. However, it should be noted 
that these formed specimens had a 20-percent-higher 
stress than the unformed. The necking down of the 

FIGURE 8. Specimens from 
sample P2a, formed and 
unformed, after 7 days of 
tensile loading with 6,000 
and 5,000 lb/in. 2 stress at 
the minimum sections of the 
formed and unformed speci­
mens. respectively. 

formed and unformed specimens of samples LId and 
PIa 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 PIa 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 creeps before crazing can begin. 

4.4. Discussion of Mechanism of Crazing 

The effects of biaxial stretch-forming on the 
crazing behavior of polymethyl methacrylate pel'hap 
may be explained qualitatively on a molecular basis 
as follows. In the unformed state the polymer 
molecules are assumed coiled in an approximately 
spherical shape; the chain segmen ts have no pre­
fen·ed orientation. In the formed state the m.ole­
cules should be somewhat uncoiled and in a roughly 
disk-like shape with the chain segmen.ts oriented 
predominantly in the plane of the material. The 
following mechanism of crazing, 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 
chance, the polymer chain segments are oriented 
normal to the applied tensile stress. With sufficient 
stress, a separation between portions of adjacent 
chains occurs; a stress concentration exists at the 
apex of the crack, and the latter grows until it 
reaches a region in which the polymer chain seg­
ments are oriented approximately in the direction 
of the tensile stress. The crack either does not grow 
or grows slowly unless the tensile stress is greatly 
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increased. Sub equent 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 the sheet 
reduces the proportion and sS.ze of the weak, normally 
oriented regions and increases the regions of pre­
dominantly parallel orientation. Stated differ ently, 
the stretch-forming may be said 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 previously in the long t ime 
tensile loading t ests, 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 sugo-ested by various au thors [10, 11, 
12], which, whi\'e differing in some aspects, include 
as a factor the concept of the solvent acting as a 
plasticizer. By using this concept the mechanism 
suggested above for stress CUlling may be modified 
to include the influence of solvents as follows. The 
solven t 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 
solven t molecules at a surface flaw, such as a region 
of normal orientation of the polymer chains, the 
stress concen tration tha t 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 continue to exert a weakening influence at the 
apex. In this connection, it has been suggested by 
Hopkins, Baker, and Howard [12] that another 
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 stress 
crazing. The reduction in the number and size of 
the regions of normal orientation and increase in the 
regions of parallel orientation should result in higher 

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

4.5 . Accelerated Weathering Tests 

The resul ts 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 percen t after weathering. 
VV hile the transmission values are slightly higher 
after weathering the materials, 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 all 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 
con trol specimens was very sligh t, averaging 0.05 to 
0.1 percent, which values are of the order of magni­
tude of the standard error of the shrinkage values. 
The formed specimQn of the heat-resistant grade 
samples shrank only 0.2 percent; however, similar 
specimens of the general-purpose grade sample 
shrank somewhat more, the values being 1 and 2 
percent for Plexiglas I- A and Luci te HC20l, respec­
tively . 

Most of the specimens were slightly warped after 
the weathering test . In general, the formed speci­
mens were more warped than the unformed, particu­
la.rly for the general-purpose-grade materials. 

The greater dimensional changes for formed pieces 
of the general-purpose-grade samples as compared 
to the heat-resistant grade are not surprising for the 
following reason. The specimen temperature in the 
test is abou t 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 

T A BLE 5. R esults of accelerated weathering tests on polymethyl m ethacrylate f orm ed by biaxial stretching a 

Light transmission IJ I Haze c Shrinkage d I warpage~ 
N BS 'J'rrat- Initial After 480 bours Initia l After 480 hours I sample mon t b 

Average R a nge Average 

I-- Average 
I 

R ange Average 
I 

R ange Average R ange Averagel R ange I ._- ---
P ercent Percent Percent Percent Percent Percent P ercent Percent Percent P ercent 

L ld ____ {F_. ___ . 92. 0 91. 9 to 92. 1 02.3 92.2 to 92. 4 U ____ . 92.0 92.0 to 92. 1 92. 1 92.0 to 92.3 
L2d ____ v-·---· 92. 1 92. 1 to 92.2 92.6 92.5 to 92. 6 U ____ __ 91. 9 91. 9 to 91. 9 92. 1 91. 7 to 92. 5 P la ____ {L ____ 92. 1 92.0 to 92. 2 92.6 92.5 to 92.6 U ______ 92.0 91. 9 to 92. 1 92.5 92.5 to 92.6 
P2a. ___ {F. __ ._. 92. 1 92. 1 to 92. 1 92.5 92.5 to 92. 5 U _____ . 92. 1 92. 1 to 92. 2 92.5 92. 4 to 92. 5 

• Tbe amo lln t of tbe stl'etcb ing in forming was 50 to 60 percen t; tbe actual aver· 
ages for eacb material are given in table 3. 'rhe weathering tests were mad e 
accord ing to Method 6021 of F ederal Specification L-P-40Ga, except that the test · 
ing time was 480 hr. in stead of 240 hr. E ach average is for three speCimens, oue 
fro m each of the three sheets of each materia l. 

b 1", Formed ; U, unformed. 

0. 7 0.3 to 0. 9 0. 7 0.5 to 0.8 2.3 1. 0t04.3 3 
. 4 .3 to O. 5 .3 . 2 to 0.3 0. 1 0 to 0.2 1 
. 4 .3 to O. 5 .4 .3 to 0. 7 .2 0.1 to O. 2 1 
. 4 .4 to 0.4 . 4 .2 to 0.5 . 02 0 to 0.05 1 
. 5 .4 to O. 5 .3 . 2 to 0.4 1.0 0.6 t02.0 2 
. 4 .4 to O. 5 .4 .3 to O. 5 0.05 0 to 0. 1 0 
.4 . 4 to 0.5 .5 .3 to O. 7 . 2 0. 1 to 0.4 1 
. 4 . 3 to O. 5 .3 . 2 to 0.3 . 05 0 t o 0. 1 1 

' L igh t transmission and haze measurements were mad e with a pi votable­
sphere hazemeter, accord ing to ASTM method Dl003-49T , P rocedure A. 

d D istance bet ween gage marks approx imately 2 in . apart was measured before 
and after test with a s teel scale and magnify in g glass . 

• Warpage was classified a rbit rarily as follows: 0, none; 1, slight; 2, some 
3, co nsiderable. 
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corresponding temperature for the heat-resistant I 
grade is about 94 ° to 95° C.lO 

4.6. Possible Applications of Stretch-Forming 

'fhe improvement in the crazing properties of 
acrylic plastic sheet prodllced by moderate (50 
percent) biaxial stretch-forming suggests that formed 
enclosllres made from prestretched flat sheets 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 a maximum amollnt of 
stretch 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 prestretched 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 str etched up to about 150 
percent. 

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 polymethyl 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 percent 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 'r'hese values were derived from volume-temperature mea~urements made 
{)n these samples over the range 25° to 110° C: a mercury dilatometer was used. 

The effect of biaxial stretch-forming on other 
physical properties, 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 tlu'eshold 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 acrylic glazing need not be lam­
inated. 
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