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AN APPLICATION OF FRACTURE MECHANICS TO GLASSY PLASTICS 

P. L. Key, Y. Katz and E. R. Parker 
, " -,-

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Mineral Technology, College of Engineering, 

University 9f California, Berkeley, California 

ABSTRACT 

The use of linear elastic fracture mechanics· to eValuate the effects 

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

values are obtained for polystyrene, polycarbonate, acrylic and a vinyl 

chloride-vinyl acetate copol:ymero A strong dependence of fracture tough-

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

for polycarbonate and acrylic tested in the range of 123°K to 348°K 

and 10-3 to 5 em/min. Adequate agreement is observed among fracture 

toughness values obtained using single edge notch specimens, notched 

round specimens, and center notch specimens thus confirming currently 

recommended specimen designs for fracture toughness determination. 
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I. INTRODUCTION 

The object of fracture mechanics is to provide the designer with a 

procedure and necessary material properties for considering the effects 

of flaws on a structure replacing other techniques, ,such as impact testing 

and notch tensile tests which do not lend themselves readily to design. 

The basic ideas of fracture mechanics were developed by tl"Winl during a 

period in which fracture work was stimulated by the liberty ship failures 

of World War II. These' ideas have been further developed and widely ex-

'. ' 

ploited under the stimulus of the demanding requirements of the aerospace 

, 2 3 4 5 
and nuclear industries. Several reviews' and books,' devoted solely 

to fracture or fracture mechanics are now available. 

Although applications of fracture mechanics to metals have been 

numerous, similar applications to glassy plastics have been infrequent ~ 

6 
With the exception of the work of van der Boogaart and Turner, the 

investigation of fracture of plastics is generally done either by impact 

testing or by a classical application of Griffith's ideas to a cleavage 

situation such as the work of Berry.7 The present work had 'several ob-

jectives. 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 their glass transition 

temperature where molecular motion is frozen in. Tn addition, the in-

fluence of testing variables such as temperature and loading rate on the 

fracture toughness of the se materials was evaluated. Finally, several 

different types of specimens recommended in the literature for obtaining 

fract,ure toughness data were compared using glassy plastics as a test material. 
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II. THEORY 

A complete review of fracture mechanics is beyond the scope of this 

paper and is unnecessary because of the numerous reviews available. For 

example, the recent r~iew of the ASTM4 contains good summaries of both 

the theory and experimental applications of this subject. However, some 

,basic concepts of the fraCtUre mechanics of linear elastic structures are 

presented here to 'aid the discus~ion. 
, ' 

Fracture mechanics of linear elastic structures attempts to predict 

the conditions in which a structtireloaded well belOw the general yield 

load will fail by rapid propagation of an exist ing crack. Since' crack 

propagation canbe considered as the movement of a single crack front 

through the bo<lY, attention is focu~ed on the deformation and stresses 

near the crack tip.. The deformation around a crack tip can be divided 

infotru::ee basic types .depending upon the directions of' the displacements 

" 

of the crack sUrfaces .. The opening mode (Mode I) is associated with crack 
, ' , 

displacements normal to the plane of the fractur'ef the edge sliding mode 

(Mode II) considers shear displacements of the crack surfaces perpendicular 

to the leading edge of the fracture; and the screw sliding mode ,(Mode III) 

is characterized by shear displacements of the crack surfaces parallel to 

the leading edge. Since the overall stresses are assumed to be within 

the elastic range of the structure, the stresses around the crack are 

calculated by ordinary elasticity theory. Very close to the crack tip, 

the stresses obtained from elasticity become so large that plasticity or 

other nonlinear effects become important. Thus, the solution of an 

elastic-plastic problem is actually required but such a solution 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 presence of the inelastic region. 

Although the exact mathematical form depends upon the geometry of 

the structure and the loading, it is found that in the neighborhood of 

a crack, the stresses, cr .. ,associated with a specific mbde of deformation 
~J . 

have the form: 

K 
(1) 

where r, 8 are polar coordinates centered at the crack tip; f i /8) is 

dependent upon the particular stress component but not on the specimen 

geometry or applied load and Kis called the stress 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 local stress level in the neigh-

borhood of the crack and increases with increasing load much like the 

stress in a tensile specimen increases as the applied load increases. 

Specific mathematical forms for K for various loading conditions and 

geometries have been calculated and an exhaustive tabulation is given 

by Paris and Sih.
8 

For example, for a very large plate containing a 

small central crack of length2a and loaded in tension by the stress 0 

normal to the crack, 
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The criteria of fracture can be obtained in several different but 

equivalent ways. One can assume that fracture occurs when a local stress 

or some combination of local stresses reaches a critical value. Since 

the stress intensity factor is' common to all stress components a~d is 

the only parameter which depends on the applied loading, this isequiva.-

lent to assuniing a critical value of K =K "t at fracture<> The relation­
cr~ 

ship of K "t to the applied K at' fracture is analogous to the relation of 
crl 

the yield strength to the applied stress at yield. The applied stress and 
. ., 

K values are mechanics concepts dependent upon the' loading and specimen 

geometry. The yield stress and K "t are supposedly'material properties 
cr~ 

d'epeitdent 'up()~ suchvar:iables' as temp~rature, strain rate and microstruc-

ture. However, K "t is found to depend upon specimen thickne~s and to a crl 

lesser extent specimen size. These effects are rationalized on the basis 

of their effect on the size and nat·ure of the inelastic region adjacent 

to the crack tip_ 

An alternate approach to a fracture criteria is to consider an energy 

balance analogous to the original work of Grif:f'ith. 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 product ion of the fracture surfaces and associat ed inela st ic regions; 

energy may also be added or subtracted from the specimen by the loading. 

system. Unstable, fast fracture is assumed to occur when the rate of 

release of elastic strain energy is greater than the rate of absorption, 

'i .e., fracture occurs for a critical value of the strain energy release rate • 

, 
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Irwin9' first noted that the strain energy released when a crack extended 
; 

a short distance had to equal the work that would be required to reclbse 

this crack extension provided no work is done by the loading system. This 

work involves the stresses and displacements around the crack tip and 

Irwin, using relations such as Eq. (1) was abie to show, for Mode I de-

formation: 

2 2 (l-V )K = 
I 

for plane stress 

for plane strain 

(2a) 

(2b) 

whereE is Youngts modulus, v is Poiss~nts ratio and G
I 

is the strain 

8 ' ',. , 
energy release rate. Several authors have shown the strain energy re-

lease rate is independ~nt of the assumption that no work is done by the 

loading system so that Eqo (2) is completely general. The equivalence of 

a critical strain energy release rate (Griffith's approach) or a critical 

stress intensity factor (fracture mechanics approach) is shown by Eq. (2). 

The conditions of plane strain and plane stress used in Eq. (2) refer' 

to idealized states of stress defined to simplify the mathematical des-

cription of the stresses near the crack. Pqysically, these states of 

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

thickness direction. Plane stress, considers no restraint in the thickness 

direction and is associated with thin sheets while plane strain considers 

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

associated with thick sheets. Thick specimens generally fracture with a 

flat, Mode I surface and K "t is almost independent of specimen size and crl 

is usually written KI (and G
I 

). Thin specimens frequently show an oblique, c C ' 

45° shear fracture most likely associated with more than one mode of fracture 
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(mixed mode); K "t depends strongly ort specimen size for this case and 
cr1. 

is written K (and G). The term, fracture toughness, is often used in 
c c 

the place of either K "t or G '"t values when discussing the fracture crl crl . 

resistance of materials 0 In this report fracture toughness refers only 

to K
Ic 

Vaiues 0 

. The 'above discussion applies to a cracked specimen of any material 

provided that the majority of the specimen i~ in a range in which the 

material exhibits a primarily linear elastic responseo This condition 

applie's f~r glas'~y plastics as well as metals provided the ~pplied 

stresses are weli:below the yield stress. Since the inelastic region is 

not directly. considered in the mechanics of the problem, the difference 

in 'the me~hanism of the inelastic response for metals and glassy plastics 

does not' have to be considt;red. 

The experimental determipation of K (or G) values usually follows one 

of two approacheso One technique utilizes a specimen with a machined crack 

and loading condition f-or which a mathematic/il relation for K is known. By 

measuring the applied nominal stress and the crack length at the onset of 

rapid crack propagation, one can calculate K <> Another approach, and the 
c 

one primarily used for this work, was that developed by Irwin and Kies lO 

which relates the change in elastic compliance of the specimen during 

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

G 

where P is the applied load, B is the thickness, a is craek length and c 

is the compliance (extension of the specimen per unit load). Alternately, 

in terms Gf the stress intensity factor, K, for the case of plane strain: 

., 
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(4) 

Here v and E are Poisson's ratio and Y~ungts modulus respectively. The 

compliance of a sp~cimenwith a narrow machined notch is measured as a 

function of notch length. The right hand side ,of Eq. (4) is then obtained 

by graphically or numerically differentiating the compliance curve. 

Equation (4) is in dimensionless form and hence, applies to all specimens 

geometrically similar to the calibration spec'im'en and is independent of 

material. In order to determine a value of K , one observes the load c . 

and crack length at the onset of rapid crack propagation. From the 
, 

crack length, a value 'of the right hand side of Eq.(4) is obtained 

which, with the applied stress (J, allow~ Kc to be calculated. Detailed 

suggestions of-testing including requirements for test specimens, and 

methods of measuring crack length are described in Ref. -11. 
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III. EXPERIMENTAL 

A. Materials 

The materials s.elected for this investigation are listed in Table I. 

Sufficient material was purc4ased to allow all sIlecimens, of a given 

material and thickness to be mach.ined from a .single sheet or rod. The 

materials were ,selected to represent different classes of rigid glassy, 

thermoplastics. The thicl5ness ,of the sheet was cho!?en to ".enable values 

of K Ic to be obtaine.<i based on tl).e results of preliminary screening tests. 

" 13.. Test "Program 

. The program of testing can be divided into fo~ parts by test 

" . 
objective: . 

10 SPeC!ime~ Design 

The eorrelation between the values o~ Klcmeasured with diff~rent 

specimen -types was investigated using 1 X2. inch single edge notch (SEN) 

specimens (Fig" la), 3 .x 12 inch center notch (CN) specimens (Fig. 2a) 

and notched round bars (Fig. 2b). Sheet specimens were prepared from 

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

round specimens from 1/2 fl;.nd 1-1/16 inch polycarbonate rod. These tests 

were performed at room temperature (300
0

K) ata cross head speed of 

002 cm/min (0.08 in/min). 

2. Size Effects 

The effects of specimen thickness on fracture toughness of plastics 

was investigated by testing 1 x 2 in SEN polycarbonate specimens of 

various thicknesseso Folirmethods of attaining thicker specimens were 

v 

, 
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evaluated; as extruded sheet, milled to thickness from 5/8 inch sheet, 

laminated to thickness fram 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 

laminated (1/16 sh~ets) t 1/4, 3/8, 1/2 

laminated (1/8 sheets) 1 1/4 

The effect of specimen length was evaluated using SEN specimens from 

polycarbonate (1/4 inch ,thick) and acrylic (1/8 inch thick) with di-, 

mensions lx4, lx8, lx12,inches~ Additionally 2x4 SEN specimens of poly-

carbonate were tested. ,These specimens are geometrically similar, to the 

1><2 SEN ~pecimens and were tested to confirm the dimensionless nature of 
';, 

the calibration procedure. This series of tests was performed at room 

, temperature (3000 K) with a cross headsp61ed or' 0 .. 2 cm/min (0..08 in/min). 

3. TeEWerature, strain Rate 

The effect of test temperature and strain rate on the fracture tough-

ness of polycarbonate (1/4 in .. sheet) and acrylic (1/8 in. she'at) was in-

vestigated using lx2 SEN specimens 0 "At a constant, cross head speed of 0.2 

em/min (0.08 in/min), . specimens were tested. at?5", 50, 25,-0,. -50, -100, -150°C 

(348, 323, 298, 273,223, 173, 123°K).: At. room;, temperature (300
0

K) cross head 

speeds oL5, 0.2, and 5XIO~3 em/min (2, 0.08, 2XIO-~ in/min')were evaluated. 

4. Material 

The fracture toughness of four commercial plastics was determined 

usinglx2 SEN specimens; polycarbonate (PC), polystyrene (PS), acrylic (A), 
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and vinyl chloride-vinyl acetate (VCA). All tests were performed at 

room temperature (3000 K) and a cross head speed or 0.2 cm/min (0.08 in/min). 

5. Tensile Tests 

Tensile tests were performed on specimens with a gage length two 

inches long, 0.250 inches wide and 0.125 inches thick. The tests were 

performed at room i;emperature (300
0

K) and a cross head rate of' O.~ cm/min 

(0.08 in/min). A strain gage extensometer was used for the initial portion 

or the load-elongation record fpr PC and A. 

C. ' ,ProcedUre 

, , 

Prior to testing all specimens were c()llditioned at2}oCand 50 percent 

relative humidity 'iIi accordaIicewithProcedure A of ASTM D618. All 
.' ,," . - -' ).' 

testing was done in an Instron testing machine of 5000 kg capacity. 

Low temperature tests were performed in an atmosphere of cooled nitrogen 

vapor12 a~ 'Shown in Fig •. 3bo Elevated temperature tests were conducted 

with a closed cycle warm air system in which the air is heated during 

passage through copper coils in an oil bath (Fig. }a). The test tempera-

ture was measured and contro lled by' thermocoupl.es attached to the specimens. 

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

cut about 0 .. 020 ;In.o deep. Figure Ib shows atypical 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 ClIT specimens had 

mild steel. reinforcing plates bolted to tlle specimens to prevent tear out 

by the loading pins. The notched round .specim~ns were loaded through 

threaded collars. 

v 
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D. Analysis 

The calculation of K
Ic 

values requires the load and crack length at 

the onset of fast fracture. For the plastics tested in this work, the 

load-crosshead 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 machined notch 

but is arrested by high energy, shear deformation developing after the' 

initial fracture. Specifically, the mode I fracture propagates most 

rapidly in the center of the specimen where a triaxial tensile stress 

condition exists thus forming a semi-circular crack front. This crack 

front is bounded by thin regions near the plate surface which deform by 

shear as the crack 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 under identical testing conditions. The curves of Figso 4 

and 5 are the load-displacement records of two such specimens. The maximum 

,load for the catastrophic case is almost identical to the pop-in load for 

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

KIc • Thus, the load at fracture was taken either as the pop-in load or 

the maximum load for catastrophic failureo For either case, the fracture 

toughness values obtained are assumed to represent plane strain conditions. 

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

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

p}-aceruent 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 grCMth prior to' fracture or pop-in 

was observed. However, the occurrence of pop-in was observed to be accom-

panied by a rapid but limited extension of, the crack. Thus, the crack 

length at fracture was taken to be the initial crack length and was measured 

on the fractured specimen? with a traveling microscope. However, as noted 

in the Theory Section, the effect of ,the inelastic region is tak~n ,into 

account by an increase in effective size of the crack. Irwin 'and McClintock13 

have estimated the radius of the plastic zone for plane strainconditibns as: 

r 
y 

1 (,KIOyC )2 
471'(2)1/2 

where (J is the yield stress. This value of the plastic zone size is used 
y 

to increase the measured crack length and thus obtain a value of KIc cor-
: . . 

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

KIc' an iterative procedure is required which usually involves only one 

iterative step. The calculation K
1c 

for each type of spec~men is outlined, 

belowo 

1. SEN Specimens 

KIc values Were calculated using the calibration curve shawn in Fig. 70 

This, curve was obtained with calibrat ion specimens of polystyrene and SAE 

14 15 
4340 steel. The experimental results of Sullivan and the theoretical 

curve of Gross and Srawley16 are included for comparison. The same cali-

brat ion curve was used for all SEN specimens independent of length. The 

values of KIc measured at room temperature and normal loading rate (0 0 2 

em/min) were corrected for plastic zone size by increasing the measured 

crack length by an amount r. This correct ion amounts to a bout 3 percent 
y 
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increase in Krc for PC,' PS, andVCA and no increase for acrylic. 

Kr' values measured at other te~peratur~ and strain rates were not c . 

The 

corrected since tensile tests were not performed at these conditions 

to obtain cr 0 However, estimates of the correction using tensile data 
y 

from the literature indicates the maximum correction would be about 6 

percerit for PC and 3 percent for acrylic. 

2~ CN Specimens 

The theoretical curve relating Krc and the applied load and crack 

size for eN specimens shown in Fig. 5 of Ref ~ 11 was used to obtain Krc 

values. These values were corrected for plastic zone size effects by 

increasing the measured crack total length by 2r .. 
y 

3. Notched Round Specimens 

The theoretical curve relating Krc to the applied load and notched 

diameter for notched round specimens shown in Fig. 9 of Ref .. 11 was used 

to obtain Kr values. The values were corrected for plastic zone size . c 

effects by decreasing the notched diameter by 2r ~ 
y 
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IV EJCPERD1ENTAL RESULTS 

The results for all tests are surmnarized in Table II which includes 

the test conditions, ~ecimen details, fracture mode, and range of tough­

ness values observed. For convenience, the values applicable to specific 

test objectives are presented in separate tables or figures. The fracture 

toughness of the four plastics investigated in this work are listed in 

Table III along with values of the yield strength, modulus, plastic zone 

size, strain energy release rate and effective surface energy. Table IV 

displays the fracture toughness 0 values obtained for PC and A using 

different specimen geometries and sizes. Table V shows the effect of 

specimen thickness on the fracture toughness 01 PC. The effect of 

temperature and strain rate on the fracture properties of PC and A are 

shown in Figs~ 8, 9, and' 10. 

The macroscopic classification of the observed fracture surface 

characteristics is outlined in Table II. As noted previously, the 

specimens failed in either an abrupt fracture or a pop-in type. The 

abrupt, catastrophic fracture leads to a flat fracture surface with 

little or no shear lips. The pop-in mode has a flat central region 

associated with pop-in surrounded by shear lips formed primarily after 

pop-in~ Typical flat fractures are shown in Figs. 11-13 for A, PS, and VCA, 

respectively. Both modes of fracture were observed with PC depending 

upon the thickness, method of fabrication and test conditions. Figure 

14: shows a specimen which fractured in the pop-in mode; a flat fracture 

i.s shown in Fig. 15. The effects of temperature and strain rate on the 

fracture appearance of PC and A are shown in Figs. 16-31. The view in 

Figs. 11-31 is normal to the fractUre surfaceJ the direction of era.ck 
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propagation is from left to right in the macrbgraph and ~rom top to 

bottom in the micrographs. 

The microscopic ~eaturesaf' the fracture surfaces exhibit considerable 

variety depending upon the material, test condition, and specimen geo-

metries. Typical features are shawn ih Figs. 11-31.. It is emphasized 

that these features were reproducibly developed as a functibn of material 

and testcotJ.dit'ion~Ingeneral, two or more regions are clearly de­

"lineated. The ~irst area adjacent to the raz'or cut notch i~ the fracture 

initiation t-egion'an:d hence associated with slaw crackgrawth. This area 

is either flat as with PS or has widely spaced, shallow furrows as with' 

pC. The surface is relatively smooth in either case although some fine 

lines and small parabola markings do appear. Because of its smoothness, 

this area is usually highly reflective and is often called the mirror areao 

This first region is shown in the middle view of Figs. 11-31. 
. . 
'. . 

The second region, which is separated from the first by a sharp transi-

tion, corresponds to a fast crack growth region and is shawn in the lower 
. . 

view o~ Figs. 11-31., Several types of features can be identified in this 

region. The PC shows many well defined parabola markings especially the 

specimens machined from the 0.675 inch plate.. Both the PS and VCA show a 

very coarse "cobble-stone" pattern in this area while the acrylic surface 

is very flat and shows a very .fine pattern. Evidence o~ color patterns on 

the ~racture sur~ace was observed with all materials but 'such 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
0

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 

groups of uniformly spaced ribs of varying characteristics. At low tem­

peratures, the ribs formed somewhat of a herringbone pattern .... ,hile at 

elevated temperatures, the ribs were straighter and smaller. 

The surface features of the acrylic specimens also varied with tem­

perature. At elevated temperature, the surface was smooth with some fine 

lines parallel to the crack trajectoryo At 1m-; temperatures~ parabola 

markings became prominent especially in the range -100 to -50°C (173 to 

223°K). }I'or both PC and A, it .... Tas noted that a mirror region of approxi­

mately the sa;ne structure appeared at all. temperatures although its size 

varied. 

At high strain rates, the fracture surface of PC was very similar to 

the 10 .... 1 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 rates, the 

.acrylic shm-led fine tear lines along the crack traj ectory. 
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v. DISCUSSION 

This section .. rill be broken into sections to facilitate discussion 

of the numerous phases of the program. 

A. Test Procedure 

Several authors have proposed criteria to be used in determining if 

a specimen. size "las large enough to yieid an acceptable value of· plane 

strain fracture toughness. The two main objectives of these criteria 

are to assure enough thickness constraint to provide a plane strain con-

dition and to assure that the inelastic region is small so that the stresses 

around the crack are adequately described by elasticity. Generally, these 

requirements specify the minimaTll. size of the specimen in terms of the 

plastic zone radius, r • 
y 

The criteria proposed for sheet specimens for 

the minimum ratio of thickness.,.to":plastic . zone radius are 11.3,17 i4,18 

a.nd44~4.ll These values have been modified from the original papers by 

using Eg. (5) for the plastic zone radius rather than the other forms 

originally used so that a consistent comparison coul"d be made. As Table 

D;I shows, the standard thickness specimens used in this work meet the 

"first two criteria but ~ot the' most conse~vative except for acrylic • 

.. How-ever, since either abrupt fractUres or distinct' pop-ins were obtained 

for all spe'cimens used in this study, it is considered that the thick-

nesses are adequate. In the testing of PC, it was observed that a pop-~n 

. could be observeddow'1l to a,thickrlessof about '0.080 inche.s which corres-

ponds tOB/ry = 10 'N'hich, is.closeto the value proposed by Ha.'lJ.n and 

R .po l' 18 Th 
OSen.1.,le~Q...: e transparency of the plastics can also be used to con-

firm the adeqUacy of th'e specimen ~hick..'"less. Figure 6 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" 

il For notched round specimens, Brovmand Sravlley recommend a diameter 

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

this study again meets thi~ requirementvlith the first two thickness criteria 

but not the third" 'l'he recommendations for other dimensions given by 

11 BrOlfn and SrmV"ley can be summarized as follOl'ls (in terms of minimum 

acceptable thickness for convenience): 

Specimen Crack Width Length 
Length (diam. ) 

SEN 1 2 8 

NR 1 4 16 

CN 2 4 16 

The specime~s used in this study meet these recommendations using 

the first t~lothickness criteria but !lot ahvays the third. 

In addition to these size limitations, it is usually asslli~ed that the 

ratio of the apphed nominal stress to the yield stress must be less than 

19 0.8 for a valid test with a sheet specimen. The nominal stress for these 

specimens is defined as the stress at the tip of the crack including both 

bending and direct tension but not including stress concentration effects 

20 
of the notch. The ratio is tabulated in Table III for the SEN sepcimens 

and it is seen that this requirement is met. Similarly, the center notch 

specimens can be :shmffi to. meet this requirement. For the notched round 

. 19 specimens, ·the a1lmrable ratio is increased to 1:1 and on this basis the 

1-1/16 rod meets the requirement while the 1/2 rod has a ratio slightly 

in excess of the a1101iab1e value (1.25) •. 
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B. Material 

From the values shown in Table III, it appears that while PC is a 

tough plastic, it does not. have a' greater fracture toughness than the 
" . . .,':.. " " 

VCA copolymer. 'In addition, the difference between high toughness PC and 

" 

the low toughness A or PS is less on the basis of strain energy release 

rate than on the basis' of impact strength. Howe:Ver, at room'tenlperature 

the VCA, A, PS specimens with a thickness of 0 .. 125 inches consistently 

'fracture, in the flat, abrupt inodewhile the thicker (0.250 inches) PC 

usually exhibited a pop-in type of failure developing extensive shear 

lips and te.aring after pop-in. Thus, the toughness advantage of PC 

relative to other glassy plastics is that the flat mode of· fracture be-

comes unstable ahd converts to a shear mode for thicker sheets and not 

that- PC has an inherently greater :reSistance to propagation of a flat 

craclr.. 

The values of effective surface energy for PS and A obtained in this 

work show adequate agreement 'with the values obtained by other workers 

and other methods as shown in Table VI • 

. C. TeIl1J?erature 

The' effects of temperature on fracture toughness of A and PC produced 

some interesting results as shown in Figs. 8 and 9, which include values 

of impact strength and effective surface energy (for a~rylic). The in-

crease in toughness exhibited at low temperature for both PC and A 1s not 

expected based on work with metals and especially for a material exhibiting 

,a sharp. ductile-brittle transition like PC • However, the increasing 

toughness for acrylic does correspond to the increase in effective sur-

, 
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. rt b 21 face energy In the same temperature range repo ed y Berry 0 Berry 

attributes this increase to decreased segmental mobility of the polymer 

chains at low temperature increasing the energy to produce inelastic 

effects near the fioacture sUrface. However, Berry did not observe any 

leveling off of the surface energy at temperatures as low as 7SoK whereas 

the fracture toughness of acrylic appears to level off and perhaps de­

crease below 220oK. Also the impact strength of acrylic is reported to 

remain almost constant over the range 210 to 3500 K which does not corre-

late with the fracture toughness results o 

The occurrence of a minimum toughness near 223°K for PC closely 

, corresponds to the ductile-brittle transition for this material. The 

behavior below the minimum is similar to ,acrylic and may also be due to 

decreasing segmental mobilityo One is tempted to attribute the increase 

in toughness above the minimum to a change in fracture mode with greater 

ductility and Larger shear lips as is observed with the impact results. 

However, the results of this work dono"!:; SUbstantiate this approach since 

a greater incidence of flat, abrupt type fractures was observed at 323' and 

, 348°K than at room temperature. At 373°K, the specimens showed extensive 

deformation and neither a pop-in nor a flat fracture were obtained. 

To explain these results, it is noted that there are two mechanisms 

producing energy absorption in a flat fracture without extensive shear 

lips. The first involves increa::]ing the surface area by developing ex-

tensive fracture markings; the absorbed energy includes not only the in-

crease surface energy but also the energy involved in forming the markings 

usually by a tearing action to connect secondary fractures on slightly 

differ'ent levels. The importance of this mechanism can be estimated by 
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- -

observing the density and size of the markings on the fracture surface. 

A second mechanism involves the formation of an inelastic zone along the 

crack surfaces~ The energy absorbed in this mechanism d~ends on both 

the. depth of the inelastic zone' and on the specific energy of the pro-

cesses involved. 

The fracture surfaces of the acrylic (Figs.,. 16-21) and PC (Figs. 22-

27) correlate wellvfith toughness behavior having a higher density of 

coarse markings at low temperatures. The decrease in toughness at 273°K 

.: - 0· 
for A and 223 K for PC corresponds to the development of smoother -fracture 

surfaces. An increase in toughness at· elevated temper~ture may be due to 

efiergyabsorption by formation of an inelastic zone .. 
21 

As rioted, Berry 

p6irttEi!d out that the sp~cific energy of the inelastic processes should 

decrease with increasing temperature due to increased segmented mobility. 
.. . . 

I.Iowever, the depth of the inelastic zone should increase with increasing 

. temperature for the same reason. Thus, the energy absorption in the 

formation of an inelastic zone may show increases at both high and low 

temperatures as long as other mechanisms do.not prevents. flat fracture. 

Hence, at 323 and 3'48°Kflat, brittle fractures or pop-in fractures were 

obtained with large toughness values but at 373°K, other deformation 

mechanisms appear to predominate. Examination of Fig. 8 shows a small 

increase in toughnessi'or acrylic at 323°K. This may correspond to a 

process similar to Pc but which is less developed since the glass tran­

sition temperature for acrylic is lower (105°C for acrylic· compared to 

I 
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D. Strain Rate 

Increasing the strain rate in a tensile test of glassy plastics 

leads to an increase in strength and a decrease in ductility which is 

similar to the response ,to a reduction in temperature in a tensile test. 

However, this correspondence between increasing strain rate and decreas­

ing temperature does not hold well f,or fracture behavior. For acrylic 

specimens, the fracture toughness decreased by increasing the loading 

rate from 0.2 to 5 cm/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 specimens tested at high loading rate 

(Fig. 29) more closely resembled the smooth, e'levated temperature sur­

faces than the coarser low temperature fractureso For PC, the fracture 

surfaces at incJ;'eased loading rates ,corresponded more closely t6 

the coarse, lower temperature surfaces. The decrease in toughness 

for acrylic occurred at a loading' rate somewhat greate~ than 0.2 cm/min 

(0.08 in/min)? which compares well with a sharp decrease in tensile 

energy to failure for acrylic observed by Maxwell and Harrington23 at 

, about 0.5 cm/min. 

Considering the discussion of the mechanisms of energy absorption 

in Section C, it appears that the most likely explanation for this be­

havior is a reduction in the depth of the inelastic zone. This re­

duction would be produced when the rate of loading exceeded the basic 

relaxation times of the viscous 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 sheets are expected to fail in 

an oblique shear mode (plane stress) with high energy absorption while 

thick sheets usually exhibit a flat tensile mode' (pla~e strain) with lower 
. - ., 

energy absorption. The fracture toughness for plane straitl conditions is 

found to be almost independent of thickness. As discussed above, the 

pop-in mode is assunied to corre'spond to a local plane strain condition 

at the moment of fracture initiation and since ~ll data in this work were 

obtained with either pop-in or flat fractures, thickness should not be 

an i'mpo~tant parameter. Examination of Table Y shows this to be partially 

SUbstantiated. For the as-extruded PC 'sheet materials, only the thinnest 

(0.080 inche's) and the thickest (0.625) show a significant variation. 
, , 

The, increase for the thin sheet is probably a result of pop-in being almost 

suppressed at this thickness and thus appreciable shear deformation was 

associated with pop-in. The high value of toughness for the 0.675 inch 

sheet may 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 

milled from the 0'.675 sheet agree very well with the thick specimens. In 

addition, the fracture surfaces of all PC specimens mach~ned from the 

thick sheet exhf~ited a much higher density of parabola markings than the 

fracture surfaces of as-extruded sheets of comparable thickness. This 

implies that the thick sheet material contai~ed a higher density of sites 

,for initiation of secondary fractures. 

" 
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F. Method of Fabrication 

One objective of this program was to compare the effect on toughness 

of obtaining a specified thickness by various means including as-extruded 

sheet, milled to thickness from a thick sheet, and lamination of thin 

sheets. This latter technique was included since this is the procedure 

recommended by ASTM standard D256-56 for impact testing of thin plastic 

sheets. As noted above, the milled PC specimens are considered to represent 

a different level of toughness because the thicker sheet had a larger in-

herent toughness. Thus, no conclusion could be reached on the effect, if 

any, 'ofmilling to thickness. The results of 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 ksi (in)1/2 while the 0.125 inch sheet used 

. . 4 . (") 1/2 . for lamination had a toughness of only 3. 1 kSl In • For these lamin-

ated specimens, it was observed that the laminated interfaces exhibited 

considerable crazing in the neighborhood of the crack tip. In fact, the 

crazed regions had the shap'e predicted for plastic zones at the tip of a 

crack. The higher toughness is probably due to the energy absorbed in this 

crazing process. ' This conclusion is supported by the higher fracture tough-

ness obtained with the specimens, laminated from 1/16 irich sheet than from 

1/8 inch sheets since these specimens have an increased number of bonding 

24 
interfaces. These observations conflict with the results of Kaufman on 

adhesive bonded 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 nature of the bonding layers. The 

increase in toughness 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 aver-estimate the fracture 

properties of the sheet material •. 

G. Specimen Geometry 

The fracture toughiless values obtained with the center notch and 
- , 

notched round specimens, while somewhat higher, shaw adequate agreement 

with the small SEN specimens and very good agreement among themselves. 

The higher values of toughness obserVed with these speCimens probably 
,-. '. 

re:;mlts from the larger crack tip radius with the specimens since they 

were tested with as-machined notches. Similar increases were observed 

with several small SEN specimens inadvertently tested without sharpening 

the notch with a razor blade.. / 

The SEN specimens show a general increase in toughness with increasing 

length -except for the L,<4 acrylic specimens. This result may be due to the 

effect on specimen length on eccentricity of loading. As Srawley et al.25 

noted, the eccentricity tends to decrease as the specimen length increases 

16 due to bending effects. The numerical results of Gross and Srawley pre-

dict a decrease in stress intensity factol'with a decrease in eccentricity 

for a given crack length, thus indicating that the stress intensity factor 

should decrease with increasing length. Since the calibration curve for 

,short lx2 specimens was used to calculate toughness 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 variation in toughness 

,-can be estimated using the results of Gross and Srawley and is found to 

be fr6m 1 to 2° except for two of the lx4 acrylic specimeriswhich appears 
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to be a reasonable value. Figure 32 shows that the photoelastic pattern 

observed for each specimen length was similar, demonstrating that the 

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

H. Fracture Topography 

The effects of the variables studied in this program on the macro 

and micro appearance of the fracture surfaces have been discussed aboveo 

S 1 . . 22,26-28 t hy 1 i .. 1 evera reVlews - of frac ure topograp of po ymer c materla s are 

available in the literature in which possible mechanisms for the formation 

of the observed features are discussedo These mechanisms usually involve 

the initiatiop and growth of secondary fractures on several levels ahead 

'of the main crack interface due to the stress concentration of the main 

crack. The intersection of the various crack systems forms the observed 

fracture tj'aceso For parabola markings, the point of initiation of the 

secondary crack should appear at the focus as is clearly shown in Fig. 33. 

The changes in topography in different regions is usually attributed 

to variations in crack velocity. However, other than this qualitative 

observation, the -mechanisms producing different morphologies and the 

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

understood o 
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VI.,' CONCLUSIONS 

The principal conclusions of this work can be summarized as follows: 

1. Fracture mechanics is useful for evaluating the fracture be-' 

havior of glf=Lssy plastics in a manner similar to that currently used for 

metals. 

2. The fracture toughness of glassy plastics decreases with increas­

ing load rate especially at high rates (greater than' 1 cm/min). 

3. The fracture toughness ' of glassy plastics is very s'ensitive to 

test temperature. Increases' of toughn~ss at laW temperatures were observed 

for both PC and acrylic. At elevated temperatures, a toughness ihcrease 

is observed for PC. This behavior is attributed to variations in the thick~ 

ne~s arid specific energy involved in the ,formation of inelastic zones along 

the fractUre sUrface. 

4. 'Adequate agreement of fractUre toughness values is obtained with 

specimens of different geometries. 

5. . Differe!llces in topography of the fracture surface correspond 

closely to variations in fracture toughness; increased toughness being 

associated with a greater density of surface markings. 

6 0 Fracture toughness defined by pop-in methods was almost inde-

pendent of thickness and comparable to values obtained on thick specimens 

,. exhibiting abrupt fracture. 

Laminated specimens have a higher fracture toughness which is 

probably due to crazing at the bonded interfaces. 

8. Glassy plastics can be useful in fundamental studies of fracture 

mechanics. For example, the transparency of the plas~ics used in this 

" 
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study allowed visual observation of the pop-in phenomena and the develop­

ment of plastic zones around the crack • 
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Table I. Materials ahd product dimensions 

Material 

Polycarbonate 

PolystYTene 

Acrylic 

Vinyl 
chloride­
vinyl acet~te 

Specification 

'MlI-P-77C TypeE2 

. Mil-P-5245 

L~P-535'Comp. B. 
Type I-Grade B 

Sheet Thickness 
, ( ih.) 

Rod Diam. 
(in .. ) 

0.080, 1/8,~/16, 1/4 1/2, 1-1/16 
3/8, 1/2, 5/8 

"1/8 

1/8 

r/8 



Table II. Summary of fracture toughness tests 

Te st Conditions Range of Values 
Matsr'ia1 Specimen Nominal Temp. Crosshead Number of Average ~c + Mode of 

(1) Geometry Thickness Rate Specimens Fracture 
(in. ) ·C em/min ksi(in.)1/2 ksi(in. )1/2 (2) 

PS l.X2 SEN 0.125 RT 0.2 4 1.64 0.06 0.03 F 

VCA lX2 SEN 0.125 RT 0.2 5 3,.71 0.05 0.09 F 

A lX2 SEN 0.125 RT 0.2 4 0.99 0.07 0.06 F 

A 1X4 SEN 0.125 RT 0.2 3 1.41 0.13 0.21 F 

A lX8 sEN 0.125 RT 0.2 2 1.28 0.05 0.05 F 

A lXl2 SEN 0.125 RT 0.2 3 1.51 0.09 0.07 F 

'A" lX2 SEN 0.125 RT 5 3 0.42 0.10 0·95 F 

A DI2 SEN 0.125 RT 5Xl0-3 3 0.96 0.15 0.09 F ~ 
'A lX2 SEN 0.125 0 0.2 ",3 1.49 0.05 0.06 F \J1 

A lX2 SEN 0.125 -50 0.2 3 2.46 0.16 O.lD, F I 

A l.X2 SEN 0.125 -100 0.2 5 2.38 0.28 0.24 F 

A lX2 SEN 0.125 -150 0.2 3 2.0} 0.15 0.12 F 

A '1X2 SEN 0.125 50 0;2 3 1.30 0.26 0.17 F 

A l.X2 SEN 0.125 75 0.2 ,4 0.8,4 0.01 0.01 F 

A 3X12 CN 0.125 RT 0.2 4 1.21 0.28 0.34 F 

Pc l.X2' SEN 0.080 RT 0.2 6 4.00 0.37 0.35 PI-SL 

PC l.X2 SEN 0.125 RT 0.2 2 3.41 0.01 0.01 PI-SL 

PC(M) l.X2 SEN 0.125 RT 0.2 2 3. 43 0.16 0.15 PI-SL 

PC l.X2 SEN 0.185 RT 0.2 6 3·25 0.04 0.15 . " PI-SL 

PC l.X2 SEN 0.250 RT 0.2 7 3·29 0.08 0.06 PI-SL 

PC(M) l.X2 SEN 0.250 RT 0.2 5 3.57 0.09 0.15 PI-SL,F 

PC(Ll6) l.X2 SEN 0.250 RT 0.2 3 4.10 0.15 0.09 PI-SL g 
PC(LS) l.X2 SEN 0.250 RT 0.2 5 3·97 0.28 0.16 PI-SL 

!::d 
PC(M) l.X2 SEN 0.375 RT 0.2 '3 4.05 0.07 0.13 F t"'I 

I 
I--' 
-..:J 
\0 
I--' 
I--' 



Table II. Continued 

Test Conditions 
Material Specinien Nominal ,Temp. Crosshead Number of Average 11:c 

(1) Geometry Thickness Rate Specimens 
kSi(ih.if2 (in. ) ·C cm/min 

PC(L16) U2 SEN 0.375 RT 0.2 1 4.-45 

PC(M) U2 SEN 0.500 RT 0.2 4 3.96 

, pc(Ll6) U2 sEN 0.500 RT 0.2 ' 3 4.09 

PC U2 SEN 0.625 RT 0.2 3 3,73 

Pc U2 sEN 0.250 RT 5 5, 2.11 

PC U2 ,SEN 0.250 RT 1 ·3 3.10 

PC U2 sEN 0.250 0 0.2 3 2;65 

PC U2 SEN' 0.250 -50 0.2 2 2.14 

PC U2~, 0.250 -100 0.2" 2 3.73 

PC lX2BEN " 

0.250 -150 0.2 3 3.55 

PC, U2ilEli' 0.250 +50 0.2 3 3.84 

PC U2'SEN 0.250 +75 0.2 3 3.48 

PC 2x4 SEN 0.250 RT ,0.2' 3' 3.71 

PC lX4 SEN 0.250 RT 0.2 3 3.48 
PC . lX8 sEN 0.250 RT 0.2 2 3.68 

.. PC lXl2 SEN 0.250 RT 0.2 ' 2 4.13 

PC 3Xl2 eN 0.250 RT 0.2 ,2' 3.81 

pc' NR 1/2 (dia) RT 0.2, 2 3.97 
pc NR 1-1/16 (dia) RT 0.2 2' , 3.79 

(1) PC(M) - milled specimen, PC(L16) - laminated from 1/16 sheets,PC(LB) laminated from 1/8 sheets 

(2) ,F,- flat, SL - shear lips, PI-pop-,in type, 

lla~,of Values 
'+ 

ksi( in. )1/2 

0.20 0.16 

,0.09 0.04 

' 0.13 0;13 

0,,20 0.18 

0.28 0.i6 

0.09 0.11 

0.03 0.04 

0;05 0.05 

:0.09 0.07 

0.21 0.26 

0.22 0.36 

'0;11 0.23 

0.29 0.18 

0.14 0.14 

0.08 0.08 

0.10 0.11 

0.02 ' 0.01 

0.03 0.04 

Mode of 
Fracture 

(2) 

PI-SL 

F 

F 

F 

PI-SL 

PI-SL 

F-SL 

F-SL 

F 

F 

F, PI-SL 

F 

F 

F, PI-SL 

F 

F 

F 

F 

F 

~ 
0\ 
I 

g 
ti 
I 
t-' 

\13 
t-' 
t-' 



Table III. Room t.empe~ature fracture properties of glassy polymers 

Material Klc(3) r/l) ~ 
a nom E Glc 'Y'(2) 0y 

kSi(in.)1/2 1n~,l(Y r a Ib 1n./1n. 
2 ergs/cm2XlO-5 ka1 y y ks1 

Polycarbonate 3.29 8.5 7.9 32 0.63 300 . 30.0 2'{.6 

"Acrylic 0.99 10.5 0,50 .250 0.16 350 2. 1,6 2.15. 

Polystyrene 1.64 .4.8 6.3 20 0.62 450(4) 5.06 4.58 

Vluyl ehloride .. 3.71 9.5 8.1 15 0.67 350(34) 32.7 30.1 
Vinyl acetate 

1. 1 (Klc )2 
r = -- -

y . 4./2 0y 

2. r' 
Grc 
""2 

3. Obtained wlth 1 X 2 S~N specimens; thickness: PC .. 0.250 inches, A, PS, VCA ... 0.125 inches 

Izod Impact 
Strength 

ft-lbLin. 

16(33) 

0.55(3 4) 

0.25 _ 0.40(34) 

0.40 _ 0.75(34) 

Glass Transition 
Tem"Oerature 

'c 

150 (35) 

105(35) 

100(35) 

70 _·75(36) 

~ 
---J 

I 

g 
::u 
t;-I 
I 
I-' 
---J 
\.0 
I-' 
I-' 
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Table IV. Effect of specimen gecimet:by: on 
fracture toughness 

Specimen. K
Ic 

(ksi(in.)1/2) 

UCRL-17911 

Polycarbonat'e (1) Acrylic (2) 

1><2 SEN 3.29 

1><4 SEN 3.48 

lx8 SEN 3.68 . 

lx12 SEN 4.13 

2x4 SEN 3.7l. 

3x12 CN· 3.81 

1/2 NR . 3;e97 

1-1/1.6NR 3·79 

(1) All specimens 0.250 in. thick 

(2) All specimens 0.125 in. thick 

- "".' 

0·99 

1.41 

1.28 

1. 51 

1.21 
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Table V. Effect of thickness on i'racture 
toughness of polycarbonate 

Thickness 
. K

Ic 
(ksi (in/72) 

Sheet Milled Laminated Laminated 
(1/..8 sheets). (1/..16 sheets~ 

0.080 4.00 

0.12~ 3.43 . 3.67 

0.185 3.25 

0.250 3.29 3.57 3.97 4.10 

0·375 4.05 4.45 

0~500 3.96 4.09 

0.625 3·73 3·73 

.. 



. Method 

Cleavage 

. Cleavage 

Cleavage 

.. Tension 

Fracture 

Cleavage 

Fracture 

~40- UCRL-l79ll 

Table VI. Room temperature· fracture surface e'nergies 
25 (ergs/cmXlO- ) 

Acrylic Polystyrene Reference 

4.9 25.5 29 

4.5 9 30 

1 .• 4 7.13 31 

2.1 17 32 

mechanics 5.5 6 

l.2~ 4 .. 0 37 

mechanics 2.15 4.43 This work 
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SEN 2x4 2 4 2.460 0.250 
SEN 1 x4 1 4 3.230 0.125 or 0 .250 

SEN 1 x8 1 8 7.230 0 .125 or 0.2 50 
SEN Ixl2 1 12 11.230 0.125 or 0 . 250 

Crack sharpened by razor blade. 
Notch radius less than 0.0005 in. 

Fig. 1 . (a ) Dimens ions of Single Edge Not ched 
Fra cture Spe cimen. 

(b ) Typ i ca l Crack Tip i n Pol y carb onate 
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(a) Elevated t empe rature 

XBB 6711 - 6589 
(b) Low temperature 

Fig. 3 Experimental apparatus for low temperature 
and elevat ed t emperature fracture testing . 

UCRL-17911 
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300 

265- ---

200 

100 

O'---_--L.---'_-L... __ .L-.._---L _____ _ 

o 5 10 
Crossheod displacement (in. x I0 2 ) 

XBB 6711-6446 

Fig. 4 Load-displacement 
polycarbonate SEN 
after separat i on. 
0.2 cm/min. 

record for catas trophic fracture with a 
specimen. Insert shows fracture surface 
Test conditions! room temperature and 
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2 

Pop - in 
CD 

OL---~----~--~~--~----~--~----
o 5 10 15 
Cross head displacement (in . x 10 2 ) 

XBB 6711-6447 

Fig. 5 Load- displacement re cord for pop-in fracture with a 
polycarbonate SEN specimen. The plane of fra cture just 
after pop- in as viewed through the spec imen is shown in 
insert 1, the fra cture surface after separation is shown 
in insert 4. Test conditions : room t emperature and 0.2 
em/min. Numerals 2 and 3 refer to Fig. 6. 

UCRL-17911 
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(a) 

L __ 
" 

-, 

(b) 

1 2 '3 

XBB 6711 - 6445 

Fig. 6 Development of plastic zones (a) and growth of t he central 
flat region (b ) in a pop-in fracture in a SEN polycarbonate 
specimen. Numbers refer to Fig. 5. 
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60 

0 7075 - T6 (ref. 15) 

0 Polystyrene (ref. 14) 

50 • 4340 (ref. 14) .. Numerical (ref. 16) 

40 -

30 
0 

a I 
0 

20 
I 

~~ 

10 

O~----~~----~------~-------L-------L--
o 0.1 0.2 0.3 0.4 

a/w 

Fig. 7 Dimensionless Fracture Toughnes s Parameter 
for Si ngle Edge Notch Fracture Specimens. 
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XBL 6711 - 6056 
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.1 
+0-
CD 
.1 

g 

r 
~ 
\0 
I-' 
I-' 



UCRL,...179 11 

.s=. ... 
-€ 01 c_ 

Q.l • 
\...C C ... . -
1Il'-
... .0 III 0 Fracture tou gh ness u-: oX 
o;t: 1::::. lzod impact strengt h [ref. 33] 0.- u 
E ...... 

~ 

16 4 .0 

12 3.0 

8 

4 

o 

1.0 

, , , , , 
_-A 

O~----~------~----~-------L------L-____ -J 
120 160 200 240 280 320 360 

Test temperature (OK) 

XBL 6711-6020 

Fig. 9 Eff e ct of Temperature on Fracture Parameters of 
Poly carbonat e. 
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o 

~~0-~3~------------~10~-~2--------------~10!-~1--------------~~--------------~ 
10° 10 1 

Fig . 10 

Crossheod velocity (em/min . ) 

Xili. 671 1-6021 

Effect of 10ading Rate on the Room Temperature 
Fracture Toughness of Acrylic and Polycarbonate. 
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(a ) Macroview, 2 .. 2x 

(b) Mirr or area adj a cent to machined 
notch, 47.5x 

XBB 6711 - 6542 

(c) Fas t crack area near middle of 
f rac ture s ur f ace, 47. 5X 

UCRL-17911 

Fig .. 11 Fracture surface of acrylic SEN specimen. Test conditions: 
room t emperature (300 0 K) and 0.2 cm/min. 
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( a ) Macroview. 2.2x 

(b) Mirror area ad jacent t o mach i ned 
notch. 47. 5x 

XBB 6711 - 643 8 

(c) Fa st crack are a ne ar mi ddle of 
f r acture sur fa ce. 47. 5x 

Fig. 12 Fracture s ur f ace of po l ys tyrene SEN specimen. Test 
condit i ons : room t emper ature (300 0 K) and 0.2 cm/min. 

UCRL-1791l 
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(a ) Macroview. 2.2x 

(b) Mirror area adjacent to machined 
no t ch. 47. 5X 

XBB 6711-6460 

(c) Fast crack area near middle 
of fracture surface. 47. 5x 

UCRL-179 11 

Fig. 13 Fracture surface of vinyl chloride - vinyl acetate SEN 
specimen. Tes t conditions: room temperature (300 0 K) 

0.2 cm/min. 
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(a) Macroview. 2.2x 

(b) Mi rror area ad jacent to machined 
not ch. 47.5X 

XBB 671] - 6459 

(c) Fast crack area near middle 
of frac ture surface. 47. 5x 

UCRL-17911 

Fig. 14 Fracture surface of polycarbonate SEN specimen exhibit ing 
pop-in fr acture . Te st conditions: room tempe rature (300 0 K) 
and 0.2 cm/ min. 
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(a) Macroview, 2.2X 

(b) Mirror area adjacent to machined 
notch, 47. 5x 

XBB 6711-6541 

(c) Fast crack area near midd le of 
fracture surface, 47.5x 

Fig. 15 Fracture surface of polycarbonate SEN specimen exhibiting 
flat frac t ure . Test conditions: room temperature (300 0 K) 
and 0.2 em/min. 

UCRL-17911 



Fig. 16 

(a) Macroview . 2.2X 

(b) Mirror area adjacent to machined 
notch. 47 .5X 

XBB 6711-6451 

(c) Fast crack area near middle of 
fracture surface, 47 .5x 

Fracture surface of acrylic SEN specimen t es ted at 123 °K 
and 0 .2 cm/min. 

UCRL-17911 
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(a) Macroview. 2.2x 

(b) Mirror area adjacent t o machined 
notch. 47. 5x 

XBB 6711-6452 

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

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

UCRL-17911 
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(a ) Macroview . 2 . 2x 

(b ) Mirror a rea adjacent to machined 
not ch. 47 . 5x 

XBB 6711-6 45 3 

( c) Fast crack area near middle of 
fra cture surface . 47. 5x 

Fig. 18 Fra cture surface of a cr ylic SEN spec imen tested 
at 223 °K and 0. 2 cm/min. 

UCRL-17911 
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(a ) Macroview . 2.2x 

(b) Mirror area ad j acent to ma chined 
notch. 47.5x 

XBB 67 11-6454 

( c) Fast crack area near middle of 
fracture surface . 47 . 5x 

Fig. 19 Fra cture surface of acrylic SEN specimen tested at 
273 °K and 0.2 em/min. 

UCRL-17911 
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(a) Macroview . 2.2x 

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

XBB 6711-6455 

(c) Fast crack area near middle of 
fracture surface . 47 . 5x 

Fig. 20. Fracture s urface or acryl i c SEN specimen tested 
at 323 °K and 0.2 em/min. 

UCRL-17911 



-61-

(a) Macroview. 2 . 2x 

(b) Mirror area adjacent to ma chined 
notch. 47.5x 

(c) 

Fig. 21 

XBB 6711-6444 

Fast c ra ck area near middle 
of fracture s urface. 47 . 5x 

Fracture s urface of acrylic SEN s pecimen 
te s ted at 348°K and 0.2 cm/min. 

UCRL-17911 
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(a) Macroview. 2.2x 

(b) Mirror area adjace nt to machined 
notch. 47.5X 

XBB 6711-6657 

(c) Fas t crack area nea r middle of 
fractur e s urfa ce. 47 . 5x 

UCRL-17911 

Fig. 22 Fracture s urface of polycarbonate SEN specimen t es ted at 
l23°K and 0.2 em/min. 



-63 -

(a) Ma croview . 2 . 2x 

(b) Mirror area adjacent to machined 
notch . 47. 5X 

XBB 6711-6658 

(c ) Fas t crack area near middle of 
fract ure surface. L~7 . 5x 

Fig. 23 Fracture s urface of polycarbonate SEN specimen 
tested at l73 °K and 0.2 cm/min. 

UCRL-17911 
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(a) Ma croview . 2.2x 

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

XBB 67 11-644 1 

(c) Fast crack area near middle of 
fracture s urface . 47. 5x 

UCRL-17911 

Fig. 24 Fracture surface of polycarbona te SEN specime n te s t ed at 
223 °K and 0.2 cm/min. 



(a) Ma croview . 2.2x 

(b ) Mirror area adjacent to machined 
notch. 47. 5x 

XEE 67 11-6442 

(c) Fa s t crack area near middle of 
fracture surface . 47.5x 

UCRL-17911 

Fig. 25 Fracture surface of polycarbonate SEN specimen 
t es t ed at 273 °K and 0.2 cm/mi n. 
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(a ) Macroview. 2 . 2X 

(b ) Mirror area ad j acent to machined 
not ch. 47. 5X 

.. 

(c) 

.' 

XBB 6711 - 6440 

Fast crack area ne ar middl e of 
fra cture surface. 47.5x 

Fig. 26 Frac ture s urfa ce of po l ycarbonate SEN s pecimen 
tested at 323 °K and 0. 2 cm/mi n. 

UCRL-17911 
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(a) Macroview. 2.2X 

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

XBB 6711-64 39 

(c) Fas t crack area near middle of 
frac ture surface . 47.5x 

Fig . 27 Fracture s urface of po l ycarbonate SEN specimen 
t e s ted at 348 °K and 0 . 2 cm/min. 

UCRL-17911 
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(a) Ma croview. 2.2x 

(b) Mirror area adjacent to machined 
no t ch. 47 . 5X 

• A 

XBB 6711-6449 

( c) Fas t crack area near middle 
of fr ac ture surface. 47. 5x 

Fig. 28 Frac ture surface of acrylic SEN specimen t es t ed a t 

5X10- 3 cm/min and room t emperature (300 0 K). 

UCRL-17911 
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(a ) Macroview. 2.2X 

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

XBB 6711-6450 

(c) Fast crack area near middle 
of fracture s urface. 47. 5x 

UCRL-17911 

Fig. 29 Fracture surface of acrylic SEN spec imen tested at 5 cm/min 
and room temperature (300 0 K). 
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(a ) Ma croview . 2.2X 

(b ) Mirror area adjacent to ~achined 
notch. 47.5x 

\ 
\ 

. " 

XBB 671 1-6456 

(c ) Fast crack area near middle 
of fract ure s urface. 47 . 5x 

Fig. 30 Fracture s urfa ce of polycarbonate SEN specimen tested 
at 1 cm/min and room t emperature (300

0
K). 

UCRL-17911 
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(a) Ma croview . 2 .2x 

(b ) Mirror area adjacent to machined notch 
47. 5X 

XBB 6711-6443 

(c) Fast crack area near middle of fra cture 
surface. 47.5X 

Fig. 31 Fr acture surface of po l ycarbonate SEN specimen 
tested at 5 cm/min and room temperature (300 0 K). 

UCRL-17911 
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(a) l x4 SEN (b) lx8 SEN (c) lX12 SEN 

Fig. 32 Isochromatic patterns with po l ycarbonate SEN specim~ns of Va
7
T.iOUS lengths loaded/to a stress 

intensity factor slightly l ess than critical (K=3.0 ksi(in )l 2; K =3.2 ksi( in)l 2. Black 
and white pattern reproduced from colored pattern obta i ned with w~rte light and a circ ular 
pol aris cope with quarterwave plates in opposition. Specimen thickness 0.250 inches, materia l 
fringe value = 81 psi(in)/fringe. 1.8x 
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XBB 6711 - 6458 

Fig. 33 Parabola mar k ings on pol ycarbonate frac ture surface. 
Tes t conditions: room t emperat ure (300 0 K) and 
0.2 em/min. 7l0X 

UCRL-17911 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1SS10n, 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 ri g hts; or 

8. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process dis c lo s ed 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 emp lo yee 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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