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SUMMARY

Tensile and crazlng properties are reported for flve cast polymethyl-
methacrylate sheets in which the molecular weilght of the resin was 90,000,
120,000, 200,000, 490,000, and 3,160,000, respectively. Both stress
crazing and stress-solvent crazlng teskis were conducted. It was found
that the tensile strength and ultimate elongation increase rapidly with
increasing molecular weight at the lower molecular welghtes and begin to
level off at molecular weights of approximately 200,000 and 500,000,
respectively. There was no change in the modulus of elastlclty over the
range of molecular welghts studled. The speclmens with lowest molecular
welghts broke at low strains without crazing. For the higher molecular
welights, the stress and the straln at which crazing occurred Ilncressed
with increasing molecular welghts. TIn the stress-solvent crazing tests,
the lower molecular welght materials broke immediately upon crazing,
usually at en observed craze crack. For the two highest molecular weights
there was a slight indication of increassed craze resistance with Ilncrease
in molecular weight.

TNTRODUCTION

The molecular weight of a high polymer has a marked effect on 1ts
mechanical properties (refs. 1 to 5). Propertles such as tensile strength
Increase roughly in direct proportion to the molecular welght up o a
certain point, after which the tenslile strength starts to level off and
becomes fairly constant.

Crazing of polymethyl methacrylate has been associsted with the Initi-
ation of tensile failure (ref. 6). In view of the dependence of tensile
strength on molecular weight, this investigation was undertsken to study
the effects of moleculsr weight on the crazing of polymethyl methacrylate.

This investigetion was conducted at the Naetional Bureau of Standards
under the sponsorship and with the financial assistance of the National
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Advisory Committee ‘for Aeronsutics. The authors gratefully acknowledge
the courtesy of Professor A. G. H. Dietz of the Massachusetts Institute
of Technology 1n supplyling the materials used in this Investigation and
the assistance of Messrs. John W, McElwain and S. Rothman of NBS in
checking the solution viscosities of the test materials.

MATERTATS

The materials studied, supplied by Professor A. G. H. Dletz, were
speclally cast polymethyl-methacrylate sheets prepared by the Rohm &
Haas Co., Inc., In five different average molecular welghts. The mate-
rials were reported to contaln small amounts of catalyst and parting
agent and were reported to be as monodisperse as possible (ref. 3). The
sheets received were approximately l/h inch thick and 12 inches square.
The wviscosity average molecular weights of the five materials were 50,000,
120,000, 200,000, 450,000, and 3,160,000.

Specimens were tested from two sheets of each of the five moleculsar
weights. One set of samples, consisting of one sheet of each of the five
materials, wes tested at one time and another set of flve sheets recelved
at a later date was tested 5 months later. The respective sheets In the
two sets were reported to have been cast from the same monomer solutions.

TEST PROCEDURE

Standard tenslle and stress-solvent crazing tensile tests were made
at 23° £ 1° C and 50 t 2 percent relative humidity, using a 2,400-pound-
capaclty Beldwin-~-Southwark universal hydraulic testing machine.

Standard Tensile Tests

The standard tensile specimens were those of type I of Method 1011
of Federal Specification L-P-ltO6b. The tests were canducted according
to Method 1011, the relative rate of head motion being 0.05 inch per
minute. Four specimens were tested from each sheet of each sample. Ioad-
elongation graphs were obtained by means of a strain gage and the associ-
ated autographic recorder. The strain gage used was a model PS-6
Southwark-Peters plastics extensometer, a high-magnificatlion nonsveraging
type with a 2-inch gage length and a strain range of 10 percent. On the
first set of tests, the gage operated with an electric contact-type stress-~
strain recorder. When the second set of tests was made, the strain gage
was modified to operate with a microformer-type stress-strain recorder.
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The modified gage was somewbat heavier than the orlginal gage. The
threshold of stress crazing was observed visually and marked on the load-
elongatlion graph. A fluorescent lamp was so pleced behind the specimen
as to make the crazing easily seen as 1t appeared.

Stress-Solvent Crazing Tests

The stress-solvent crazing tests were made using tensile specimens
with a 3-inch-ilong reduced section tapering uniformly in width from
0.50 inch at the maximum cross section 4o 0.335 inch at the minimum. Thus,
Por a given gpplied losd, the stress varied along the length of the speci-
men from S at the minimum eross sectlon to 25 at the maximum. In this
way, the minimum stress required to cause crazing could be determined with
one specimen. The stress that might be expected to be the threshold of
stress-solvent crazing for the materisl was estimated from eerller results.
A loed was then applied to the specimen such that this stress would be
reached near the middle of the specimen. This load was held constant
while solvent was gpplied and for sbout 2 minutes thereafter.

In the first set of tests, the solvent was applied by holding a
solvent-saturated blotter (3/16 inch by 3 inches), backed with a block
of polyethylene, agalnst one face of the specimen for 10 seconds. The
solvent used in these tests was benzene. Two or three specimens of each
of the materials in the first shipment were given stress-solvent tests.
Since so many of the specimens broke Iin these tests, the test method was
modified for the second set of speclmens in esn effort to make the solvent
treatment less drastic. This was attempted by using a brush for the appli-
cation of solvent instead of a blotter, and by using iscpropanol instead
of benzene. In the brush method 0.03 to 0.04 cubic centimeters of solvent
was applled to & No. 1 camel!s hair brush from a graduated glass dropper.
The central l/ll-- by 3-inch portion of the specimen was then stroked with
the brush until the latter was dry. The test method used In the first
gset of tests was repested in the second set for camparison. From the
second set of materials, therefore, four specimens from esch sample were
tested with each of two solvents, benzene and isopropanol, applied by
brush on two speclmens and by blotter on the other two. TIn each case,
the crazing threshold was taken as the stress at the point below which
there were no visible craze cracks.

RESULTS AND DISCUSSION

Standard Tensile Tests

The results of the standard tensile tests are shown in table I.
Average values are presented for each of the five samples for each of the
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two sets of tests. The tensile strength and threshold crazing stress are
shown graphically in figure 1 and the ultimate elongation and threshold
crazing strain, in figure 2. The range of molecular weights of commerclal
cast polymethyl methacrylate is indicated in these figures.

In both sets of tests the tensile strength increased rapldly with
increasing molecular welght up to a molecular weight of approximately
200,000, at which point the tensile strength began to level off and
increased only a few percent for the higher molecular welghts. The total
elongation also increased rapidly with increasing molecular welght 1n the
lower molecular welghits and begen to level off at a molecular welght of
approximately 500,000, increasing only slightly for the higher molecular
weights. The values cbtained for the secant modulus of elasticity were
fairly constant at epproximately 4.2 X 102 pel over the range of molecular
welights studied.

Both the stress and the streain at which crazing occurred in the
standerd tensile tests also Increased with increasing molecular weight.
In the first group of tests, however, the specimens of the lowest molec-
ular weight material broke at low strains with no visible craze cracks,
and, In the second group of tests, the samples in the two lowest molecular
weights broke with no crazing observed. '

The results obtained in the two sets of tests agreed qualitatively
in regard to the Influence of molecular weight on the properties, as
shown in figures 1 and 2. However, the values obtained for tensile
strength and total elongastion In the first set were comsistently higher
than those for the corresponding materials in the second set; moreover,
the differences between corresponding values were significant for the
two materlals of lowest molecular welght. In contrast to the tensile
strength and elongation data, the threshold crazing stress and strain
values for the first set of samples were consilstently and ususlly sig-
nificantly lower than for the second set. These differences between the
values for the two sets of datae could be due to differences in molecular
welght of corresponding materials in the two sets, but this explanation
seems unlikely since the two sheets of each materlal were cast from the
same batch of monomer at the same time. The solution viscosity of each
material was checked at this laboratory and there was no significant
difference in the viscoslties of corresponding materiels in the two sets.
In addition, the differences observed in the two sets of data were con-
sistent and veriations in molecular weight in the five materials probably
would not result in such consistency.

The lower velues for tenslle strength and ultimate elongation in the
second set of tests may be dve to the modified strain gage, which was
heavier than the one used in the first set of tests and applied a greater
bending moment to the specimens. Also, the lmife edges of the gage had
been sherpened when the gage was modified. These changes could lead to
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esrlier rupture of the specimens. This would not, however, account for
the differences in the values obtalned for the crazing properties. These
differences may be due at least In part to the fact that the onset of
crazing is observed visually, and the two sets were tested by two dif-
ferent persons.

The values for modulus of elasticlty, which should not be affected
by either the heavier strain gage or the operator, were quite similar
for both sets of tests as shown In table I. The stress-strain dlagrams
did not vary significently with molecular weight except for the rupture
point. A similar result was noted for polymethyl methacrylate f£films by
Hzuser and Patterson (ref. 7). As Maxwell points out (ref. 8), the slope
of the initial portion of the load-deformatlion curve depends on the force
required to bend the bond angles of the polymer chains. The bond angle
is a property of the molecule and the force required to bend this angle
should not be a functlion of the molecular welght. Thus the values for
modulus of elastleity should not vary significantly with moleculsar weight.

Stress-Solvent Crazing Tests

In the stress-solvent crazing tests, the low-molecular-weight sam-
ples did not exhibit crazing behavior similar to that previously observed
in commercieal cast polymethyl methacrylate. In the case of the commer-
cilal materials, as well as In the case of the two highest molecular
welght materisls, upon the application of solvent to the surface of a
tapered specimen under load the specimens would craze fram the minimum
width down to a cross sectlon corresponding to the threshold stress for
stress solvent crazing. For the samples of the three lowest molecular
welghts, 90,000, 120,000, and 200,000, however, a load sufficlently high
to cause crazing upon the gpplication of solvent also caused fallure. A
few long craze cracks would develop and the specimen would fail almost
immediately, usually at an observed craze crack at or nesr the minimum
cross sectlion. The minimmm loads at which these specimens broke varled
from 1,400 to 1,900 psi with a tendency for the lowest molecular weight
speclmens to fall at the lower loads.

Several of the low-molecular-weight specimens were observed from the
front by one person and from the slide by another when solvent was applied.
A craze crack was observed to form at or near the minimum width and then
propogate rapidly through the thickness of the specimen in two or three
spurts in a plane perpendiculsr to the faces of the specimen., This
resulted in Immediate fallure of the specimen. The fracture surfaces
contained & mirrorlike area always adjacent to the surface of the speci-
men to which solvent had been applied. It was postulated in a previous
report (ref. 6) thet this area was the extension of a craze crack and
was the origin of failure. The observatlons made on these low-molecular-
welght specimens tend to substantiate this postulate.
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For the materials having the highest molecular weights (490,000
and 3,160,000), the small number of specimens tested did not indicate
any significant difference in threshold-stress values for the two methods
of solvent application (brush and blotter) or for the two solvents used
(benzene and isopropenol). There was & slight indication of higher craze
resistance for the higher molecular welght material. The average values
obtained for the threshold crazing stress, combining the results obtalned
by the two methods and for the two solvents, were 2,700 psi for the
490, 000-molecular-weight and 2,850 psi for the 3,160,000-molecular-weight
material.

Discussion of Failure and Crazing

A qualitative explanation has been offered for the dependence of
tensile strength on molecular weight (refs. 3 and 4). Apparently in a
polymer of low molecular weight, the forces required to cause adjacent
chaing to slide relative to one another are relatively weak because of
the short length of the chains and subsequent small number of secondary
valence linkeges. As a result, fallure occurs by the rupture of secand-
ary valences at chailn ends rather than by the rupture of primary valence
bonds. As the molecular weight Increases, the resistance to sliding of
adjacent chains increases to the extent that it becomes easier to cause
rupture by the bresking of primary valence bonds than for the larger
chains to slide past one another. Thus, the mechanical properties show
a marked dependence on chain length or molecular welght.

The phenomena of crazing and of fracture are believed to be closely
related as suggested previously (ref. 6). In polymeric materials which
exhibilt crazing, the latter phenomenon may be looked on as an inltial
phase of the fracture process. In the present experiments, however, it
1s interesting to note that in the standard tenslle tests the lowest
molecular weight materials broke at low strains with no visible crazing.
One possible explanation of the latter behavior 1s as follows.

In a theory proposed previously (ref. 6) crazing originastes in sub-
microscoplce regions in which the polymer chain segments are oriented
perpendicularly to the directlon of the applied tensile load line. The
macromolecules are pictured as roughly spherical in shape and closely
packed. A submicroscoplc crack starts by seperation of segments of adja-
cent chalns and, because of stress concentration, grows gqulckly until it
reaches a reglon in which the polymer chain segments are oriented predom-
Inately parallel to the applied load. Thils region elther halts or slows
the crack growth. 1In the case of polymers of low molecular welghts,
assuming the seame pilcture of Initistion of a ecrack, the following behavior
is postulated. When the submicroscople crack reaches e region in which
the segments of adjacent chains are orlented approximately parallel to
the tensile load line, the total secondary forces resisting shearing or
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s8liding separation of the adjacent chains are too small to prevent
sliding; thus crack propagation 1s not jmpeded. This process then pro-
ceeds rapidly to fallure and no crazing is observed. As the molecular
welght 1s increased the total secondary forces beitween chains become
greater so that at some point the growth of the crazing crack is impeded
when 1t reaches the region in which the chain segments ere orilented
approximately parallel to the tensile load line.

The relatively brittle nature of the low-moleculsr-weight materials
was shown in the stress-solvent crazing tests. In these tests, specimens
of the three materisls with lowest molecular weights always ruptured

immediatelyv voon crazing.
immedlately upon crazing.

SUMMARY OF RESULTS

An investligation of the temsile and crazing properties of polymethyl
methacrylate of molecular weight ranging from 90,000 to 3,160,000 indi-
cated the following dependence on molecular weight:

1. The tensile strength and ultimaste elongation increase rapidly
with increasing moleculsr welght at the lower molecular welights and start
to level off at the higher molecular weights. The modulus of elasticity
does not very over the range of molecular weilghts studled.

2. The materials with lowest molecular welghts break at low strains
with no crazing observed. For the materials with higher molecular weights,
the stress and the strain at which crazing occurs in short-time tensile
tests Incresses slightly with increasing molecular weight.

5. In the stress-solvent crazing tests, the materiels with lowest
molecular weights break immedistely upon crazing. The craze resistance
increases slightly with increasing molecular welght at the higher molec-
ular weights.

National Bureau of Standards,
Washington, D. C., February 20, 1953.
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TAELE I.~ EFFECT OF MOLECTLAR WEIGHT ON TERSILE PROFERTIES OF POLYMRTHYL METHACRYLAYE

E\vernga of four specimens, unless otherwise noted, plus ar minus standard errmzl

NBS Sheet Vigconlty Tensile Total gtress &t cneet Btrain at onset
asmpla manher molecular strangth, elongation, of crazing, of crazing,
mmber velght; pel parcent rel percent

First set

EM-1, 91 90,000 6,600 £ 180 1.8 x 0,1 (o) (®)

FU-R Bafil-1 120,000 ©8,500 & 620 %28 & 0.4 7,860 * 160 42,5 4 0.

PM-3 RoBk-1 200,000 10,030 + 120 h.'{ & 0.h 8,320 ¥ 150 2,6+ 0.1

A B205-1 90,000 {e) e) 3 {e)

PH-5 BRAT-1 3,160,000 10,200 % 120 2+ Lk 8,750 £ 60 3.0 % 0.0

Second set

PM-L 05 90,000 85,110 + 180 1.3 + 0.0 b b

P 3 120, 000 €,850 & 140 1.9 & 0,1 ib; b;

-3 o845 £00,000 9,720 + 150 4,34 0.3 9,130 + TO 3.8+ 0,

P 2853 490,000 h9,930 % 120 b5,8 & 1.1 hg,330 + %30 h3,7 %+ O,

-5 287-5 3,160,000 10,180 5 130 6,0 £ 0.7 9,750 + 100 .oz 0.

8giress range used for palculation of sacant modulus was O to k,000 pai.

bayy gpecimens hroke befare craring.

SpAverage of tlmree specimens. Onoe apecimen hroke premeturely in grips.

Gpverage of two specimens. One specimen broke promaimely in gripe; one gpecimen broks without craring,
®A11 specimens hroke prematurely at bubbles present ian thie sheet,

foue spsaimen elongated more than 10 peraent, the maximm indicsted by strain gage.

Brverage for three spaqimens; ane gpecimon falled premejurely at s seratch.

hAvmge for two ppecimens; two specimens hroke premturely in grips hefore crazing.
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