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AN,APPLICATION OF FRACTURE MECHANICS TO GIASSY PLASTICS
P. L. Key, Y. Katz and‘Ef:R. Parker

 Inorganic,Materials Research Division, Lawrence Radiation Laboratory,

Department of Mineral Technology, College of Engineering, =
Unlversity of California, Berkeley, California

-ABSTRACT -
" THe use of linear elastic Ffracture mechanics to evaluate the effects

of cracks in glassy plastics is reviewed, Plane strain fracture toughness

‘values are obtalned for polystyrene, polycarbonate, acrylic and a vinyl

chloride-vinyl_acetate copolymex, A strong dependence of fracture tough-

ness on temperature and on strain rate at high'stfain rates is observed

for polycarbonate and acrylic tested in the range of 123°K to 348°K
and 107 to 5 cm/min. Adequate_agreemehﬁ is observed among fracture
toughness values obtained using single edge nétch specimens, notched
round specimens, and center notch speéiméns fhus confirming currently

recommended specimen designs for fracture toughness determination.
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I, INTRODUCTION

The object of fracture méchanics is to prbvidé the designer with a
proceduré and nédessary meterial propért;es for considering the effects
of flaws on a structure replécing other techhiques,.such as impact testing
and notéh tensile testé Whiéh'do'not lend-themseiveé readily to design.
The basic ideas of fracture mechanics were deVeloped by Irﬁinl during a
period in which fracture work was stimulated by the liberty'sﬁip failures
of World War II. These ideas have been further developed and widely ex-
ploited under the stimulus ofbfhe deménding requirement s of'ﬁheiaefospéce

255 4,5 devoted solely

and nuclear industries. Sévéral’revieWs and books;
tb fracture or fracture mechanics are now available.
Although applications Qf fracture meéhanics to metais have been
numerous, similar applications to glassy piésticé have been infrequent,
With the;exception of the work of van der Boogaart and Turner,6 the
investigation of fracture of piastics is generally done either by impact
téstihg or by a classical application of Gfiffith’s ideas to & cleévagé"
situation-such as tﬁé'work of Berry.7 The preéénﬁ work had»Several ob-

Jjectives., First, the application of fracture mechanics to glassy plastics

was illustrated by determining the plane strain fracture toughness of

.several commercial plastics. The term glassy plastics refers to rigid,

polymeric materials tested at temperatures below thelr glass transition
temperéture where molecular.motibn is frozen iﬁ;' In addition, the in-
fluence of testing variables such as temperature and loading rate on the
fracture toughness of these materials was evaluated. Finally, sevéral

different types of specimens recommended in the literature for obtaining

fracture toughness data were compared using glassy plastics as a‘test material.



== © UCRL-17911

'II. THEORY

A complete review of fracture mechanics is beyond therscope of this
paper and is.unneceSSary because of the numerous‘reuiews available. For
example, the recent review of the AS'.[‘M)+ contains good summaries of both
the theory and experimental appllcations of. thls subgect. However,‘some
~bas1c concepts of the fracture mechanlcs of llnear elastlc structures are
presented here to a1d_the discussion.

' Fracture mechanics of linear eiasticistructures attemptS’to predict
,the‘conditions‘in which a structure'loadedlwell below thehgenerallyleldh
load:Willvfail”by rapid propagation of an'existing crack. Since”crack
'propagation can be considered as the movement of & single crack front

through the body, attentlon is focused on the deformatlon and stresSes

" near the erack tips The deformation around a crack tip can be divided

into three ba51c types dependlng upon the dlrections of the displacements
of the crack surfaces, The openlng mode (Mode I) 1s assoclated with crack
dlsplacements normal to the plane of the fracture; the edge slldlng mode
(Mode II) cons1ders shear displacemerits of tlie crack surfaces perpendlcular
-itOVthe leading edge of the fracturej and thevscreu sliding mode .(Mode III)
isYCharacterlzedvhy'shear'displacements of.the crack_surfaces parallellto'
the leading edge, Since the overall stresses are assumed to be within
the elasticjrange of the structure, the stresses around the-crack are
vcalculated by ordinary elasticity theory. Very close to the crack tip,
the stresses obtained from elastic1ty become so large that plast1c1ty or
zother nonlinear effects become important. Thus, the solution of an

1elast1c-plast1c problem is actually required but such a solutlon is not

<«
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available., It is assumed, therefore, that the elastic solution can be

_ applied.except.in the immediate neighborhood of the crack tip and that

the inelastic region is small. The elastic-plastic problem is thus

approximated by a crack in an elastic medium whose size is increased by

.the*preseﬁce of the inelastic region. -

Althcugh the exact mathématical.forﬁtdepends upon the geometry of
the structure and the loading, it iS'fouﬁd that in the neighborﬁood of
a crack,. the stresses, cij,associated With-a-speéific mode of deformation
have the form: |

95 27‘%— fi;j(,e). _ | . n(l)v'

where r, 6 are polar coordinates centered at the crack tips fij(G) is
dependent‘upon the partiéulér stressicomponeht but noﬁ.on the spécimen

geometry or applied load and K is called the stfeSs intensity factor

- which is the same for all stress components. Only the parameter K re-

lates the local stresses to the applied load and geometry of the specimen.
As‘defined, the parameter K defines the lécal stress level iﬁ the neigh-
borhood.of‘the crack and-increases-with'increasing load much like the
stress in a tensilé'3§ecimen indreéses:as the applied léad increases.

Specific mathematical forms for K for various loading conditions and

.geémetries have been calculated and an exhaustive tabulation is given
by Paris and Sih.  For example, for a very large plate containing a

- small central crack of length‘Ea and loaded in'tension by the stress ¢

normal to the crack,

K = o(wa)l/g.
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vahe criteria of fracture can be obtained in several“different but
equiralent ways. One can assune that fracture‘occurs when a local stress
or somedcombination of'looal stresses reaches a.critical velue. Since
the stress intensity factor is5common”to all'stress components and is
the'only,parameter uhich dependS'on.the'applied loading, this is‘equiva-
Jlent‘to assuming avcritical value of K ='Kcrit at fracture., The relation-
iﬁ‘to the applied K at fracture is analogous to'the'relation of
the yleld strength to the applied stress at yield. ‘The applied stress and

ship of K

K values are mechanlcs concepts dependent upon’ the loading and specimen
geometry. The yield stress and Kcrit

are-supposedlyﬁmaterial prOpertieS”
'dependent upon such rariahles'as temperature;'strain”rate'and microstruc-

erit is found to depend upon speclmen thickness and to a

tﬁié; However, K
flesser extent'specinen 51ze. These effects are rationallzed on the basis
of’their effectlon'the siZe.and nature of the inelastic reglon ‘adjacent
to the crack tip. o

An alternate‘approach to a fracture criteria is to consider an energy
balance‘analogous to the originsl work of Griffith. Specifically, one
notes that as a crack propagates, the elastic strain energy stored in a
structure-decreases. The released strain energy is assumed to be used in
_the productlon of the fracture surfaces and associated 1nelastic reglons;
energy may also be added or subtracted from the specimen by the loadlngr
system.‘ Unstable, fast fracture is assumed to occur when the rate of

release of elastic strain energy 1s greater than the rate of absorptlon,

'i.e.,‘fracture oceurs for a critical Value of the strain energy release rate.
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Irwin® first ncfed that the strain energyyreleased.when a crack extended
; short distance had to“equal the work tnat would be requiredlto reclose
this crack extension provided no work is done by the loading system. This
work involves the stresses and displacements areund the crack'tip and
Trwin, using relations such as Eq. (1) was able.to show, for Mode T de-

formation:

Ki‘ = EG for plane stress o :”'(Qa)

(l—vg)Ki ' EGy.  for plane strain , (2v)

where E is Young's modulus, Vv is Poisson's ratio and_G% is the strain
eneréy release rate. Several'authors8 have shown the strain energy re-
lease‘rate is independent of the assumptlon that no work is done by the
loading system so that Eq,.(E) is‘cemnletely general. The equivalence of

a critical straln energy release rate (Grlfflth's approach) or a crltlcal
stress 1ntens1ty factor (fracture mechanics approach) is shown by Egq. (2).

The cond1t1ons of plane strain and plane stress used in Eq. (2) refer -

to 1deallzed states of stress defined to s1mpllfy the mathematical des—

crlptlon of the stresses near the crack. Phys1cally, these states of

stress refer to two limiting degrees of restralnt of deformation in the

flthlckness dlrectlon. Plane stress.cons1ders no restraint in the thickness

direction and is associated_with thin sheets while plane strain considers

complete restraint(no deformation) in the thickness direction and is

~associated with thick sheets.  Thick specimens generally fracture with a

rit

is usually written KIc(and(}

flat, Mode I ‘surface and Kc .. is almost independent of specimen size and

Ic)’ Thin specimens frequently show an oblique,

45° shear fracture most likely assoclated with more than one mode of fracture
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(mixed mode); K depends strongly on specimen size for this case and

rit
is written K, (and Gé). The term, fracture toughness, is often used in
the place of either Kcmit or'Gciit values when»discnssing the fracture
resistance'of materials. In this report\fracture toughness refers onLy
to KIé)yaluesa v. | . o

| ViThe'above'discussionvapplies to‘a ¢racked specimen of any material
pfovided‘that the’majofity Of.the specimen'isxin ) fange in which'the
materlal exhlbits a. prlmarlly llnear elastic response° This conditlon
applles for glassy plastics as well as metals provided the applied
stresses are Well below the yleld stress. Slnce the 1nelastic reglon is
not dlrectly cons1dered in the mechanlcs of the problem, the difference
in the mechanlsm of the 1nelast1c response for metals and glassy plastlcs
does not have to be cons1dered. |

The- experlmental determinatlon of K (or G) values usually follows one

of'two approaches.. One technique utllizes a specimen w1th a machined crack
iand loadlng condltlon for whlch a mathematical relatlon for X is known. .By
megsuring the applled nominal stress and the crack length at the onset of.
rapid crack propagation, one ean calculate Kvo Another approach, and the
one prlmarily used for this work was. that developed by Irwin and Kieslo

' whlch relates the change in elastlc compliance of the spec1men durlng

crack propagation to-the strain energy release.rate, Go Specifically,

c-5® B}

2B

where P is the applied load, B is the thickness, a is crack length and c
"is the compliance7(extension of the specimen per unit load). Alternately,

in terms of the stress intensityvfactor; K, for the case of plane,Strain:
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o2 (12 B A(ECB) - - (uj

, . . P d(a/w)‘ '

Herévv and E'afe Poisson;é rétio and Young's modulus respgctiVely. The

compliance of a épécimeﬁ With a narrow machined notch isfmeQSﬁred_as a

fuﬁction of ‘notch 1ength. The right hand side of Eg. (h)'is then obtained

by éraphically‘or numerically différehtiating the compiianée curve;f

Equatioﬂ (h) is in~dimensioniess form ahd hgnge,applies to all specimens

geometrically similarvtb the.é;librationvspeéimén,and'is in&ependent’of
ﬂmateriél° .Iniérdef to dete;miné a“véluebofch, bne bﬁserves,the ioad
~and crack length at thé onset bf rapid craék_pfopégatioh;  From.thé

crack length, a value of the right ﬁaﬁdISEdevbf Eq;-(ﬁ) ié'dbtaihed

wﬁich, with fhe apﬁlied sffessvo, allows Kélto.bé calculated. , éﬁailed

Y .

suggestions of testing including féquirements for'test specimens, and

1

methods of measuring crack length are described in.,Ref.'ll._

-
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. III. EXPERIMENTAL
| A. Maferials
The materials selected for this invéstigation are listgd in Table I.
.Sufficiénf'material-was purchased to gilqw ali specimens of a given .
',mateyial andvphickpess‘to be_machined from a_siﬁgle'sheét or rpd,‘ The
mgﬁerials_werewselectgd to represent gifferent ciasses §f rigid glags&,

' thermoplastics. The thickness of the sheet was chosen to,énablg values

Tc

of K., to be obtained based on the results of preliminary screening tests.

"By --Test Program.
l’fTHé prdgfaﬁ of'téétinéJ¢én be divided into four parts by test =
objéctiVe:? o

i. ,SpeqimenADesign

Thé ¢orye¥qtiQn betwéehlthelvglueé of KIc,meaSUred Withrdifferenf_
Specimen ‘types was invest;gatéd.using I‘k é,ihch single edge‘n§tch-(SEN)
specimens,(Figg la), 3 X l?;inch center‘nétéh (CN),specimené (Fig. 2a)
and nétched round bars (Fig. 2b). Sheet specimené Werebprepared from

polycarbonate (1/4 inch thickness), and écrylic (1/8 inch); the notched

round specimens from 1/2 and 1-1/16 inch polycarbonate rod. These tests

~ were performed at room temperature (300°K) &t a cross head speed of

0.2 cm/min (Q.Ogvin/min);

f2; Size Effects

The effects of specimen thickness on fracture toughneés of plasties .

'was'inVestigated by testing 1 X 2 in SEN polycarbonate specimens of

various thicknesses., Four methods of attaining thicker specimens were
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evaluated; as extruded sheet, milled to thickness from 5/8 inch sheet,
lamingted to thickness from 1/16 inch sheets, and laminated to thickness
from 1/8 inch sheets. Solvent cementing (ethylene dichloride) was used

for the lamination. The nominal thicknesses investigated were:

as extruded: 1/16, 1/8, 3/16, 1/4, 3/8, 1/2, 5/8
milled: : : 1/8, 1/4, 3/8, 1/2
leminated (1/16 sheets): 1/L4, 3/8, 1/2

leminated (1/8 sheets) t 1/4

The effeqt of_specimen length wes evaluaﬁed'using SEN spec¢imens . from
polycarbonate (1/% inch thick) and acrylic (1/8 inéh_thick)ﬁwith_di-f
mensi@nsilxﬁ, lx8, 1x12 inches. Addifioﬁaliy 2xh SEN specimens of poly-
carbonate were testea.,‘These specimens are geometrically similar_to the
1x2»SEN‘§pecimens and were tested.to confirm the dimensionless nature of
the calibration procedure, This éefiés of tests was performed at room

" temperature (300°K) with a cross head speed of 0.2 cm/min (0.08 in/min).-

3 Tegperature, Strain Rate

The effect of test temperature and strain rate on the fracturevtough;
ness of polycarbonate (1/4 in, sheet) and acrylic.(l/8‘in. sheet) was in-
' Vesfigated using Ix2 SEN épécimens, At & constant cross head‘spéedcbf O.é'
cm/min'(o.o8 in/min), . specimens were teéted,at;75;,5o,‘25,70,:-50, -160,-150°c
_(3&8; 323, é98,i273,-225, 173, 1259K).?:At;foom,temperatufe (300°K)- cross head

speeds of.5, 0.2, and 5x10_73 em/min (2, 0.08, 5x1070

in/min) were evaluated.
L, Material =
The fracture toughness of four commercial'plastics was determinéd

using :1x2 SEN specimens; polycarbonate (rc), polystyrehe (P3), acrylic (A),
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and vinyl chloride-vinyl acetate (vcA). AlL tests were performed at

room temperature (300°K) and a cross head speed of 0.2 em/min (0.08 in/min).

5. Tensile Tests

-Tensile tests”were performed_on specimens Withfa gage lengthvtwo
inches long,_Q.25O inches wide‘end,0.125‘inches.thick¢ The tests were -
performed_at room temperature (BQOéK)fand\aicrosskhead rgte(Of 052pcm/min
d(Q.QSAin/min). A strain”gage ertensometerhwas,used forrthe_initialvportion
-or thehload—elongation'record for PC and A,
C.TLProcedure
' Prior to testing alllspecimens were'oonditioned'ai"EBéé and 50 pefcént

relative humldlty 'in accordance’ With Procedure A of ASTM D6l8 All
testing was ‘done in an Instron testing machine of 5000 kg capacity.

Low temperature tests were performed in an atmosphere of eooled nitrogen
vaporl? as shown 1n Flg._Btb Elevated temperature tests ‘Were conducted |
nithva closed cycle warm air system in which the air is heated during
.passage through copper coils in an oil bath (Fig. 38)s The test tempera-
ture was measured and controlled by thermocouples attached to the specimens,

The machined notches in the SEN specimens were terminated in a rezor

cutrabout-OsOEOiin.odeep.r:Figurezlb shows & tppical»crack'tip configuration;
,The:notches,in the CN and notched round specimens were used as-machined.
:Both the SEN and CN specimens were pin loaded but the CN specimens had

mild steel,reinforcing plates bolted to the specimens to preuent tear out
by the lodgding pins. The notched round;specimens were loaded through |

threaded collarsa
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D. Analysis

The calculatien of KIc values requires.the load and crack length at
the onset of fast fracture. For the plastics tested in this work, the
.load-cresshead displacement curves were either of the catastrophic
fracture type (Fig. 4) or the pop-in type (Fig. 5). The pop~in curve
occurs when a flat, mode I fracture is initiated at the mechined notch
But is arrested by high energy, shear deformation developing after the
_initial fracture. FSpecifically, the;mede I.fiacturevpropagates most
‘rapidly in the center of the specimenbwhere a triaxial tensile stress
eondition exists‘thqs forming 4 semi-circular crack front. This crack
front is bounded by thin regions neaf the plate surface.which'deform by
shear as the.craek propagates and thus arrest.the crack.

The 1/4 inch thick polycarbonate'specimens appeared to be on the

borderline between the two types of fracture behavior since both types

'were observed'undef'identical testing conditions. The curves of Figs. é
,and 5 are the load-dlsplacement records of two such specimens. The>maximum

.load for the catastrophlc case is almost identical to the pop—in load for

the other specimen. This Jjustifies the use of the pop-in load to calculate

Te® Thus, the load at fracture was taken either as the pop-in load or

.~ the maximum load for catastrophlc failure. For either case, the fracture

toughness values obtalned are assumed to. represent plane strain condltlons.

It was assumed that little crack extension took place prior to fast

fracture. This assumption was based on the linearity of the load dis-

placement curves up to fracture (or pop-in) and visual observations of

the crack tip. Because of the transparency of the plastics being tested

and the high reflectivity of internal surfaces, the crack tip was readily
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visible during testing and little crack growﬁh prior to fracture or pop-in
was observed. ~However, the‘occurrence of pop-in was observed to Be accom-
panied-by‘a rapid but limitgd extension of the crackf - Thus, the crack
length at fractgre.Was taken to be the initial crack length»and ﬁas measured
on the fraqtured_spécimens with a traveling michscqpe;_ HoWeye%; as_poted
in the Theory_Section, the effect off£he ine}astic‘region is faken,inﬁo
account by an iﬁcrease in effectivé size of the cracks. IrwinhnndCliﬁtock13
have estimatgd the radius of the plastid zone for plane strain conditions as:

. L 'KI‘ 2 - E ,
T m@7? ( Gy) B

where Gy is the yield'streSS. This value of the plastic zone size is used

to increase the measuréd'crack iength and thus obfaih a value of KIc

rected for inelastic effects. Since the plastic zone radius depends on

cor=-

KIC; an”iterative'procedure is requifed which usually involves only one

iterative step. The calculation K. for each type of spéc;méﬁ is outlined -

Te
below.

‘1. SEN Specimens
KIc values were calculated using the calibration curve shown in Fig. 7.
This . curve was obtained with calibration specimens'of'polystyrene'and SAE

14 ‘ : ‘
4340 steel.l Thevexperimental results of Sullivan15

and the theoretical
curve of Groés and'SréWleyl6 are included for comparison. Thé.same call-
bratidn curve was used for all SEN'specimens independent of length, The _'
values of KIc measured af room temperature and normal loading rate (0.2
cm/min) were correcﬁed for plastic zone size by increasing the measured

crackzléngth by an amount ry. This correction amounts to about 3 percent
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Ic

Kié”values measured at.other.teﬁpefatﬁré and strain rates were not

corrected éincé‘tensile tests were notApefformedvat these conditions

increase in K. for Pc;‘PS, and VCA and no increase for acrylic. The

to obtain c&oy HOwever;’estimafés offthe correction uéing tenéile'data
_frbm the literature indicates the maximum correction Woul& be about 6
‘fefcénf for PC and 3 peréent fof acrylic;'

2. CN Specimehs '

The theoretical curve relatihg KIc dnd thé‘applied load and-érack
“gize for CN specimens-shown in Fig. 5 of Ref. 11 was used to obtain KIc
valuess Thése values were corrected for plastic zone size effects by

Lincreasing the measured crack total length by‘Ery,

3. Notched Round Specimens

The theoretical curve relating K. to the applied load and notched

Ic

diemeter for notched round specimens shown in Fige 9 of Ref. 11 was used

to obtain‘KIc values. The vaiues‘were coprected;for plastic zone size

effécts by decreasing the notched diameter by Ery.'
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IV EXPERIMENTAL RESULTS

The results for all tests are summarized in Table II which includes
the test.conditibns,:@ecimen defails, fracture‘mode, and range of'tough-
" ness véiués bbserved.v For:convenience, the values applicable to specifie
tést objectives are preéehﬁed'in separate'tableslbr figures. The fracture
toughness of the four plastics investigated in this work are lisﬁed in
Table IIT along with values of the yield strength, modulus, plastic zone
size, strain energy release rate andveffective'surface energy. Table IV
displays the fraéture toughness.values obtained for PC and A using
| different specimen geometries aﬁd sizes. Table V shows the effect of
specimen thickness on the fracture toughness orf PC, The effect of
temperature and'stfain”rate on the fracture propefties of PC and A are
shown in Figs. 8, 9, aﬁdilO. |

The'macroécopiélélassificétion of thé Qbservéd fracture-suffaée
éhaiadtéristicsvis outlihedlianable iI. As.nbtéd previbuély;vthe
épeciméﬁs.faiied ih eithér aﬁ abrﬁpt‘fracture or a pop~in tybe.' Tﬁe
ébrﬁét, catastrophic.fiactﬁfe leéds fo‘a fiét'fracfﬁ?e surface'with
»little or no shear lipse. The pop-in mode has a-flat central region
associated with pop-infsurroﬁnded by shear libs formed primarily after .
* pop-in. Tyﬁical flat fractures are shown in Figs. 11-13 for A, PS, and VCA,
respectively. VBoth modes of fracture were observed with PC depending
fupon the thickness, method of fabrication aﬁd tést conditions. Figure
1k shoﬁs a specimen which fractured in the pop-in mode; a flat fracture
is shown in Fig. 15. The effects of temperature and strain rate on the
fracture appearance of PC and Aiare shown in Figs. 16-31. The view in

Figs, 11-31 is normal to the fracture surfacej the direction of crack
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propagation ig from left to right in the macrograph and from top to
bottom in the micrographs."

" The microscopic featureSGf'the fraotﬁre surfaces exhibit considerable
' tariety depending upon the'ﬁaterial, test condition, and specdmen geo-
metries, Typical features are shown in Figs. ll-31.b Tt is emphasiZed
thatlthese features Were reprodu01bly developed as a functlon of materlal
 and test*condltlon. In general two or more reglons are clearly de-
“Iineated. The first area adjacent to the razor cut notch is the fracture
finitiationuiegioﬁ<aﬁd'hence'assoeiated with slow craok’grOWth. This area
ls either flat as with PS or has widely spaced, shallow furrows as Witﬂ'
Pb; The ‘surface is relatively smooth in elther'case although some fine
Iines and small parabola markinés do appear. Because of its smoothness,
£Hig a}éa is usually highlfvrefleotlve.and is often called the”mirror area.

This fifst'regian is shown in the middle'view'of Figs. 11-31.

The second region, Whlch is separated from the flrst by a sharp transi-

'tlon, corresponds to a fast crack growth region and is shown in the lower
view of Flgs. ll-Bl. Several types of features.can be identifled in this
region. The PC shows many well defined parabola markings especially the
specimens pachined from the 0.675 ineh plate., Both the PS and VCA show a
very coarse "ebtble-stone" pattern in this area while the.acrylic surface
.iS'Very flat and shows a very fine pattern. Evidencelof color patterns on
the fracture sﬁrface was observed*with allvmatefials but‘sach patterns Were
more developed and extensive on acrylic specimens.

Significant variations in the macroscopic and microscopic features of

‘the fracture surfaces were observed by varying test temperature. With PC,

the majority of the fractures were the abrupt, flat mode at both low and

¢
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elevated temperatures with the pop-in mode and larger shear lips being
observed at intermediate temperature (-50 to 25°C) (223 to 290°K). ‘The

surfaces of the specimens tested at intermediate temperatures showed long

tear lines along the fracture trajectory with a smooth region’between the

lines. At low and elevated temperatures, the fracture surfaces exhibit

groupé of uniformly spaced ribs of varying characteristics. At low tem-

‘ peratures, the ribs formed somewhat of a herringbone pattern while at

elevated temperatures, the'fibs‘Were stréighter and smaller.

The surface features of:thé acrylic spe;imens élso varied wiﬁh ten-
peraturé. g elevatéd-temperéture, the surfaCe was smoofh'with some fine
lines péraliel to the crack trajectory; At.low temperatures; parabolaf_.
markings bgcame proQinenf espeéially in thé range -100 to -50°¢ (173 to

2236K). For both PC and A,it was noted that a mirror region of approxi-

. mately the same structure appeared at all temperatures although its size

varied.
At high strain rates, the fracture surface of PC was very similar to .
: s . k . .

the low temperature specimens except the ribs appeared associated with a

- single fracture origin starting as concentric semi-circles and expanding

into straight lines away from the origin. At high strain raﬁes, the

- acrylic showed fine tear lines along the crack trajectory,b
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V. DISCUSSION
This sectipn will be broken into seetions'to facilitate discussion

of the numerous phases of the program,

A.. Test Procedure

'_Severalnauthors have proﬁesed eriteria to be used,in determining if

a specimen.size ﬁas large enough to yieid an accebﬁéble.value of. plane
'sfraiﬁ”ffacture toughﬁeés. The ﬁwe maiﬁ objectives of these criﬁeria
are te assure enough'thickness conétraint fo'provide afplane.strain con-'
ition.and to assure that tﬁe’ineiastic region is‘smgll so that the'stresses.
Iareund the crack'arevadequafely described by elasticity@ Geherall&; these
“»_iequiréments~specify the minimum size of the'speeimen in terﬁs.of the
'Plastie zone radius, ry. The‘eriteria prbbcéed for sheet Specimens for
the‘minimum ratio ef thicknessftqiplastic'zoee radius ere iifB,IT 1%,18
eedfhhl#.ll' These:vaiues heve 5een modified from the dr{ginal papers by
usiﬁg EqQ. (5} for the Plaetic zone radiusvraﬁher than the Otu r form |
‘-sbfiginally'used s0 thaﬁed éensistent'eqmpaiiSon could;be made. = As Table

;III‘shoWs; the standard thickneés specimens used'in thie;werk meet the
'eflrst tWO crlterla but not the most conservatlve except for acryllc.
':Howevef,‘elnce elther abfupt frectures or alstlncf pop- -ins were ootalned‘
" for all spe01mens used in thls study, 1t is con31dered that the thick-
' enesses are. adecuate. In the testlng of PC 1t was observed that a Doo—ip
_:could be observed down to a thlckness of about O 080 1nches whlch corres—
' ponds to B/f = 10 wnlch %swcloqeito the valuelbronosed by Hahn and '
Rosenf1ela.18 The.transnarene& of the piestlcs can alqo be uqed to coﬁ—v

;L*m tne aaequ*CJ of . the spec-nen th1c<pe<s. Figure & shows-an end-on
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view of the crack in a pop-in specimen at various loads. This figure

shows that extensive plastic zones do not develop until after pop-in

for the 0.250 inch thick PC specimens,

For notched round specimens, Brown and Srawleyll recommend a diameter

four times the thickness of a sheet specimen. The round specimen used in

vthis study again meets this requirement with the firstvtwo thickness criteria

but not the third., The recommendations for other dimensions given by
Brown and Srawleyll can be summarized as follows (in tefms of minimum

acceptable thickness for convenience):

Specimen _ Crack’ . Width Length

Length -~ (diam.)
sEN o 1 2. g
MR . R R S (<

CN - | 2 k16

The specimens used in this study meet these recommendations using
the first two'thickness criteria but not always the third.

In addition to these size limitations, it is usually assumed that the
ratid.of the applied nominal streés to the yieid stress must be less than

19

0.8 for a valid test with a sheet spécimgn. The nominal stress for these

specimens is défined;asvthe_stréss_at the.tip of the crack including both

bending and directﬁtension_but not'incluaing stress c¢n¢entratibn effects
of thefnotch.QO The ratio is tabulated in Teble ITI for the SEN sepcimens

and it is seen that thi$.féqdi:emeht is met. fSimilarly,'fhe;center noteh

specimens can be shown to meet this requirement,  For the notched round

s ' SEUSTRNUOR .19 . e b
specimens, ‘the allowable ratio is increased to l:l 9vand on this basis the

1—1/16 rod meels the requirémeﬁt.whilé the 1/2 rod has a ratio slightly

_in excess of the allowable'vqiue (1.25).
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From the values shown in Table III, it appears that while PC is a v

tough plastlc, it does not have a greater fracture toughness than the
VCA copolymer. Inbaddltlon, the dlfference betWeen hlgh toughness PC and
the low toughness A or PS is less on the basis of strain energy release
rate than on the basis of 1mpact strength. -However, ‘at room temperature
%he VCA, A, PS specimens with a thickness of '0.125" ‘vinches'”eon'_sist enﬁ’ly
‘fracturee'ih'the flat, abrupt mode"while the thicker (0.250 inohes) PC
busually exhibited a pop-in type of failurevdeveloping extehsive shear
'lips and tearing after pop-in.  Thus, the toughness adv'antage'. of PC
relative to other glassy plastics is that the flat mode of fracture be~
.cOmes”unstable:ahdvconvertS'to a.shear mode for thicker sheets and not
‘that-PC has an inherently greater”resistance to propagation»of'a flat,
crack.

'The:values of effective-surface energy for PS and A~obtaiﬁed'in this
.Worh‘Show:adequate agreement-with the,values obtained by other workers

and other methods as shown in Table VI.

o C. Temperature
,The‘effectS-of temperature on fracture toughness of A and PC produced
some interesting results as shown in Figs. 8 and 9, which inolude values
. of 1mpact strength and effective surface energy (for acryllc) The in-
crease in toughness exhibited at low temperature for both PC and A is not .
expected based on work w1th-metals and espeelally for a materlal exh1b1t1ng
- sharpuduotile~brittlettransitioh like PC. However, the_increasing'

toughness for acrylic does correspond to the increase in'effective sur -
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face energy in the same températﬁre range reported by Berrya21 Bérry
attributes this increase to decreased segmental mobility of the polymer
chains at low temperature increasing bhe.energ& to produce.iﬁelasﬁiC’
effects néar the fracture surface. Hdwever, Berry did not oEser#é any
levéliﬂgvoff of the surface energy at ﬁémperﬁtures as lcw'as.786K whereas
the fracture toughness:bf acrylic appeafs to leﬁei'off ahd perhaps de-
crease below 220°K. Also the impact strength of acrylic is réporﬁed to'
remain almoét constant over the range‘210 t0‘550°K which does not corre-
late with the fracture toughness results.

The occurrence of & minimum toughness near 223°K for PC closely
‘corresﬁonds to the ductile~brittle trénsition for this material. The
behavior below the minimuﬁ'is similar to acr&iic and. may also be due to
decreasiné éegmental mébilityo Oﬁe is tempted.to attribufe the.increase
in toughness above fhe minimum to a change in fracture mode with greater
ducfiiity‘and larger;shear lips as is'obéerved with thebimpactvresﬁlté,
However, the reéﬁlts of this,wofk do not substantiate this aﬁproach since
- a.gréater incideﬁce of flaf, abrupt'type fractures was observed at 325 and

‘5h8°Kvthan at room tempersture. At 373°K, the specimens showed extensive

deformation and neither a pop-in nor a flaf fracture wefe obtained.

To expiain these results,:it is noted that there are fwo mechanisms
producing energy absorption in a',‘ flat fracture without exbtevnsi\'re shear
- lips, Thé first iﬁvolveé ihéreasing.the surface area by defeloping ex—
tensive fractufe markingsy the absorBed energy includes not only the ih-
crease surface energy but also the energy involved in forming the markihgs
Vusualiy by a teéring action to connect secondary fracturés on SIightly

different levels. The importance of this mechanism can be estimated by
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ohseerng'the density_and size of the.markingston-the fracture surface.
A_second mechanism involves the formation of an inelastic zone’along the
crack surfaces;' The energy absorbed in this mechanism depends on both
the depth of the inelastic zone and on the spec1f1c energy of the pro—.b
cesses 1nvolved. | ..‘

| 1 The fracture surfaces of the acrylic (Figs. 16-21) and PC (Flgs. 22- .
‘27).correlate wellnwﬁﬂ1toughness behav1or having a higher density of
coarse markingsrat low temperatures;"The decrease in toughness at 273°K,
" for A and 225°K‘for PC'corresponds to the development of smoother"fracture
surfaces; ‘An 1ncrease in toughness at’ elevated temperature may ‘be due to
21

"

energy absorptron by formatlon of an inelastic ZOneo ‘As noted, Berry
. pointed'out»that the'specific energy of the_inelastic processes should
'decrease’with]increasing temperature dus to increased segmented:mobility.
HGWever,.theﬁdepth of'the inelastic'ione Shouldfincrease with:increasing
.temperature for the same reason. dThus, the energy absorption in the .
formation of an inelastic.zone may show inecreases at both hiligh and low_
i_temperatures as long as other mechanisms do- .not prevent,a flat fracture.

~ Hence, at 323 and 348°K‘flat brittle fractures or pop-in fractures were

L obtalned with large toughness values but at 573 K, other deformation

v'mechanlsms appear to predomlnate. Examination of Fig. 8 shows a small
increase in toughness for acrylic at 323°K. This may correspond to a.
: process similar to PC but which is less developed sinece the glass tran-
.sltlon temperature for acryllc is lower (105 C for acrylic compared to-

'150 C for ).
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D. Strain Rate

Incfeaéing the sfrain rate in a tensile test Offgiaesy piastics
leads ﬁolan increase in strengfh andha decrease in dﬁetility which is
similar to the response‘fo a reduction in temperature in a tensile test.
However, this correspondence between iﬁcreasing strain rate and decreas-
ing temperature does not hold well for fracture beﬁaviof.‘ For acrylie"
specimene; ﬁhe fracture toughneseidecreased by increasing the loading
rate from 0.2 to 5 em/min (0,08 to 2 in/min) whereas an increase in
toughness was observed with decreasing temperatures. In addition, the
fracture surfaces of the‘acrylic spécimens teSted at high'loadiné rate
(Fig. 29) more closely resembled the smooth, elevated temperetufe sﬁr—
faces than the coarser low.temperatur_e‘fracvtureso For PC, the fracture
surfaces at>inereased loading rates :corresponded more closely'té-.
the coarse, lower. temperature surfaces. The decrease in toughness
for acrylic occurred at a loading rate somewhat greater than 0.2 cm/min
(0.08 in/ﬁin), which compares Well with‘a sharp'decrease in tensile
energy to failure for acrylic‘obeerved by Maxwell and He,rrington25 at
_about 0.5 cm/min.

Considering thevqiscussion’of the mechanisms of energy'absorption
in Seetion C, it aépears that the most likely.explanatibn for this be-

'  havior is a reduetioﬁ.in the depth of the inelastic zoﬁe. This re-
duction would be produced when the rate of loading exceeded ﬁhe basic
relaxation times of the viscoﬁs mechanisms involved in the inelastic »
_zone. This same mechanism is responsible for the decrease in ductility

observed in high strain rate tensile tests.
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- E, Thickness

Based on results with metals, thin sheetsbare expected to fall in
an obllque shear ‘mode (plane stress) w1th hlgh energy absorption whlle
thick sheets usually exhibit a flat tensile mode: (plane strain) with lower
_energy absorptlon.; The fracture toughness forlplane strain condltlons is
found.to be almost independent'of thickness. Asvdiscussed'above,bthe
' ﬁop-in mode is assumed to correspond to a local plane strain condltion
at;the'moment'of fracture initiation andvsince all.data in this WorKIWere
obtained with either pop-in or flat fra.’ctureis,‘v ‘thickness should not be |
-an important barameter. Examination of Tableivnshowsvthis to‘be partially
'v‘substantlated. For the as-extruded PC sheet materlals, only the thinnest

(O O8O 1nches) and the thlckest (O 625) show a signiflcant varlatlon.

' The 1ncrease ‘for the thin sheet is probably 21 result of pop-in belng almost

-fsuppressed at this thickness and thus appreclable shear deformation was
associated with pop-ln.. The hlgh value of toughness for the 0 675 inch
‘sheetsmay be due to a subtle variation in the processing of thin sheets
and thick sheets. Several results lend support to the conclusion that

the thicker sheet had different properties from the thin sheet independent

of thickness effects. The toughness of the 0,125 and 0.250 inch specimens

V'milled“fromlthe 0}675‘sheet agree very well with the thick specimens. In
addition;‘the'fracture-surfaCes of all fC'specimens machined from the |
.thick sheet exhibited avmuch higher density of parabola m&rkings than the

fracture surfaces of as-extruded sheets of‘comparable thickness; ‘This
imblies that the thick sheet material contained a hlgher density of sites

.for initiation of secondary fractures.
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F. Method of Fabrication

-FOne.objectine of this progrem was to compare the effect_on tonghness
of obfeining a epecified thicknese by various meens ineluding as-extruded
sheet, milled to thickness from a thick sheet, and lamination of thin
sheets, This latter techniquelwas included since this is the‘procednre
recomménded by ASTM standard D256-56 for impact testing of thin plaetic
sheets. As noted above, the milled PC specimens are considered to represent.
a different level of toughness because the thicker sheet had e larger in-
'nerent toughness. Thus, ho conclusion could be reached on the effeet, if
any, of milling te thicknesé. The reeultsvef'Table V do show a significant
increase in toughness for the laminated specimens; The PC specimens
laminated to a thickness of 0.250 inches from 0.125 inch sheet had a
fracture'tOughneSs of 3.97 kii (in)l/2 while the 0.125 inch sheet used
for lamination had a ﬁoughness of only B.Mi ksi (in)l/g.' For:these lamin-
ated specimens, it was obeerved that the laminated interfaces exhibited
._'co'ns-idera'ble crazing in.the neighborhood‘of the crack tip. In fact, the
crazed regions-nad the shapé predicted for plastic zones at the tip of a
crack. The higher toughness is probably due te ﬁheenergy absorbed in‘this
crazing procese.< This conclusion is.supported by the higher fracture tougn-
'ness'ebtained»with‘the specimens laminated from 1/16 inch sheet than from
_1/8 inch eheets since these specimens have an increased number of bonding
'inteffaces. These observations conflict with the results of Kaa.uf‘manel‘L on
adhesive bondea aluminum sheets in which he observed that the plane strain
fracture toughness was independent of bonding and number of bonding layers.
This difference probably is due to the natufe of the bonding layers. The

increase in'tougﬁness’observed for the laminated plastics may be of
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significance in interpreting impact results from similar specimens since
it indicates that laminated specimens tend to over-estimate the fracture

properties of the sheet material..

; G.' Specimen Geometry 

The fracture toughness values obtalned with the center notch and
notched ‘Tound spec1mens, whlle somewhat higher, show adequate agreement
w1th the small SEN spec1mens and very ‘good agreement among themselves.
The highet values of toughness observed With:thesevspeciméns probably
resdltslffom the larger'crack tdp radiuswwlth'the specimens-since they.
nére tested{with'as-machined'notches. Simllar increases Were observed
Withxseyeral sﬁall:SEN specimens inadtertently tested Without sharpening
the notch with a'fazof blade. - s

The SEN specimens show 8 general 1ncrease in toughness with 1ncrea81ng
length except for the lxh acryllc speclmens. Thls result may be due to the
effect on spe01men length on eccentrlcity of loading. As Srawley et.al.25
noted, the eccentrlclty tends to decrease as the spec1men length 1ncreases
~due to bendlng effeots. The numerlcal results_of Gross and Srawleyl6 pre-
‘dict a decrease in stress intenslty factor with a decrease in eccentricity
- for a given gfgck 1ength,.thus indicating that the-stress.intensity factor
should decrease-Wlth increasing length. Since the calibration curve for
short 1x2 specimens was used to calculate tonghness of the larger specimens
as well, the toughness of these specimens,is expected to be oVer-estimated.
The angle of bending necessary to account for the varistion in toughness
ycan be estimated using the results of Gross and Srawley and is found to

be from 1 to 2° except.for two of the lxh,acrylic specimens which appears
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to be a reasonable value. Figure 32 shows that the photoelastic pattern
observed for each sPecimén length was similar, demonstrating that the

stress distribution in the SEN specimen does not depend strongly on léngth.

- He Fracture Topography -

The.effects of the variables Studied in this proéram on the macro
and micro appearance of the fraétufé surfaces have been discussed above,
Several’reviewseg;2§—28 of fracture top6gfaphy of polymeric materials are
available in the literaﬁure in'whibhvpossible mechanisms for thevformation
of the obsefved featufés are"discuéééd; These mechaﬁisms usually involve
the initiation and growth of secondary fractures on.sevefal levels ahead
'of the main crack interface due to the stress concentratioh of thé'maiﬁ
crack. The intersection of the various crack systems forms the observed
fracture traces. Forvparabola markings, the point of initiation of the
secondary crack should appear at the fbcus as is clearly shown in’Fig. 33.

The éhanges in topography in different regions ig usually'aftributed
to variations in crack velocity., However, other than this gualitative
observation, the ‘mechanisms produéing different morphologies and the

effect of such variables as temperature and straih rate are not well

. gnderstood;
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VI, coNCLUs'IoNs
‘The‘princinainconclusions of this work can be summarizeu as foilowsﬁ
1. - Fracture mechanics is useful for eValuating the fracture be4”"
“havior of glassy plastics in a manner similar to that currently used for
.metals; | . | |
| 2. The fracturebtoughnesshof glassy_plastics:decreases with increas-
ing load rate especially at high rates (greater than 1 cm/min)Q
| "3. The fracturthoughness'of'glassy:plastics is uer&'sensitiue‘to
jtest témperafﬁfei Increases of toughness at low temperatures were observed
for h0th BC and acryllc, At elevated temperatures, a toughness increase
is observedrfor”PC.' This behavlor is attributed to variations in the thick-
hess aﬁa specific energy involved in the.formation of inelasticvzones along
the fracture surface.

L, anequate agreement of fracture toughness values 1s obtained with
specimens of different geometries. | | ‘

‘5; s;Differences‘in topograbhy of the fracturé surface,correspona
closely to Variations in fracture.toughness; increased toughness being
assoc1ated w1th a greater density of surface marklngs. |

6° Fracture toughness deflned by pop-in methods was almost inde- -
'”pendent of thlckness and comparable to values obtained on thick spec1mens'
i exhlbltlng abrupt fracture.

7. ILaminated specimens have a higher‘fracture toughness which is
probabiy due to crazing at the honded interfaces. |

8; GlasSy'plastics can be useful in fundanental'studies of fracture

.nechanics, For example, the transparency of the plastics used in this
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- study allowed visual observ@tioh of the pop-in phenomena and the develbp-

ment of plastic zones around the cracke.
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Table I. .'Matevr"ial_s- and"ﬂ product 'diménsions

Material Specification - Sheet Thickness

Rod Diam.
_(in.)

o . (in.)

quyt:ar_‘bonate _ L f‘_' 0080, 1/8, 3/16, ’l/‘h

- 3/8,1/2, 5/8
| ",__Ppiystyrei;'e MIL-P-TTC Type B2 1/8
AAérylié R  _;Mi1-P-5éu5 - o o f_l/ggt-

' chloride- = - L-P-535 Comp. B . - 1/8
~ vinyl acetate . _Type I-Grade B T

1/2, 1-1/16




" Table II. Summary of fracture toughness tests

Test Conditions

Range of Values

. Material Specimen * Nominal Tempe Crosshead Number of Avgrage KIc + - Mode of
(1) Geometry Thickness Rate Specimens - Fracture
: . (in.) °c em/min : ksi(in. )12 ksi(in, )72 (2)
) 1X2 §EN . 0.125 RT 0.2 4 1.64 0.06 0.03 F
vea 1Xe SEN 0.125 RT 0.2 5 3.71 0.05 0.09 F
A 1X2 SEN 0.125 RT 0.2 [ 0.99 0.07 0.06 F
A 1Xk  SEN ~0.125 RT 0.2 3 141 0.13 0.21 F
A 1X8 - SEN 0.125 . RT - 0.2 2 1.28 0.05 0,05 F
A 1X12 SEN 0.125 RT. 0.2 3 . 1.51 0.09 0.07 F
e 1% &EN 0.125 RT 5 3 0.42 0.10 0.05 F
A 1% SEN 0.125 “RT 5107 3 0.96" 0.15 0.09 F
‘A 1X2 SEN 0.125 0 0.2 .3 1.49 0.05 0.06. F
A - I%2 ‘SEN 0.125 -50 0.2 . L3 2.46 0.16 0.10, F
A 1X2 SEN 0.125 ~100 0.2 5 2.38 . 0.28 0.2k ¥
A - 1X2 SEN 0.125 -150 0.2 5 ~ 2.0% 0.15 0.12 F
e 1X2 SEW © 0,125 50 0.2 3. 1.30 - 0.26 0.17 F
A 1X2 SN 0.125 75 0.2 b 0.8k 0.01 0.01 F
A 3x12 CN 0.125 . RT 0.2 i 1.21 0.28 0.34 F
FC 1X2' SEN 0.080 RT 0.2 6 L, 00 0.37 0.35 PI-SL
PC X2 SEN 0.125 RT 0.2 2 - 3. 0.01 0.01 PI-SL
- Pe(M) X2 SEN 0,125 RT 0.2 2 3.43 0.16 0.15 _PI-SL
PC 1X2 SEN 0.185 RT 0.2 6 - 3.25 0.0k 0.15 .  PI-SL .
2] 12 sER 0.250 RT 0.2 7 3.29 0.08 0.06 PI-SL -
Pe(M) 1% SEN 0.250 RT 0.2 5 357 .0.09 0.15 PI-SL,F
PC(L16) 12 SEN 0.250 RT 0.2 3 4,10 0.15 10,09 - PI-SL
Pc(18) . 1X2 SEN 0.250 RT 0.2 5 3.97 0,23 0.16 PI-SL
PC(M) 1X2 SEN 0.375 RT 0.2 3 4.05 0.07 0.13 - F

TT6LT- TN
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.Table II. Continued -

L ] Test Conditions i . -
Material Specinen Nominal Temp, Crosshead - Number of Average KIc

" Range _of Values

T+ - Mode of
(1) ‘ Geometry Thickness . Rate’ ) Specimens , Y /e Fracture
: : (in.) .°c cm/min ksi(in.) ksi(in. )’ ) (2)
. PO(116) X2 SEN 0,375 - RT To.2 1 b5 - S
PC(M) © e sN 0.500 RT 0.2 Sk 3.96 0.20 0.16 ¥
Copo(ri6) . 1¥R gEN 0.500 RT 0.2 .3 409 . 0,09 0.0k F
Y 12 SEN - - 0.625 “RT 0.2’ 3 373 $0.13 L0013 Fo
Pe e SN 0.850 i 5 o5 2,11 0,20 0.18 PI-SL
. BC 1@ SN 0.250 BT 1 EX 3.10 0.28 0.16 PI-SL
TR 1% sEN 0,250 0. 0.2 . ‘3 2:65 0.09  .0.11 F-SL
- 2 SN o.2s0 . S0 . 0.2 2 2.1 0.03 0.0k F-SL
P %2 SEN . 0.250 -0 <02 2 3.73 - 0:05 0.05° F
R s 0.25 L1500 0 30 3.55 w009 . 0w07 F
PC 1x2 SEN 0.250 +50 0.2 5 3.8l 0.21 0.26 'F, PI-SL
rC X2 SEN 0.25 - 415 . 02 . 3 3.18- 0.22 0.36 F
Fe " 2xh SEN .. 0.250 B .02 30 3.71 0:11 0.25 F
P 1Xh SEN 0.250 BT 0.2 - 3 RN 0.29 0,18 F, PI-SL
PC* . 1X8 SEN. 0.250 BT 0.2 2 3,68 0.1k 0.14 F
. EC 1X12 SEN 0,250 . R o2’ 2 . 113 0.08 0.08 ¥
B¢ 3X12 CN 0.250 - RT 0.2’ o 3.8y 0.10 - 0.1l F
PC NR 1/2 (ata) . RT 0.2 2 3,97 0.02 - 0.01 F
PC ’ 2 - 3.79 0.03 0.0k F

R 1-1/16 (dia) . RT 0.2

(1) "Pc(M) - milled specimen, PC(L16) - laminated from 1/16 sheets, PC(18) laminated from 1/8 sheets
(2) F.- flat, SL - shear lips, PI-pop--in type. ) S

TT6LT-THON



Table ITI, Room temperature fracture properties o:f g;assy polymers

0.

6y, T oyt(2) Izod Impact

Materlal KIc(3) . o, x-y(l) . B nom - E ' Glass Transition
ks‘\(“].)1/2‘ kel 1n%103 Ty oy ks b in/in. ergs/cm2x10'5 Strength Temperature
) . C ££-1b/in, .
Polycarbonate 3,29 8.5 1.9 2 0.63 300 - 30,0 oer.6 - - 1603) 150(39)
“Acrylic 0.99 10.5 0.50 250 0.16 350 246 2.5, 0.55(%) 10503%)
Polystyrene 1.64 4.8 6.3 20 0.62. us0(3%) 5,06 4,58 0.25 - o,ho(3"). 100(35)
Viayl chloride - = 3,71 9.5 8.1 15 0.67 550034 329 . 3001 0.50 - 0.7503%) 70 - 75(36)
Vinyl acetate . . . N . X
. 2
1 . KIc
1. r = —
y thE "y
G
v'd. . r‘ = TC
3, Obtainéd with 1 X2 SEN specimens; _thiv.ckness:‘PC -~ 0,250 inches, A, PS, VCA - 0,125 inches

-Lg-
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Table IV. Effect of specimen geometiy . on
' fracture toughness

Specimen . ‘ - K1a (ksi(in-)l/e)

Polycarbonate (1) ' Acrylic (2)
1xé sEN‘ B o _;" 5.29 | 0.9
<k SEN 3,48 o Lk
»8eEN 3.8 - 128
1x12 SEN - | 413 | . L1
2xls SEN - U -
312 CN° . - 1 X R o L oLer
2w ser ;
~1-1/16 ¥R N : 5.79 o - L

(1) - All specimens 0.250 in. thick

(2) All specimens 0.125 in. thiék
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Table V. Effect of thickness on 'frécture
toughness of polycarbonate

Ky (st (30)7%)

- Thickness o
Sheet =  Milled  Laminated -~ ILaminated
: (1/8 sheets). (1/16 sheets)

10,080 S L.oo - - | _ - -
10.125 3,435 o 3.67 - -

0.185 3.25 - - -

0.250 329 3.5 3497 4.10
0.375 - kos - | bob5
0,500 - 396 - 4,09

0.625 | .73 3T - -
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Table VI. Room temperature'ffécture surface energies
| ' . '(ergs/cm?X10'5)f

.,Methbd - : ACrylié v'Pélystyreneb Reference

vdiéaVage . h.9‘,  " ‘  ,  25,5 ' “ | 29
"’Cleavégé | u.5' - g | 30
Cleavagé . ' 1.h _ | 7.lja | 31
’Téﬁsion - "2.1 , v ,17 : ’ . L 32
ﬁadelmdmmcs .—f‘ S rwaﬁ_' ’ 6
Cleavage ° . 125 ko B 3T

Fracture mechamies 2.15 . bds  mhis vork
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0.030 0.008
L
ﬂ\ Lrp &
(a) (»)
Specimen | W | L 2 t Fig. 1. (a) Dimensions of Single Edge Notched
Fracture Specimen.
SEN IXx2] 1 | 2 | 1.230 | 0.080—0.625 o
(b) Typical Crack Tip in Polycarbonate
SEN 2x4 | 2 4 | 2460 0.250 Fracture Specimens. Machined slot
SEN x4 ] | 4 [3.230 [ 0.125 or 0.250 0.008 inch wide extended with a
SEN Ix8 | | | 8 |7.230 [0.125 or 0.250 T [ 2
seN xi2] 1 [12]11.230 [ 0.125 or 0.250 §
by
Crack sharpened by razor blade. \§
Notch radius less than 0.0005 in. =

XBB 6711-6540
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strengthening
-(b‘ ?— plates
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Fig. 2
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XBL 6711-6027

Dimensions of Center Notched (2a) and Notched Round (2b) Fracture Specimens.
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(a) Elevated temperature

XBB 6711-6589

(b) ILow temperature

Fig. 3 Experimental apparatus for low temperature
and elevated temperature fracture testing.
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300'(-

265

Load (Ibs)

100

| 1 ]
(0] 5 10

Crosshead displacement (in.X 102)

XBB 6711-6446

Fig. 4 Ioad-displacement record for catastrophic fracture with a
polycarbonate SEN specimen. Insert shows fracture surface
after separation. Test conditions: room temperature and
0.2 cm/min.
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400—
2
3
300
|
Pop-in

265 — — = o
»
=
O -
© 200
o
-

4
00—
0 1 ] 1 ] ]
0 9 10 " 15
Crosshead displacement (in.x10%)
XBB 6711-6447
Fig. 5 Load-displacement record for pop-in fracture with a

polycarbonate SEN specimen. The plane of fracture just

after pop-in as viewed through the specimen is shown in

insert 1, the fracture surface after separation is shown
in insert 4. Test conditions: room temperature and 0.2
cm/min, Numerals 2 and 3 refer to Fig. 6.
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(b)

1 2 3
XBB 6711-6445

Fig. 6 Development of plastic zones (a) and growth of the central
flat region (b) in a pop-in fracture in a SEN polycarbonate
specimen., Numbers refer to Fig. 5.
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60— @
O 7075-T6 (ref. 15)
O Polystyrene (ref 14)
50— ® 4340 (ref. 14)
A Numerical (ref. 16) m]
40—
N
m
=
&
AN
o O
X
] a =|
®
20— A
w_ L
3 w
IO
0 | ] | | |
@) 0.1 0.2 0.3 0.4 W
a/w

XBL 6711-6056

Fig. 7 Dimensionless Fracture Toughness Parameter
for Single Edge Notch Fracture Specimens.



Impact strength (ft. Ib./in)

0.

(64]

0.4

Surface energy
(ergs/cm2) x |0-5

N

Kpe (ksi(in)"2)

o
(e]
T

O Fracture toughness (K;.)
A Effective surface energy [ref2]

O Izod notched impact strength [ref 34]

0 1 1 ] ] | ] | 1
80 120 160 200 240 280 320 360
Test temperature (°K)
XBL 6711-6019
Fig. 8 Effect of Temperature on Fracture Parameters of Acrylic.
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)
£
E’ O Fracture toughness
it A 1zod impact strength [ref 33]
3
40+ o
(@)
(@)
o 1
|
3.0 |
I
I
|
20 |
|
|
|
1.0 |
0 | | | ! | !
120 160 200 240 280 320 360

Test temperature (°K)

XBL 6711-6020

Fig. 9 Effect of Temperature on Fracture Parameters of

Polycarbonate.
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®
30 $
@ Polycarbonate
o Acrylic ®
& 20—
£
‘»
4
=z
N3
.o 9
-8
(¢}
(0] | L | |
1073 1072 10! 100 5

Crosshead velocity (cm/min.)

XBL 6711-6021

Fig. 10 Effect of Loading Rate on the Room Temperature

Fracture Toughness of Acrylic and Polycarbonate.
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(a) Macroview, 2.2X

{b) Mirror area adjacent to machined
notech, 47.5x%

XBB 6711-6542

(¢) Fast crack area near middle of
fracture surface, U47.5%

Fige 11 Fracture surface of acrylic SEN specimen. ' Test conditionst
room temperature (300°K) and 0.2 cm/min.
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(a) Macroviewe. 2%

(b) Mirror area adjacent to machined
notch. 47.5x

XBB 6711-6438

(e) Fast crack area near middle of
fracture surface. 47, 5%

Fig. 12 Fracture surface of polystyrene SEN specimen. Test
conditions: room temperature (300°K) and 0.2 cm/min.
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(a) Macroview. 2.2X

(b) Mirror area adjacent to machined
noteh., L7.5x

XBB 6711-6460

(¢) Fast crack area near middle
of fracture surface. U7.5x

Fig. 13 Fracture surface of vinyl chloride-vinyl acetate SEN
specimen., Test conditions: room temperature (300°K)
0.2 cm/min,
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. L47.5%

XBB 6711-6459

(¢) Fast crack area near middle
of fracture surface. U47.5x

Fig. 14 Fracture surface of polycarbonate SEN specimen exhibiting
pop-in fracture. Test conditions: room temperature (BOO°K)
and 0.2 cm/min.
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(a) Macroview, 2.2x

(b) Mirror area adjacent to machined
notch,  47.5%

XBB 6711-6541

(¢) Fast crack area near middle of
fracture surface, WY, S

Fig. 15 Fracture surface of polycarbonate SEN specimen exhibiting
flat fracture. Test conditions: room temperature (300°K)
and 0.2 cm/min.

UCRL-17911
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. U7.5x

XBB 6711-6451

(¢) Fast crack area near middle of
fracture surface,  47.5x

16 Fracture surface of acrylic SEN specimen tested at 123°K
and 0.2 cm/min.

UCRL-17911
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. L7, 5%

XBB 6711-6452

(¢c) Fast crack area near middle of
fracture surface. L47.5x

Fig. 17 Fracture surface of acrylic SEN specimen tested at
173°K and 0.2 cm/min.
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Fig. 18

-58-

(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
noteh. U47.5x

XBB 6711-6453

(c) Fast crack area near middle of
fracture surface. U7.5x

Fracture surface of acrylic SEN specimen tested
at 223°K and 0.2 cm/min.

UCRL-17911
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. L47.5x

XBB 6711-6454

(¢) Fast crack area near middle of
fracture surface. U47.5x

Fig. 19 Fracture surface of acrylic SEN specimen tested at
273°K and 0.2 cm/min.
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. L47.5x%

XBB 6711-6455

(¢) Fast crack area near middle of
fracture surface. U47.5x

Fig. 20. Fracture surface or acrylic SEN specimen tested
at 323°K and 0.2 cm/min.

UCRL-17911
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. 47.5x

XBB 6711-6444

(¢c) Fast crack area near middle
of fracture surface. L47.5x

Fig., 21 TFracture surface of acrylic SEN specimen
tested at 348°K and 0.2 cm/min.
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. 47.5%

XBB 6711-6657

(¢c) Fast crack area near middle of
fracture surface. 47.5x

Fig., 22 Fracture surface of polycarbonate SEN specimen tested at
123°K and 0.2 cm/min.



S

(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. 47.5%

XBB 6711-6658

(c) Fast crack area near middle of
fracture surface. U47.5x

Fig. 23 Fracture surface of polycarbonate SEN specimen
tested at 173°K and 0.2 cm/min.

UCRL-17911
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. 47.5x%

XBB 6711-6441

(¢) Fast crack area near middle of
fracture surface. L47.5x

Fig. 24 Fracture surface of polycarbonate SEN specimen tested at
223°K and 0.2 cm/min.
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(a) Macroview. 2.2x

1

%

(b) Mirror area adjacent to machined
notch. 47.5x

XBB 6711-6442

(¢c) Fast crack area near middle of
fracture surface. 47.5x

Fig. 25 Fracture surface of polycarbonate SEN specimen
tested at 273°K and 0.2 cm/min.
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(a) Macroview. 2.2X

(b) Mirror area adjacent to machined
notch. L7.5x

XBB 6711-6440

(c) Fast crack area near middle of
fracture surface. U47.5x

Fig. 26 Fracture surface of polycarbonate SEN specimen
tested at 323°K and 0.2 cm/min,
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
noteh. 47.5x

XBB 6711-6439

(¢) Fast crack area near middle of
fracture surface. U7.9x

Fig. 27 Fracture surface of polycarbonate SEN specimen
tested at 348°K and 0.2 cm/min.

UCRL-17911
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(a) Macroview. 2.2X

(b) Mirror area adjacent to machined
notch. 47.5x

¥

XBB 6711-6449

(¢) Fast crack area near middle
of fracture surface. L47.5x

Fig. 28 TFracture surface of acrylic SEN specimen tested at

5><].O-5 cm/min and room temperature (300°K).
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(a) Macroview. 2.2x

(b) Mirror area adjacent to machined
notch. L47.5x

XBB 6711-6450

(c) Fast crack area near middle
of fracture surface. L7.5x

Fig. 29 Fracture surface of acrylic SEN specimen tested at 5 cm/min
and room temperature (300°K).



(a) Macroview; 22X

(b) Mirror area adjacent to machined
notch. L47.5x

il §
XBB 6711-6456
(c) Fast crack area near middle

of fracture surface. L7.5x

Fig. 30 Fracture surface of polycarbonate SEN specimen tested
at 1 em/min and room temperature (300°K).

UCRL-17911
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(a) Macroview. 2.2x

A
A

(b) Mirror area adjacent to machined notch

L . 5%

LT L T

':-;;a e

BET 0 D S
b, . C o

{)
T

XBB 6711-6443

(¢) Fast crack area near middle of fracture
surface. U47.5%

Fig, 31 Fracture surface of polycarbonate SEN specimen
tested at 5 cm/min and room temperature (300°K).



(a) 1x4 SEN (b) 1x8 SEN

Flga. 32 Isochromatic patterns with polycarbonate SEN specimens of va
intensity factor slightly less than critical (K=3.0 ksi(in)l

i

(e¢) 1Ix12 SEN

XBB 6711-6457

ious lengths loaded ,to a stress

/2. & 5.8 weifin)/e,

Black

and white pattern reproduced from colored pattern obtained with w%%te light and a circular
polariscope with quarterwave plates in opposition. Specimen thickness 0.250 inches, material

fringe value = 81 psi(in)/fringe. 1.8x

_BL_
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XBB 6711-6458

Fig. 35 Parabola markings on polycarbonate fracture surface.
Test conditions: room temperature (300°K) and
0.2 cm/min. 710X



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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