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Abstract 

Crazing is a form of tension-induced deformation consisting of microscopic cracks spanned 

by load-bearing fibrils. This is generally considered to be the primary source of plastic 

strain response of rub ber-rnodified thermoplastics subjected to applied tensile stress. An 

understanding of the mechanisms involved in crazing is, therefore, valuable as a means of 

identifjring structure-property relationships. Extensive studies on single crazes in thin films 

have been d ~ n e , l - ~  however, experiments on crazing in bulk materials have been fraught 

with problems, such as difficulties with the production of uniform crazes and accwate tem- 

perature control.' A new apparatus has been designed to overcome many of t hese problems; 

a symmetric tensile stretching mechanîsm and a radiant heating technique combined with 

red-time small-angle x-ray scattering (RTSAXS) is used to examine craze fibril structure. 

The analysis of smd-angle x-ray scattering (SAXS) data is highly model-dependent 

requiring precise structural models to ensure accurate interpretation. Recently, improved 

measurement techniques have caIled into question some aspects of the long accepted mod- 

els applied to SAXS interpretation of craze  structure^.^*^ A detailed examination of the 

models applicable to craze Bbril structure is presented here, including a newly proposed 

mode1 involving power-law density distributions within the fibnls. It is shown that the best 

description of craze fibrils cornes fkom a Gaussian density distribution. This is in contrast 

to the traditional models which describe the fibrils as having uniform density with sharp 

boundaries. 

RTSAXS studies of Righ Impact Polystyrene (HiPS) and Polystyrene (PS) bIended with 

2 wt,% f olybutadiene (PB) were performed using a constant strain rate of 5 x 10-~ s-' 



and temperatures from 30 to 70' C. Crazing deformation modes were identified and the 

macroscopic deformation characteristics for the two materials were compared revealing a 

significantly lower rnobility of the polymer in the PS-PB blend than in KIPS. The craze 

fibrii structure observed in the two materials was found to be nearly identical with slightly 

smailer and more uniform fibrik in the PS-PB biend material. This suggests that both 

materids follow similas craze formation mechanisrns with a reduced polymer mobility in 

the blend mat erial. The identification of t his mechanism t hrough temperature-dependent 

studies is found to be compromised since ctlrrent theories describing crazing defornation 

rely heavily on determination of the crue fibril surface energy, a parameter which is poorly 

defineci in the case of W u s e  boundaries. 
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Chapter 1 

Introduction 

Over the past few decades, there has been a tremendous growth in the polymer i n d u ~ t r ~ . ~ ~ ~ I . ~  

Thermoplastic polymers are becorning ruz increasingiy popular choice as a manufacturing 

material. Their uses in new applications wili require the ability to engineer thermoplastic 

alloys with specXc properties. In the case of glassy thennoplastics, an enhanced tende 

strength combined with optimized density and long-term durability are obvious goals. To 

achieve this, one needs a fundamental understanding of the structure-property relation- 

ships involved in polymer deformation. These relationships are quite complex due to the 

entanglernents that result from the interactions of the Iong chain molecules in a polymer 

system. 

Three distinct macroscopic modes of deformation are known to occur in therrnopIastic 

polymers: shear def~rmation '~* '~ describes the case wherein a polymer deforms through 

the bulk flow of polyrner chahs; ~ r a z i n ~ ' ~ *  l6 involves the formation and growth of small 

cracks bridged by load-bearing fibrils; and rubber-particle c a ~ i t a t i o n ' ~ ~ ~ ~  describes the cre- 

ation of microscopie voids in rubber-particle additives to relieve local shear stress. Each 

mode exhibits distinct sensitivities to temperature, applied stress, strain rate, and sample 

mrphologY3~ '4 18? l9 

Crazing is known to occur as the primary deformation mode in many thermopIastic poly- 

mer materials, accounting for up to 90% of the strain e n e r ~ . ~ O  Its presence has been W e d  



with enhanced toughening in polymer blends such as High Impact Polystyrene (HIPS) .2L 

The formation and growth of crazes depend upon both the large scaIe structure of the poly- 

mer materid and interactions between individual polymer molecules in the c r u e  fibriis. A 

s t udy of craze format ion and growt h t hus provides informat ion regarding structure-property 

relationships and clues to the fundamentai mechmisrns of polymer-polymer interactions. 

Although it is relatively easy to confirm that crazing has taken place by examining the 

resultant damage in a deformed or fractured material, Little information may be obtained 

regarding the crazing process t hrough post-deformation analysis. Upon hact ure or rernoval 

of tension, the craze structure undergoes significant changes with relaxation and slow re- 

absorption of the craze fibrils back into the bulk material. In addition, processes such as 

microtoming, required for transmission electron microscopy (TEM) studies, cause irrepara- 

ble alterations to the craze form, obliterating much of the information on its structure. A 

non-invasive tool is needed to accurateiy probe the crue  structure. 

Craze fibrils are highly oriented and on the order of 100 A in diameter, thus small-angle 

x-ray scattering (SAXS) measurements, combined with a 2-dimemional detector, provide a 

non-invasive tool for examining their properties. This method of studying c r u e  structure 

has been popular for some time.'t2?22 More recently, the techniques of real-time smaiL- 

angle x-ray scattering (RTSAXS) have been appiied to the study of c rue  fibrils in bulk 

thermoplastic polymers.5* 23-25 Real-time measurements face several difficulties, however , 

since the production of crazes must be performed within the restrictive confines of the x-ray 

beampath in a manner which allows for unobstructed passage of the x-ray beam. 

Several different techniques have been employed for this pupose. The most common 

involved flexing the sampie rather than applying pure t en~ ion .5 .~~  This method results in 

large variations in the local strain conditions leading to nonuniformities among the crazes 

produced.l"he group of Bubeck et al? dealt with thls problem by nxing one end of the 

sample to a table with translational capabilities, employing a hydraulic ram mounted on 

the table to puU on one side of the sample, and then using the translational stage of the 

table to approximately align the sarnple center with the x-ray beam. The drawback to this 



method is that one cannot maintain observation of the same regioo in the sample over the 

duration of the experiment. Ijichi et employed a method of symmetric stretching by 

applying equal tension to opposite ends of the sample. Their design, however, was limited 

to only one strain rate. In addition, none of the techniques mentioned above were capable 

of providing temperature-dependent studies which are mluable for investigating the clriving 

forces behind craze formation and gowt h?t6 

A method of generating consistent craze deformation while ailowing the in-situ use 

of SAXS is required. This involves the application of t ende  deformation over a wide 

range of strain rates while holding the sample center motionless relative to the x-ray beam. 

Temperature control, accurate measurements of applied stress, and strain response are also 

desired. 

The interpretation of SAXS data is a cornplex issue since it is highly model-dependent. 

A description of the scattering from crazes, produced by Paredes et al.' and refined by 

Brown et has been the accepted standard for over a decade. Recently? due to the 

novel use of second generation synchrotron sources which provide access to lower scattering 

angles and better signal-to-noise ratios, some aspects of these models have been called into 

careful reexamination of the accepted models for craze fibril structure is 

t herefore warranted. 

A new apparatus is presented, capable of nondestructive, in-situ rneasurements of the 

craze deformation mode in bulk polymer materials. The technique is based on time- 

dependent transmission x-ray measurements made in conjunction with precise measure- 

ments of appLied stress. 17*25 This system is unique in that it is capable of in-situ x-ray mea- 

surements of b& polymer deformation rnechanisms wit h varying temperature and strain 

rate. It can be used to examine four deformation histories: constant strain rate, constant 

strain, constant stress, and fiee relaxation. 

Data obtained with this apparatus include measurements of the stress applied to the 

deforming sample, x-ray absorption by the sample, and SAXS diffraction patterns fkom the 

sample using a 2-dimensional wire-based detector. The data are used to identify stages at 



which the deformation proceeds via the craze deformation mode and to examine the c r u e  

fibril structure for two representative thermoplastic materials over a temperature range from 

30 to 70' C wit h a cornmon strain rate. Details of the fibril structure are examined in light 

of different possible mechanisms of c r u e  formation. Changes in the applied stress and fibriI 

diameter with temperature me compared with predictions from the theory of craze growth 

by forced reptation* 



Chapter 2 

Polymer Material Basics 

2.1 Polymer Mat erials 

The term 'polymers' is used to describe a broad class of large molecules with carbon based 

structures. Unlike conventiond molecules which are composed of relatively few stoms, a 

single polymer molecule may contain 10 000 atoms or more. PoLymers are composed of many 

repeat units, cailed monomers. The repeat units involved can be as simple as ethylene? or 

as cornplex as the amino acids which make up a protein or DNA molecule. Due to their 

large size, p o I p e r  molecules tend to become entangled with each other. For this reason 

physical interactions between molecules dominate over chernical interactions in determining 

the properties of high polymers. As a result, many polymers behave in a similar rnanner 

despite great diversity in their chemical makeup. This has led to their establishment as a 

distinct class of materials wit h distinct properties. 

2.1.1 Molecular Weight 

It is impossible for synthetic polymers to contain chains ail of exactly the same length, thus 

they cannot be described by their total chemical composition, such as CL297HL596. h t e a d ,  

an average molecdar weight may be used. The number-average molecular weight, M N ,  is 



defined as the average molecular weight of each chain. 

where Ni is the nurnber of molecules of m a s  Mi. 

Experience has shown that this mo1ecula.r weight does not adequately describe the prop- 

erties of a material. For example, in a sample composed of 1000 polymer molecules of weight 

100 combined with one molecule of weight 100 000 the number average molecular weight 

would be zz 200. The single heavy molecule, however, will have a much more significant 

influence on the materiaik properties than wiii the many smail molecules. Situations such 

as this have given rise to the development of the weight-averaged molecular weight, MW, 

defined by: 

as a practical standard because of its use as a predictor of materiai properties. To continue 

with the previous example, the single large molecule wiil dominate the weight-averaged 

molecular weight giving MW zz 50 000. 

It is also of value to have a measure of the variation in the chah lengths. The polydis- 

persity defined as: 

will be 1 for a material with al1 chah lengths identical and wiü increase with increasing size 

distribution. A typicai value for the polydispersity of a synthetic plastic such as Low-Density 

Polyethylene (LDPE) is 2. For naturd polymers, such as proteins, the polydispersity wiil 

be 1.0, but for synthetic polymers the lowest values obtained are around l.02.'~ 

2.1.2 Polymer Conformation 

Polymer molecdes are not necessarily linear; a polymer can have one main chah with 

many side branches such as LDPE; it can be composed of two or three linear chahs bound 

together at a common point; it can even take the form of a Iarge mesh of Iinear polymers 



joined together a t  random intervals, as in the case of epoxies. The process by which polymer 

chains are bonded together, known as cross-linking, can sometimes be so complete that the 

end product, such as vulcanized rubber, is in fact one gigantic molecule. 

Today7s commercial materials rarely consist of only one type of polymer molecule. Some, 

known as copolymers, consist of two or more chernically distinct polymers covaiently bonded 

toget her. Composites can be formed from polymer-met al or polymer-glas combinat ions, 

such as fiberglass, as well as kom dinerent polymers blended together without bonding. 

Just as metals can be combined to form alloys with unique properties, polymers c m  also 

be miwed and matched to form new materials with specific properties. An example of this 

is HIPS in which Polystyrene (PS) is blended with a smail amount of Polybutadiene (PB) 

to form a much tougher material. This paaticular material will be discussed further in 

section 2.2.2. 

Polymer molecules will rarely exhibit an extended-rod conformation; instead, their form 

is composed of buckles and twists coiling in upon thernselves resulting in a rather globuiar 

o u t h e .  This c o i h g  c m  be modeled as a random walk problem where each successive 

segment can have any orientation relative to its neighbouring segments. This results in an 

average square end-to-end distance, < R: >26 

where a is the length of a segment determined from the number of monomers which need 

to be grouped together to mask ail information regarding bond angles, N is the number of 

segments in a chah, and c is a constant. This coiling of the molecules causes them to be 

entangled together much iike spaghetti. Molecular entanglernent considerably complicates 

the dynamics of polymer motion and gives them many of t heir unique p hysical properties. 

A more general quantity than & is the radius of gyration, Rg, which is well-defined 

not only for a linear ch& (random w&), but for a f l ~  shape of object or m y  collection of 



objects. The radius of gyration is defined by 

Here ri is the distance from the center-of-gravity to the i th iink and N, is the number of 

links. Clearly Rg is proportioual to the mean end-to-end distance described in equation 2.4. 

2.1.3 Polymer Dynamics 

The mechanical behavior exhibited by polymers was £irst described by viscoelastic fluid flow, 

discussed further in section 2.2.1. Empiricai models have beea proposed which combine 

spring and dashpot characterist ics to describe the observed behavior of the material under 

some form of external stress.15 

The first rno1ecula.r theory of polymer motion was that of the Rouse bead and chain 

r n ~ d e l * ~  which describes a polymer chain as a sequence of beads connected by springs 

moving through a viscous fiuid. There are three fundamental assumptions in this model 

which hinder its predictive capabilities. Firstly, Iocalized responses are assumed. This 

means that the force on a given bead is iduenced only by its nearest neighbours. Secondly, 

the polymer chahs are considered to have ideal elasticity whereas, in reality, there are ways 

in which elastic energy can be absorbed by the ch&. Finally, the most critical problem for 

large polymers is the assumption of phantom chahs which d o w s  two parts of a polymer 

chain to pass through each other. This eiiminated any role played by entanglement. 

The reptation rn0de1~~ did away with the phantom diain shortfd of the Rouse model by 

describing a polymer chah as c o f i e d  to a narrow tube d e h e d  by its neighborïng polymer 

chains, The chah moves by Brownian motion inside of the tube creating and destroying 

tube lengths on opposite ends as it moves. The time required for the chain to move a given 

distance can be described in terms of a diffusion coefficient, Drcpt 



Here pi is the mobility constant, T is the temperature, N is the number of segments 

in the chain, & is the mean end-to-end distance defined in equation 2.4, and rt is the 

Iength of time necessary for al1 memory of the original conformation to be lost. As will be 

shown in section 2.3.3, the reptation mode1 continues to be the basis for most of the current 

understanding of polymer motion in situations such as the formation of craze fibrils. 

2.1.4 Glass Transition Temperature 

Amorphous polymers do not exhibit the distinct phases of soiid, liquid, and gas. The appar- 

ently solid state has iiquid-like properties when examined on sufficiently large tirnescdes. 

However there is a temperature at which a distinct change in the physical properties of 

the material occurs. This is known as the glass transition temperatureL4tL5 (TB). Above 

this ternperature there is a decrease in the strength of the material and an increase in the 

mobility of the polymer molecules; the polymer is said to be in a melt state. It should 

be noted, however, that a polymer in this state is not well-described by conventional fluid 

dynadcs  and t hat models which describe the polymer dynamics above the glass transition 

temperature can often be applied below the glass transition with a suitable change in the 

t imescale. 

Although general theories of moiecular motion are well-estabiished, translating t hese 

theories into practicai models of macroscopic motion has proven ciifEcdt in the case of 

polymers. The behavior of a polymer material in response to external stress is described 

in terms of macroscopic modeh, but modifications to  existing materials through changes in 

processing and structure occur at microscopic levels. In order to bridge the gap between 

general molecular theories and specific macroscopic modeis, a detailed understanding of the 

deformation processes which occur in polymers is necessary. Without this: the ability to 

design new materials and tailor their properties will be severely limited. 



2.2 Polymer Deformation 

2.2.1 Macroscopic Deformation 

Materials in the real world are subjected to numerous forces. The response of a materiai 

to these forces is a primary criterion determining its suitabiiity for a particulas application. 

To understaad the material response to external applied stress we must first establish a 

definition of these forces and the materiai's response. 

The forces acting upon a material are described by the stress tensor 0 i j ;  

We assume here that the center of mass is h e d  and that no net rotation of the material 

occurs so that the tensor is ~ ~ r n m e t r i c . " t ~ ~  

The stress can be divided into two parts: dilatational and shear. The dilatational 

component accounts for volume change and is given by: 

The shear stress tensor is obtained by subtracting the dilatational stress fkom the total 

stress tensor. If no shear stress is present, the stress tensor will be diagonal. 

The response of the material to both external and internal stress is described by the 

resulting strain. The total strain is &O a second r d  tensor with identical form to that of 

the stress tensor (equation 2.7) Dilatational and shear portions of the strain tensor can also 

be identified in which the normal components of the dilatation ( E ~ ~ , E ~ ~ ~ E ~ ~ )  are defhed by: 

where 61i is the change in length of a material of Iength li in a given direction. 



Figure 2.1: An example of plane strain. At the notch point the strain normal to the sample 
surface may be approximated as zero 

In general, the stress and strain components in differing directions are interrelated. 

Stress applied in one direction may result in a strain response in dl directions. Likewise, 

strain in one direction rnay cause local non-zero values for al1 of the stress tensor components. 

However, there are some cases in which the stress-strain relations can be simplified. In stress 

applied to a thin sheet, one can approximate the stress normal to the sheet surface, 033, 

as zero. This is known as plane stress. Plane strain (€33 = 0) may be approximated at 

concentrated stress points in relatively thick sheets,'" as shown in figure 2.1. 

The simplest form of materid response to stress is elastic deformation in which the 

relation between stress and strain follows Hooke's Iaw; 

Here Y is the elastic constant of the materid, known as Young's modulus, and v is Poisson's 

ratio which describes the material's attempt to maintain constant volume. For small strain 

values elastic deformation is an excellent approximation of the behavior of most solids, 

In amorphous polymers below the glass transition temperature, molecules are not able 



to move past each other and elastic deformation is prirnazily due to bond rotation. This 

rotation is limited in nature due to the restrictions of the bond angles and interactions 

between molecules. The result is a short or nonexistent elastic region for most polymer 

materials. 

Polymer deformation is better described by viscoelastic models, such as the spring and 

dashpot mode1 described in section 2.1.3, where energy loss due to chains sliding past each 

other is taken into account. Uniike elastic deformation in which the elastic constant is 

only a function of the material and temperature, the viscoelastic stress-strain curve is aiso 

a function of the testing rate, duration, and sampie history. In viscoelastic deformation 

there exists a time Iag in the response of the strain to an applied stress; repeated loading 

and unioading of the material wiil dso change the strain response function. Therefore, the 

results one obtains are dependent on the type of loading measurements one makes. 

There are six primary types of loading tests which c m  be used to examine deformation: 

constant strain, constant stress, constant strain rate, constant stress rate, and periodic stress 

or strain. A materid in constant strain is held a t  a h e d  extension. In constant stress, a 

fixed force is appiied and the material is unconstraïned in its response. For constant stress 

and strain rate, the stress or strain is increased at a h e d  rate. For periodic stress and 

strain, the material is cycled through stages of loading and unloading where one of stress 

or strain is forced to foUow an osciuating pattern while the other is measured. 

In some cases it is necessq  to abandon the assumption of linear stress-strain response 

implied 

ics2* in 

where 

in viscoelastic motion. In this case one must resort to non-Newtonian fluid mechan- 

which: 

c is the applied stress, i is the shear strain rate, (k) indicates the positive or 

negative sign of the strain response and 7 ,  O,, and i, are material-related constants which 

are p henomenologicdy determined. 



2.2.2 Microscopic Deformation 

Elastic, viscoelastic, and non-Newtonian models are used to describe the t hree distinct 

modes of deformat ion known to occur in thermoplastic polymers: shear, cavitat ion, and 

crazing. These deformation modes are the link between molecular models of motion and 

macroscopic processes. 

Shenr yielding14 involves a constant volume deformation; the material respoods to the 

applied stress by changing shape. In shear deformation a polymer deforms through the 

bulk flow of polymer moIecules. During bulk flow, the material behaves as a continuum 

responding to shear stresses, and the contributions of individus1 molectiles to the total 

motion cannot be resolved. 

Cavitat ion". l8 describes the creat ion of rnicroscopic voids to relieve local s hear stress. 

The dilatation component of the stress is relieved by causing a, change in volume. Cavitation 

is often a precursor to crazing and may also combine with shear yielding when crazing is 

suppressed. It is also more common in crack tip deformation than in uniaxial stress. 

Crazing13pL6 involves the formation and growth of smail cracks bridged by load-bearing 

fibrils and wiU be dealt with in more detail in section 2.3. Individual moIecules play a 

significant role in the properties of craze fibrils. The formation and growth of these fibrils is, 

consequently, an excellent mechanism for examining the links between theories of molecular 

dynamics and macroscopic properties of polymer materials. 

Since crazes are capable of absorbing signXficant amounts of strain energy, it is of- 

ten in the interest of a manufacturer to modify a material in order to encourage craze 

g r o ~ t h . 1 ~ 2 1 ~ 2 9  It has long been known that this can be done by incorporating 10 to 20 

weight percent of an impurity such as PB with an amorphous polymer like PS.'" The PB- 

PS boundaries act as craze nucleation sites3' by reducing the energy required to nucleate 

crazes, and thus encouraging craze formation instead of brittle failure. It has been suggested 

that the PB in ETPS may &O perform another function; the PB domains may cavitate and 

the resulting voids merge to form ~ r a z e s . " ~ ~  Recently it has also been suggested that 

cavitation and crazing in HIPS act independently of each other and that cavitation may 



dso support shear yielding."31 

Another mechanism of toughening t hermoplastics involves the addition of smail (up to 

4%) amounts of low molecular weight PB to PS.29 When sufEcient (greater than 0.05%) PB 

is added, domains of mbber are formed in the PS matrix. These pools of liquid rubber are 

too small to initiate crazes, instead, the liquid is absorbed into the active region surrounding 

a craze and plasticizes it. This greatly increases the craze velocity and thus increases the 

strain energy which can be absorbed by a c r a ~ e . ~ . ~ ~  This mechanism is quite distinct from 

that expected to occur in HIPS and the craze structure observed in these two materiais is 

expected to refiect this difference- Tn addition, thin film deformation tests on this mate- 

rial have reported toughness comparable to that of HIPS with as order of magnitude less 

No such results have been reported for bulk samples of this material. 

2.3 Crazing 

Crazing is a very cornmon form of polymer deformation. occurring in almost al1 polymers 

under sui table conditions -although suitable conditions may vary greatly £rom one material 

to another. Crazing is also a highly efficient method for polymer deformation, absorbing 

up to 90% of the strain energy? At the same tirne, crazes often develop into pure cracks 

making them a precursor to failure. This has led to a great interest in understanding the 

crazing mechanism. 

Crazing, despite its cornplexïties, is easier to study than other deformation mechanisms 

since it results in significant volunie and density changes in the material. Its distinctive 

form remains even after the material has fiactured. Because of the electron density contrast 

between voids and the polymer material in a craze, it is ide* suited for scattering studies. 

The deformation process in crazes is &O controlled by the response of individual molecules, 

thereby providing an excellent opportunity to link theories on polymer molecde motion with 

macroscopic deformation. 



2.3.1 Craze Structure 

ils mentioned earlier, c r u e  is a crack spanned by load-bearing fibrils. It is usually in the 

shape of an oblate spheroid 50-1000 pm in length and 0.1-2 pm wide (figure 2.2). Although 

crazes contain a sigizificant nurnber of irregularities due to impurities and imperfections in 

the material, they can, with reasonable accuracy, be modeled as having a regular stnic- 

t ~ r e , 2 ~ 1 ~ ~ t ~ ~  consisting of several hundred thousand parailel fibrils 200-300 A apart and 

50-300 A in d i~~rne te r .~  Individual fibrils are themselves composed of oriented polymer 

chains where each chain wiii be within 4-5 nearest neighbours of the fibril sidace." The 

fibrils maintain a constant diameter throughout the crazing process and are connected at 

random intervals by cross tie fibrils as shown in figure 2.3. These cross ties, which can com- 

pose up to 15% of the fibrillar matter, are of little consequence in the formation and growth 

of crazes,13 except for the fact that they tend to pull the craze fibrils out of aiignment wit h 

each other by up to 5'. Surrounding the craze is a strain-softened area, typicdly 200-900 A 
wide, known as the active region. It is from this region that the c r u e  draws new material 

as it grows. Outside of this region the material is assumed to be completely unaffected by 

the presence of the craze. 

2.3-2 Craze Growth 

The energy recpired to initiate a c r u e  is sigaificantly larger than the energy required for 

craze growth; once the critical stress for craze formation is reached and crazes have formed, 

strain relief will be due to c r u e  growth rather than the formation of new crazes. C r u e  

growth involves dilatation only in the direction of the applied stress. Strain relief, therefore, 

is iîmited to this specific direction only; no lateral contraction occurs due to craze g r o ~ t h . ~ ~  

A craze will grow both by Iengthening (horizontal growth in figure 2.2) and by widening 

(vertical growth in figure 2.2). It Iengthens by a process known as Meniscus Instability 

g r ~ w t h . ~ ~ . ~ ~  New fibrils are formed at  the c r u e  tip in a process much like that which 

occurs in peeling tape from a glassy surface. The strain-softened polymer in the active zone 

around the craze tip is modeled as a non-Newtonian fiuid. As the craze tip siil-face moves 



Figure 2.2: A cutaway view of a craze structure with arrows indicating the direction of the 
tensile force and o d y  a few fibriis shown, for the sake of clarity. 



~ r a z e -  F i  b r i l  

Figure 2.3: The surface of a crue  showing the strain-softened region fiom which the fibrils 
grow and the bending of fibrils due to cross ties. 



undulatory disturbances f o m  (figure 2.4) and develop into fibrils. 

As a craze widens, it has been observed that a constant fibril volume fraction, uf, is 

r n a i ~ t a i n e d . ~ ~ ~ ~  This indicates a widening process which is not due to the thinning of 

preexisting fibrils, but rather is a result of new material being drawn out of the active 

zone. The size of the inter-fibril spacing is a constant determined by the growth process,28 

implying that the diameters of the fibrils should remain constant. 

C r u e  widening can also be modeled as non-Newtonian fluid flow in which polyrner at 

the edge of the active zone is responding to a lateral stress gradient (vuj) between the stress 

immediately above the center of fibrils (o,)and the stress a t  the midpoints between fibrils 

(om). The rate of widening G is then proportional to 

where 

with Do being the average inter-fibril distance and q being the power-law exponent from 

the non-Newtonian flow. 

The stress directly above the craze fibrils, oc, is considered to be proportionai to the 

applied stress, 

where O= is the applied stress and E is a dimensionless constant less than or equal to 

one. The stress a t  the void surface between fibrils, O,, can be considered to be due to the 

work required to increase the f i b d  length by an incrementd amount. If the energy required 

to lengthen the fibril cornes exclusively f?om the energy (I'f) required to create new fibril 

sudace area, then Tom geometrical arguments: 



Mature Craze Fibrilç 

Figure 2.4: An illustration of fibril formation Etom the bulk polymer by the meniscus 
instability model. The fibril length extends nomal  to the plane of view, the applied stress 
is directed out of the paper, and the craze is expaoding to the right. 



This equation assumes that the polymer material can be treated as  a viscous fluid and that 

the surface stresses are negligible. In t his way, t he meniscus-producing surface tension can 

be eqiiated with the thermodynamic definition of the Gibbs surface energy. It is reasonable 

to assume that the craze with the largest velocity at  any given tirne will determine the 

strain rate and stress. When vo-1 is chosen to produce the maximum velocity, the appiied 

stress becomes - 

2.3.3 Surface Energy And Forced Reptation 

The value of the surface energy, rj, is determined by the forces goveniing intermolecular 

interactions. There are three major forces which c m  be at  work when new polymer surf'aces 

are formed: Van der Waals, scission, and L9936937 The Van der Waals force is due 

to covalent bond energy between molecules and will be a constant for a fked configuration. 

The scission force is due to the energy required to break a polymer chain and depends on 

the molecular weight and density. The reptation force is due to the energy requited for 

polymer chains to move past each other and depends on rnolecular weight, strain rate and 

temperature. The rate of craze growth and hence the toughness of the material wiil be 

determined by the dominant force. 

As mentioned above, the scission force, fb is determined by the force to break a single 

bond. That is, 

where U is the energy required to break a bond and a, is the bond length.L3?36 ~ h e  

reptation force? f, is determined by the chain mobility, PT: 

where v is the rate of chah pullout, MN is the mean molecdar weight of the chains, and 



il/& is the molecular weight of a r n ~ n o r n e r . ~ ~ ' ~  The chah mobility is given by: 

(2.19) 

with p;' being the high temperature mobility, a the monomeric length parameter, U(1) 

the potentid energy trapping the individual polymer segments, labelled I dong the chain 

contour, k the Boltzmann constant, and the integral being over the length of a 

Below the g las  transition temperature in polymers with a large molecular weight, the 

Van der Waals force is smaU compased to the scission and reptation forces and c m  be 

neg1ected.131" The scission and reptation forces are generally of the s m e  magnitude and 

the determination of which force is dominant will depend on the temperature, strain rate and 

molecular weight. One can define a critical temperature, strain rate, and molecdas weight 

at which the force for chain pullout becomes less than the force for chain s c i s~ ion .~? '~  

At low ternperatures, the surface energy of the craze fibrils shodd be independent of 

temperature since the scission force is temperature-independent. Above some critical tem- 

perature, a decrease in the surface energy is predicted as a resuk of the transition fiom 

scission-dominated forces to disentanglement-dominated forces? This decrease in surface 

energy is expected to continue up to the g l a s  transition temperature. 

To identïfjr the transition fiom craze growth by scission to that of crue growth by rep- 

tation, and thus ver@ that reptation processes are involved in the crazing mechanism, the 

surface energy governing the craze growth process may be measured as a function of temper- 

ature. Equation 2.16 states that the surface energy may be calculated from rneasurements 

of the applied stress and craze fibril diameter and, as will be shown Chapter 3: the crue 

fibril diameter may be determined using the techniques of SAXS- This process of identifi- 

cation of the crazing mechmïsms is essential to any further attempts to test fundamental 

models of polymer molecule dynamics through bulk deformation measurements. 



Chapter 3 

Small- Angle X-ray Scat t ering 

Basics 

Ever since von Laue fkst used lu-rays to examine crystaUine copper sulfate, they have proved 

to be a useful tool for probing the structure of materials. Because of their higher energies, 

x-rays can penetrate much farther into materials that are opaque st the visible wavdengt hs. 

At the same tirne, x-rays are iow enough in energy that they wiU interact with electrons. 

X-rays used for scattering measurernents typically have wavelengths between 0.5 and 2.5 

a, sirnilar in size to that of interatomic spacings, making them ideally suited for resolving 

regular crystalline structures and molecdar details. 

3.1 X-ray Production 

X-rays are produced in two ways: t hrough the acceleration of electrons, and t hrough electron 

energy band transitions between core s h e h  in In an anode source, both of these 

processes occur. Electrons are accelerated by a high voltage and strike a metal anode- The 

energetic electrons will either be stopped by multiple interactions with valence electrons, 

producing bremsstrahlung x-rays, or they may collide with a core electron knocking it free 

and producing transition line x-rays as valence electrons drop d o m  to replace the missing 

core sheU electrons. 



Anode source energies are dictated by the characteristic spectrum of the metals used for 

the anode. The p r i m q  factor limiting the x-ray intensity from these sources is the dissi- 

pation of heat generated by electron collisions. A significant increase in intensity is possible 

with the use of a rotating anode source; the target position on the anode is continudly 

changing, allowing for better heat dissipation ctnd thus higher specific loading. 

Several orders OF magnitude higher intensity may be obtitined by abandoning the Iuxury 

of an in-house apparatus for the centralized facility setting of a synchrotron source. Syn- 

chrotron x-rays are produced by chmging the direction of motion of fast moving electrons 

or positrons.3"his is accomplished by the action of a magnetic field produced either by 

bending rnagnets, required to keep the eIectrons moving in a circular orbit, or by insertion 

devices, placed in s traight sections of the synchrotron. 

The x-rays produced fiom bending magnets have a continuous energy spectral distri- 

bution over several orders of magnitude with cm upper energy fimit at some critical value 

which is a function of electron energy and magnetic field. Insertion devices cm be cus- 

tomized to produce a spectral distribution similar to that of a bending rnagnet, but with 

a much higher critical energy. They can also be designed to concentrate energy at  certain 

wavelengths giving a Iarge increase in spectral brightness - which is proportional to the 

photon flux over a 0.1% b a o d ~ i d t h ~ ~  - and thus much greater useable flux. Because the 

electrons are moving nesu: Light speed, the x-rays are concentrated in a srnail cone parallel 

to the direction of r n o t i ~ n . ~ ~ * . " ~  This adds to the brilliance of a synchrotron's x-rays by 

reducing the source size and anguiar divergence. 

Unlike anode sources, the x-rays produced fiom synchrotron sources are linearly poIar- 

ized in the plane of the electron orbit. The polarization becomes elliptical away hom the 

orbital plane. This results in a cornplex: non-randordy poIarized beam, mlued for some 

spectroscopie e ~ ~ e r i m e n t s . ~ ~  



3.2 X-rays and Materials 

The electric field fi-om an x-ray c m  interact with an electron in a material and cause it to 

accelerate. The resultant electron motion may then be converted back into an x-ray with 

the same wavelength and a A radian phase shift. This process is caiied elastic scat tering. 

Scattered x-rays are coherent with an intensity (I,) is given by: 

where lin is the incident x-ray intensity, e is the charge of an electron, re is the distance 

fiom the electron to the point ~f detection, me is the mass of an electron, c is the speed of 

Light, C, and Cz are the relative proportions of the electric field polarization in the x and y 

directions for an x-ray traveling in the x direction (Cg + 6 = i), and 28 is the angle of the 

scattered x-ray relative to the incident direction. The factor [Cg + Cl cos2(28)] is called the 

polaization factor. In the case of randody polarized incident x-rays, such as £rom anode 

sources, this becomes [I + cos2(20)]/2. For synchrotron sources, where the polarization is 

non-random, the polarization factor m u t  be determined Çom measurements of the system. 

X-rays can also undergo Compton scattering. h this case a photon coliides inelasticaily 

with a valence electron, knocking it kee from the atom and transferring to the electron 

some of the x-ray's energy. This results in a change in the wavelength of the x-ray; 

Compton scattering is incoherent; that is, the phase of the outgoing x-rays bears no relation 

to that of the incoming x-rays. The lack of phase information means that these x-rays will 

not contribute to the diffraction process and will add a smooth background to the x-ray 

scattering pattern. At the s m d  angles associated with SAXS the probability of observing 

Compton scattered photons is quite Iow and the contribution of incoherent scattering to 

the =action pattern can be ignored, 

X-rays can also be absorbed by materiais, resulting in heating or chernical reactions. 



The absorption of x-rays is related to the material density and thickness by 

where p is the density and z is the thickness. The ratio y is a mass absorption coefficient 

and depends upon the material and the wavelength of the x-rays with an approximate form 

far fiom an absorption edge of38 
P - ;r k J 3 z 3 .  
P 

(3.4) 

Here k is a constant, X is the x-ray wavelength, and Z is the atomic number of the material. 

In surnmary, four things can happen to an x-ray photon as it passes t hrough a material: 

It can exit the material without any interaction; it can be absorbed by the material; it 

can undergo Compton scattering, chaoging its energy; or it can undergo elastic scattering. 

The relative probabilities of these events occurring depends on the material and the x-ray 

wavelength. Of these four, the one which is of primary interest here is the elastic scattering 

because the x-ray intensity as a function of scattering angle will be dependent upon the 

macroscopic structure of the material. 

3.3 X-ray Diffraction 

X-rays scattering from neighboring electrons will combine to form a diffraction pattern. 

Constructive and destructive nodes in the pattern WU depend on the relative phase of the 

x-rays coming kom the different scattering centers. For any two scattering centers! the 

phase difference depends on the displacement of the electron sites and is determined by: 

where k is the outgoing unit wave vector, k, is the incoming unit wave vector, and P is 

the vector joining the two scattering centers? This assumes that each x-ray undergoes 

at most one scattering event while inside the material. Setting 9 = 27r and noting that 



- k.1 = 2sin9, one obtains the familiar Bragg's Law 

whete d is the distance between the two scattering centers and d is half the angle between 

the incorning and outgoing wave vectors. 

The Iengthscdes one can examine are determined by the wavelengt h used and the angu- 

lar diffraction range amilable. It would seem logicd to increase the wavelength in order to 

examine structures on larger Iengthscdes. This is not practical in many cases because the 

higher wavelength x-rays are more readily absorbed by a material, as shown in equation 3.4. 

As a resuit, it is necessary to go to srnall angles to examine large structures in materials 

which are strong absorbers at high wavelengths. 

3.4 Small-Angle X-ray Scattering 

At small angles one c m  make several approximations about the x-ray scattering observed: 

the scat tering is assumed Co be purely elastic (ie. no measurable Compton scattering), the 

polarization factor of equation 3.1 can be treated as one, and the phase factor in equation 3.5 

can be rewritten as: 
47rsinQ 4n0 

X 
ry- q =  - q - F  with ( q ( =  -- 

X 

Because small angle scattering u s u d y  involves transmission, one must be concerned with 

the sample thidmess. An increase in thîckness will result in a linear increase in scatter- 

ing intensity- At s m d  angles, however, it wili also resuit in an exponential increase in 

a b ~ o r p t i o n 3 ~ * ~ ~  The optimum thidcness for s m d  angle scattering is therefore: 

where p, is the h e a r  mass absorption coefficient used in equation 3.3. When the sample 

is close to the optimum thickness one can assume that an x-ray photon will interact with 



only one electron as it passes through the material. This means that one can ignore the 

possibitity of multiple scattering confounding the diffraction pattern.38 

In order to calculate the amplitude, A(6),  of the scattered wave one must combine the 

waves scattered by every portion of the materid taking into account phase differences: 

vhere p ( 3  is the electron densit: 1 at P, V is the entire volume irradiated by the x-ray beam, 

and rp(3 is the phase factor defined in equation 3.7. The intensity observed is proportional 

to the absolute squae  of the amplitude, X cc AA*. Using equation 3.7 one ha: 

where Î includes factors hom the incident intensity, absorption by the sample material, 

and scattering kom a single electron. In the discussion to follow, Ï wiIl be set to one as this 

cari be done with no loss of geaerality. 

The scat tering intensity depends only on the relative displacement of scat tering centers 

and on variations in the density of these centers. If one assumes that only two electron 

densities provide the structural contrast; it is convenient to subtract the mean density, 

which does not contribute to the scattering, and d e h e  a correlation function, which is 

independent of absolute electron density and depends only on the structure: 

with F = (72 - FI), p2 being the square of the average electron density, V being the total 

volume irradiated by the x-ray beam, and ( A P ) ~  the rnean square electron density contrast. 

The fundamental scat tering equat ion t hus becomes: 



Figure 3.1: ldeal scattering fkom the cross-section of a single cylinder, showing the peaks 
that result fiom such a regular structure. 

3.5 Direct Interpretation of SAXS Data 

3.5.1 Scattering Peaks 

The most common use of wide angle x-ray *action is in the identification of Bragg scat- 

tering peaks horn crystd structures. This type of analysis is aiso applicable to SAXS data 

where ordering exists. If long range order is present, the familia Bragg's law (equation 3.6) 

applies just as it does for wide angle scattering. For systems in which the ordering is only 

short range in nature, Bragg's law can o d y  give approximate values, and a knowledge of 

the scattering geometry is required for more accurate lengthscale measurements4* 

Regdar interparticle distances are not the only source of peaks in SAXS data- The 

form factor for a single regular ob ject wiU &O give a series of peaks, as shown in figure 3.1. 

Applying Bragg's law to these peaks wiU result in misleadhg information regaxding the 

stmcture under obsemation. Care must always be taken in identifying the type of structure 

under observation before interpreting peaks observed in SAXS data. 

Variations in particle size or irregdarities in the particle structure will often reduce these 



peaks to the point where they are cornpletely smoothed out. Interpretation of apparently 

smoot h scat tering intensities is accomplished by Fourier transforms of the scat tering data, 

to regain the correlation function, or by assuming structural models to generate a theoret ical 

scattering curve with one or two free parameters which c m  be fit to the actual data. 

3.5.2 Fourier Traasform 

As noted earlier, the scattering intensity is a Fourier transform of the correlation firnction, so 

that the most straightforward method for data interpretation involves a Fourier transform 

of the scattering intensity. There are several drawbacks to this approach, First of ail, the 

scattering intensity is obtained over a finite range in q and has a h i t e  resolution. Effects 

frorn the cutoff points in the intensity data can often introduce significant amounts of error 

into the transform soiution. This problem has been partially solved using the indirect 

transform met hod introduced by Glat ter4'* 43 and developed by svergun in whicll the 

intensity is fit to a polynomial series which is invariant under Fourier transformation. Using 

t his procedure, the pair distribution function (r% (r) ) may be determined. 

In the direct-indirect transform method the scattering data is represented by a series 

of orthogonal Hermite polynomials where the coefficients of the polynomials in the series 

rnay be evaiuated using the method of Ieast squares. To ensure fast conversion of the series 

in both q space and real space, a scde factor is applied to q such that the scaled d u e  

corresponding to the maximum q is of the order of 1 to 10, where the Hermite polynomials 

are known to converge rapidy. This scde factor may be determined fkom the maximum and 

minimum q limits combined with the selection of the number of polynomîals to be included 

in the series." Because the number of polynornials included in the series affects the value 

of the scale parameter, the choice of the ided number of polynomials is not well-defined. in 

the met hod described by Svergm, Io*" the identification of the ided number of polynomials 

to use in the transform is based on a series of tests of the solution. These tests inciude a 

X2 test, a test for systematic deviations, and a test of the smoothness of the solution. 



3.6 Standard SAXS Analysis Models 

In addition to the mat hematical complexities of the transformation itself, there are difficul- 

ties in interpretation of the results. The relation between the correlation function and the 

physical structure it represents is not always obvious. For simple objects such as spheres, 

the correlation function has been calculated. However, for objects with intricate form or for 

systems with interactions between objects (non-random placement relative to each other), 

the interpretation of the correlation function is not a trivial task. It  is often preferable to 

sacrifice generaiity in order to extract more specific information fkom the scattering data. 

Additional assumptions are often made regarding the structure of the materiais and the 

scattering intensity to develop models £rom which parameters relating to specific structural 

properties may be extracted through fitting procedures. 

Over the years, standard rnodek have been developed for use with SAXS scattering 

patterns which can be applied to a broad scope of materials. These standard models use 

two fundamental assurnptions. Firstly, it is assumed that the system is statistically isotropic. 

In other words, there is no preferred orientation in the system. Secondly, it is assumed that 

there is no long range ~ r d e r . ' ~ ~  

The second assumption implies that at sufficiently large r the density distribution will 

approach the rnean density, resulting in 

y, ( r )  + O for large r. 

This condition is necessary in order to place a meaningful maximum Zimit to the integral 

in equation 3.12 

R o m  the f i s t  assurnption one can average the exponential factor Tom equation 3.12 

over a l l  orientations as follows 



Combining this with equation 3.12 gives 

sin(qr) 
I (q )  = ( i l p ) ~ ~ / ~ 4 7 r r ~ d 7 .  x(r)-, 

O 9r 

3.6.1 Invariant 

The most general of the standard mode1 parameters is the invariant, obtained by setting 

r = O in equation 3.15. An inverse Fourier transform of this expression combined with the 

fact that at r = O the correlation function is equal to the average electron density fluctuation 

(a constant) gives 

Q = /Om q2dq~(s) = m2V. 

The invariant is dependent only on the volume of the scatterers and their electron density 

contrat, not on the their relative placement. This means that reordering of the system, 

while it might change the scattering pattern considerably, will not affect the invariant. 

The true invariant for a closed system does no t produce rnuch useful information regard- 

ing the objects under investigation. The effective invariant, which measures the contribution 

to the invariant fiom the scattering range under investigation, provides information regard- 

ing the volume of scatterers with lengthscales corresponding to the q range used. While the 

true invariant must aiways remain constant, the effective invariant rnay change significantly 

as a result of changes in the structure being examined. 

In some cases it is of interest to obtain absolute scattering intensities by caiîbrating the 

scattering intensity from a particular x-ray source using a known standard. If the average 

electron density fluctuation is known, the absolute scattering intensity may be used to 

calculate the volume of the scatterers within the appropriate range of lengthscdes. 

3.6.2 Guinier Approximation 

The Guinier approximation deals with the coarse features in the structure. If interparticle 

interactions are ignored, the correlation function of a particle can be approxïmated by an 

averaging of the particle in space and orientation giving a Gaussian distance distribution 



where R, is the radius of gyration. 

Applying a Fourier transform to the correlation function of equation 3. l? one obtains 

Guinier's law, 

This equation is valid in the limit of q approaching zero, where the details of the particle's 

interna1 structure are not seen. In order to obtain an adequate measure of R, using Guinierk 

law, a rule of thumb states that'" 

where q,i, is the lowest q point obtained and D is the particle diameter. 

Guinier's law allows one to obtain a measurernent of the average particle size without 

making any assumptions about the particle shape. Corrections to the law c m  aIso be made 

for Bat platelets and long thin rods.*l1 Guinier's Iaw will fail, however, when significant inter- 

particle interaction occurs. In those situations particles are no longer distributed randomly 

and the correlation function is not weU described by a Gaussian distribution. 

3.6.3 Porod's Law 

Porod's law is derived by ignoring the large IengthscaIe features and focusing on individual 

particle details. It relies on the assumption introduced in equation 3.11, namely that the 

surfaces of the particles in the system have weU-dehed boundaries with sharp changes in 

the density. 

The correlation function can be written as a poiynomial expansion in r: 

For unifotm particles with s h q  boundaries, A(O(T) wiil  ciiffer fiom one at  s m d  are by a 



Applying this to equation 3.15 gives, to a first order approximation, 

where S and V are the surface asea and volume of the particle, respectively, and K is 

referred to as the Porod constant. Potod's law is valid even wit h very anisotr~pic particles, 

densely packed particles, and non-particulate scatterers, since it is based on scattering Eom 

r values which are srnall compaxed to the overail particle size (large q values). 

3.6.4 .Babinet Principle 

Since Porod's Iaw is not affected by relatively large lengthscale features, it is still vdid 

for materials wit h strong interparticle interference, such as a close-packed structure. In 

materials of this nature, however, Babinetls Principle of reciprocityU canuot be ignored. 

This principle states that it is impossible to distinguish between scat tering from particles 

and scattering fiom voids; ie. scattering from a random collection of spheres will be the 

same as scattering from a solid with a random collection of spherical holes of identical 

dimension and distribution. In a dilute system, particle scattering dominates and void or 

interparticle scattering may be ignored. In the case of densely packed particles, both inter- 

and intraparticle lengthscales contribute to the obsewed scattering intensiu adding a factor 

1 / q ~ f ~ ~  to the electron density contrast, where U r ,  and a2 are the volume fiactions of the 

particles and the void spaces between particles, respect ively, 

The form of Porod's law remains the same when this principle is appiied. However, 

the surface-to-volume ratio contains contributions £rom both the voids and particles. A 

determination of the average particle size, ri, requires a lmowledge of the volume &action 

of the particles:41 



3.6.5 Deviations from Porod's Law 

In practice, the high-q scattering intensity is often not proportional to q-4 and modifications 

to Porod's law are oecessary for applications in non-ideal systems. ~ u l a n d ' ~ ~  examhed the 

scat tering behavior in Porod law regions for non-ideai systems and categorized t hem as being 

eit her positive or negative deviations. Positive deviations describe scat tering patterns in 

whidi the intensity decreases less rapidly than q-4 and negative deviations more rapidly 

than q-% The positive deviations are generally ascribed to structure within the particles 

and the negative deviations to poorly defined boundaries. 

Many structurai models and empirical corrections for positive deviations have been 

described in the literat~re."-~' The simplest correction for positive deviationsL is the in- 

troduction of a constant background term (Constant Background model) to equation 3.22. 

This correction assumes t hat the structure withh the particles causing the positive devi- 

ations is at sufficiently srnail lengthscales that the scattering kom it may be treated as 

constant in the region of interest. The surface-tevolume ratio of the particles can then be 

deterrnined fkom the intercept on a plot of q41(q) vs. q*'. 

Another exphnation for positive deviations in Porod's law is the presence of a kactal- 

type s t r ~ c t u r e . ~ ~ - ~ ~  A fracta1 is a cornplex geometrical object which is self-similar on dif- 

ferent lengthscdes. The volume and surface area of such an object are not well-defined and 

are hinctions of the lengthscale used to measure them. The scattering fiom a kactal object 

follows the form: 

&?) a Ca (3.24) 

where a describes the fractal dimension and is within the ranges: 

3 < c r < 4  I-F D,=4-CY surface fractal 

For a in the mass h c t a l  range the particles are fhactal in nature throughout and their 



characteristic parameter is Dm,,,. For a in the surface fractal range the particles are solid, 

but their surface is Lactd and their characteristic parameter is D,. The case of cr = 3 

corresponds to a uniform solid with no surfaces, resdting in no scattering being obsenred. 

The case of a, = 4 corresponds to the traditiond Porod's law. 

Several models have also been proposed to account for negative deviations from Porod7s 

Law. A technique for describing diffuse boundary conditions, introduced by R ~ l a n d , ~ ~  

describes the particle profile as the convolution of an ideal particle with sharp boundaries 

and a smoothing function. As discussed in appendix C: the convolution method is iisefirl 

because the diause boundary correction may be treated separately from the ideal particle 

structure under Fourier transformation. The effect of the smoot hing hinction is dealt with in 

more detaii in section 7.2.1. In the Sigrnoidal-Gradien t r n ~ d e l , ~ ~ ~ ~ ~  t his smoo t hing funct ion 

is a Gaussian distribution and the mode1 predicts an intensity distribution given by 

where K is the Porod constant and O: describes the diffuse boundary thickness. 

Another modei, sirnilar to the Power-Law mode1 described in appendix C; developed to 

deal with boudasies possessing a finite width describes the change in electron density as a 

power law function of the f0rm53y56 

Here A(x) is the change in electron density as a huiction of distance perpendicular to the 

boundary, A is the thîckness of the boundary region, and is a model-dependent parmeter. 

The scattering intensity from this system wil l  be 
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Figure 3.2: A craze structure showing the resultant scattering kom the crack wdls  and 
crue  fibrils. 

3.7 Interpretation of Anisotropic SAXS Data 

In section 3.6 assumptions of statistical isotropy and lack of long range order were intro- 

duced. If one removes the first assumption of a statisticdy îsotropic system, then equa- 

tion 3.14 is no longer vaiid and must be replaced with an integration factor which reflects 

the anisotropy of the system. Here we will examine the case of oriented rod-shaped par- 

ticles which is applicable to the craze structure - consisting of a crack with Ioad-bearing 

fibrils spanning the opening - as described in section 2.3.1. X-rays impinging upon such 

a structure will scatter kom both the w& of the crack and &om the fibfils (figure 3.2). 

Because these fibrils are ideally dl aligned in the direction of the applied tende stress, the 

resultant scattering perpendicular to the applied stress may be modeled as due to scattering 

fiom the cross-sections of a system of oriented rods. 

The general scattering equation for oriented rod-shaped particles has been deterrnined 



by Brown et with smearing effects due to a one-dimensional slit detector directly in- 

corporated into the derivation. The smearing effect has only a minor influence on the fom 

of the equation, resulting in a change in the dependence of the scattering intensity on the 

length of the rods. A detaiied derivation which does not include smearing enects, more 

relevant to the scattering obtained using a highly coilimated synchrotron source, is given in 

appendix A, 

To obtain the scattering equation describing craze fibrils, the generai equation 3.14 can 

be separated into two parts representing the long axis and the cross-section of the craze 

fibrils. Only the cross-sectional term, If (q), is of interest, and a twa-dimensional phase 

average results in a scattering equation of the form 

II ( q )  = 2n c o s ( ~ w )  ( A ~ ) ~  AL* r d r  +yf (r)  Jo ( q r )  + Interaction Terms, 1 
wit h ^/ I (T)  the conelat ion function for the craze fibril cross-section, A the cross-sectional 

area of the craze fibrils? L the length of the fibrils: Au the small angular variation in the 

orientation of the c r u e  fibrils, and JO the zeroth order Bessel function. 

In order to extract information regarding the fibril structure and mean diameter, mod- 

ifications must be made to the equations of section 3.5. The fibril scattering intensity 

(equation 3.29) differs fiom the standard model (equation 3.12) due to the phase factor of 

equation 3.14 being replaced with a Bessel function. With this modification, the derivations 

of section 3.5 proceed in a similas marner. 

The oriented rod model results in a change in the invariant of equation 3.16 to2 

Guinier's law (equation 3.18) requires only a change in the exponent due to the fact 

that it is now dealing with a 2-dimensional rather than a 3-dimensional object41 



For Scattering Intensity 1 a q-a 
CY Description Dimension 

I < a! < 2 Random walk mass fractal Drnass = a 
2 < a < 3 Surface fractd on rod bound- D ,=4-a !  

aries 
CY = 3 Porod's Law for Oriented LI,,,, = 2'0, = 1 

Rods 

Table 3.1: Fkactal dimensions and power-law exponents for oriented rods 

The modification of Porod's Iaw (equation 3.22) for oriented rods is 

with Df being the mean fibril diameter. This equation has been in use for some time, L72v5i 

yet no derivation or proof of its validity has been found in the literature. For the saJce of 

cornpleteness, and to veriSf the equation, a derimtion is in appendix B. 

The interpretation of fkactal scattering is also modified due to the change in the un- 

d e r m g  Euclidean dimension5" and fiactal dimensions associated with various power law 

exponents (a) for ânisotropic scattering is summarized in table 3-1. 

This suite of modified equations may be applied to the scattering &orn polymers un- 

dergoing terisile deformation to determine the structure and size of resultant craze fibrils. 

In addition, parameters such as the x-ray transmission and applied stress can be combined 

with time-resolved S A X S  data to look for indications of non-crazing deformation mecha- 

nisms and to determine the onset time for crazing. The surface energy involved in the 

extension of naze fibrils may &O be detennined. With this information, it is possible to 

crit ically examine current t heories of polymer molecular motion which provide predic t ions 

of the fibril surface energy.6y 13?37 



Chapter 4 

Craze Structure & Measurements: 

Literature History 

As polymers were developed for an increasing nurnber of applications, the unique deforma- 

tion properties of these materials underwent considerable study. A desire to understand the 

rnechanisms w hich occur during the deformation and fdure of polymers was realized as the 

demand for new materids tailored to specific applications grew. Of the different deforma- 

tion modes observed in polymers, crazing attracted much interest. Crazes were identified as 

a major source of energy absorption in the deformation process.14 Crazes were observed to 

occur in a wide variety of polymer materials under quite different circ~mstances.~ Crazes 

were also easy to study because they resulted in distinct changes in the materid structure. 

Craze deformation provides an opportunïty to study the microscopie processes which 

govern the motion of poLymer molecules below the glass transition temperature. This is 

possible because significant amounts of stress are transferred onto individual molecules and 

craze growth is controlled by the response of these molecules to the applied stress.58 Mea- 

surements of craze growth are, therefore, indicative of the motion of individual molecules, 

and the dependence of temperature, molecdar weight, and applied force on the motion of 

polymer molecules may be e x h e d  through appropriate measurernents of c r u e  dynamics. 



4.1 Craze Growth and Reptation 

Very early in the study of craze processes it was noted t hat there exists a distinct relationship 

between molecular weight and craze powt h .5 'A t  that t ime, however, no t heoretical bai s  

was available to provide a quantitative explmatioa of the Link between moleculcar structure 

and the craze phenamenon. 

Paredes and FischerL first provided this link when they observed that the applied stress, 

O,, multiplieci by the fibrii diameter, DI, was a constant. They interpreted this factor, 

oa . DI, as being proportional to the surface energy, Q, required to lengthen craze fibrils. 

This interpretation of craze gronrth was expanded upon by Kramer3 using the ilfeniscus 

Instability growth mode1 as applied by Fields and Ashby.*' They determined that the 

'surface energy' factor measured by Paredes and Fischer should be 

wliere vf is the volume fraction of fibrils in the craze, and is a constant (O < 5 1). 

Berger and ~ r a r n e s ~  examined the requirements for the surface energy term in equa- 

tion 4.1. Rom this they developed a n  explmation of the rnolecular weight influence on 

crazing observed earlier by Gent and Thomas.59 By measuring the interface velocity as a 

function of molecular weight they were able to observe a change from a chah scission dom- 

inated surface energy to one dominated by disentanglement forces. They also noted that 

the disentanglement times scaled with molecular weight in agreement with that predicted 

by the reptation model, described in section 2.1.3. 

The reptation model, as developed by d e G e n n e ~ , ~ ~  was intended to describe Brownian 

motion in which there is no net force on the systern. McLeish et al.37 rnodified the reptation 

mode1 for the case where a polymer chain is experiencing a net force on one end. This is 

argued to be the case in craze growth where fibrils, and hence individual polymer chains, 

are being drawn out ~f the material. 

The forced reptation model developed by McLeish was applied by Plummer and ~ o n a l d ~  



to crues growing in polymer films. They measured the mean fibril diameter in a c r u e  by 

means of TEM and calculated surface energy vaiues using the equation (4.1) developed 

by   ramer.^ F'rom this, they observed a change in the surface energy which compared 

favorably with that predicted by the forced reptation mode1 of McLeish. P l u m e r  and 

Donald also used the forced reptation mode1 to describe the stress-to-fracture in PS films 

due to craze fibril breakdownLg thereby illustrating that this microscopic mode1 could be 

used to predict macroscopic behavior. 

Recently, Krupkin and ~ a ~ l o r ~ ~  proposed a new mode1 of forced reptation in which 

the extrapolation to zero applied force is ded t  with more carefully, This is important 

for situations of polyrner fatigue in wkch a material is subjected to repeated transitory 

applications of external stress Iower t h m  the yield stress for the material. The authors 

admit that the new model does not inclucle surface energy effects which are critical to the 

crazing process. They c l a h  that it is possible to inciude these effects in their model, and 

plan to do so at a later time. 

A coil-strand-transitaon model has been proposed to describe the microscopic process 

of craze formation and g ~ w t h . ~ ~  This model is based on an order/disorder transition 

between the undeformed polymer (coil) and the extended fibrils (strand). The authors 

claim that it is superior to the Meniscus Instabdàtg model because it includes an entropy 

term. In the process of deveIoping their model, however, they claim that the entropic 

contribution is rninor. They &O assume that the surface energy is a constant whereas, it 

has been unequivocdy demonstrated1t6? 13t3? that the surface energy is dependent on bot h 

moleculas weight and temperature. The experiments performed by the authors to test their 

t heory were done at  only one temperature with only one t hin film sample material (constant 

molecdar weight) being deformed at only one strain rate. The results of their tests, not 

surprisingly, indicated that surface energy could be treated as a constant- 

At present, the Meniscus InstubiIity model of craze growth combined with the forced 

reptation theory appears to be the best description of craze growth. The experimental ver- 

ification of c r u e  grnwth by forced reptation has been Iimited to TEM studies of the growth 



of a single craze in a thin film, where the craze Hls the entire thickness of the materid- It 

has been reported that macroscopic properties, such as the g las  transition temperat ure, 

may exhibit large differences between thin films and corresponding bulk rna te r i a l~ .~* i~~  It 

cannot, therefore, be stated with certainty that the hfeniscus Instability mode1 of c r u e  

gowth and forced reptation are also applicable to bulk materials, where deformation pto- 

duces thousands of crues much thinner than the width of the material. 

Production of Crazes in Bulk Materials 

The study of crazes in bulk materiais is not as straightforward as that in thin films, where 

one is dealing with a single craze produced under well-controlled conditions. In bulk ma- 

terials one is dealing with mmy crazes and the conditions under which those crazes are 

produced cannot be readily controlled. The measurement of crazes in bulk materials is also 

complicated by the difficulties of probing a bulk material and interpreting results of mea- 

surements averaged over mmy crazes. There exists several techniques for examining crazes 

at surfaces but small-angle scattering, by either x-rays or neutrons, is the only practical 

method for probing the interior of the sample. 

When bulk materials are produced, the resulting polymer structure rnay be slîghtly 

anisotropic. As well, internal stresses are often introduced into the material during the 

molding process. hternal residual stresses and structural anisotropy make it difficdt to 

identify stress and strain processes at a rnicroscopic level and deformation measurements 

may often give irreproducible results. The issue of the maaufacture of bulk polymer material 

with consistent material properties is an enormous field of research on its own15 and will 

not be discussed further here. 

In order to effectively study crazes in b u k  materials, samples containing uniform crazes 

in a localized region are desired. Large variations in crazes throughout the sample fimit the 

accuracy of averaging techniques necessary for the study of bulk deformation, It is desirable 

to have the crues Iocaiized to ensure that active deformation occurs only in the region under 

examination. There are several methods in use for producing crazes in a sample, each with 



its own advantages and disadvantages. 

Until recently, the most commonly used method for inducing deformation was three- 

point bending5~ L"2"20?30p64 This is a simple technique for producing crazes s t  a consistent 

location. However, it has inherent problems in that the applied stress is not unifom across 

the material resulting in signirficaxit vwiations in craze structure. 

Commercial machines are anilable for applying tensile stress to a materid in a very 

accurate rnanner. Unfortunately, the machines are large and the samples must be removed 

from the stress environment prior to measurements of the crazes.2?8?gy65 The importance 

of maintaining tension on the deforrned sample while the crazes are being measured was 

discussed by Brown and  ramer:* who dcmonstrated that unloading the samples caused 

the fibrils to buckle with a loss of orientation and size alteration. They designed a special 

rig to maintain tension on their samples after being removed from the stretching apparatus. 

An apparatus to apply stress while using x-ray scat tering to simultaneously monitor 

the deformation microstructure was designed by Bubeck et aI.L7~23~5' This consisted of a 

stretching rig supported by an optical table placed in the x-ray beam path. The sample 

was pulled from one side while the entire table top was moved in the opposite direction to 

keep the center of the sample in the beam path. This design resulted in the sample being in 

constant motion relative to the x-ray beam with no guarantee that the same region of the 

sample was being examined a t  dl tirnes. Another drawback to this design is its obvious lack 

of portability which limits its use to one x-ray source and detector codguration. Ijichi et 

aLZ5 used an in-situ rig in which both sides of the sarnple were puiled on a t  the same rate, 

resulting in a symmetric deformation of the samp1e and a stationary sample region relative 

to the x-ray beam path. This design has been the best concept to-date and provided the 

b a i s  for the present design discussed in chapter 5 

In the majority of experiments to-date, crues in bulk polymer samples have been pro- 

duced a t  room temperature. Craze measurements in buik polymers a t  temperatures other 

than room temperature have only been reported by Westbrook et  alP5 They used an In- 

stron t e n d e  tester equipped with a temperature-controlled sample chamber to examine 



c r u e  structures at a few selected temperatures. In this case the sampies were heated, 

strained, released, and cut into sections before being examined by x-ray scattering. This 

paper concentrated on systematic strain rates rather than a systematic temperature study. 

As mentioned above, the necessity of removing the sarnples from the stress and temperat ure- 

controiled environment prior to any craze structure measurements resulted in the ioss of 

much of the information. 

The poor therrnoconductivity of polymers has been the prirnary reason for the Iack of 

temperature-dependent studies of crazes. This Iimitation makes it difficult to ensure a uni- 

form temperature throughout the material. The problem of providing accurate temperature 

control for buik polymers is discussed in further detail in section 5.2.3. 

4.3 SAXS Analysis of Craze Structure 

For bulk samples, the size of the material prevents in-situ stucly of the craze structure by 

TEM. As well, the process of microtoming and staining the material destroys the structure 

one is attempting to o b s e r ~ e . ~ ? ~  For this reason, aiternative microstructurai rneasurernent 

techniques are required. The technique of SAXS has proved to be an excellent tool for 

exxmining craze structure in bulk materials and thus probing the dynamics of polymer 

motion.%8,9v23v57,64 

In early work, 2hurkov2* used SAXS to detect subrnicrocracks forming in some polymer 

materials when tende  stress was applied. He noted that these long thin cracks formed in 

large numbers with distances between the cracks on the same order as the dimensions of 

the cracks. These cracks, later designated as crazes, became the subject of intense study 

which is still going on today. 

The analysis of data obtained Eom SAX3 is highly model-dependent and therefore its 

interpretation is not as straightfomard as the pictures obtained fkom TEM. The x-ray scat- 

tering Çom crazes is extremely anisotropic; it typicady appears as two long thin streaks 

approxîmately perpendicular to each other, as shown in section 3.7. As a result of this 

anisotropy, c r u e  scattering is far more complicated in structure than the standard amor- 



phous particle models permit. It has therefore been necessary to develop modeis of scatter- 

ing which are specific to crazes. This has been a slow process because our understanding of 

cmze microstructurd details has developed in conjunction with the developrnent of these 

scattering models. 

In 1979 two German scientists, Edgar Paredes and Erhard FischeqL developed the first 

mode1 of SAXS scattering Gom crazes. By examining the anisotropic scattering, they 

identified the streak parallel to the tensile direction as coming from the crack walls and 

the streak perpendiculu to the tensile direction as coming from the craze fibrils. Since 

scat tering in different direct ions cornes from different sources, the interpretation and study 

of t hese two orthogonal profiles is best done seprtrately. 

The study of the SAXS patterns frorn crazes can be separated into several topics in- 

cluding the interpretation of the scat tering pattern parallel to the tensile direction, the 

measurement of craze fibrils, the calcdation and meaning of the invariant (a SAXS pa- 

rameter proportional to the volume of the scat terers), and methods of distinguishing craze 

deformation from other mechanisms. A brief description of the development of these topics, 

dong wit h a discussion of existing controversies regarding data interpretation, is presented 

in the foliowing sections. 

4.3.1 The Scattering Pattern in the Tensiie Direction 

Smali-angle scattering in the tensile direction was examined by Brown and Kramer,' who 

refer to it as anomalous scattering. By tilting a sample back and forth through s m d  angles 

p a r d e l  and perpendicular to the tensile direction while noting changes to the observed 

x-ray scat tering pattern, information regarding sources of scattering was ob tained. They 

observed that rotation about the tensile axis produced no change in scattering intensity - 

an effect consistent with x-ray diffraction. Rotation about the axis perpendicular to both the 

t e n d e  axis and the x-ray beam, however, resdted in significant changes to the anornaIous 

scattering while exhibithg no changes to the scattering perpendicular to the t ende  axis. 

Fkom this it was concluded that the anomdous scattering was due to reflections fkom the 



craze surface rat her t han from diffraction processes. 

In 1994, Hristov et al? re-examined Brown's assertion2 that the anomalous scattering 

pattern produced by crazes in the tensile direction is due to reflections from partially smooth 

surfaces. A fractured sample was pIaced in the beam path and rotated about the two axes 

perpendicular to the axis normal to the fracture surface. A maximum refiection intensity was 

obtained from this and cornpared to the anomalous intensity from a crazed sample. Surface 

areas were compared in both cases and it was determined that the maximum possible 

intensity resulting from total external reflection off of the craze surfaces was four orders of 

magnitude lower than the actuai scattering measured. In addition, the anomalous scattering 

pattern was shown to follow Porod's Law. The source of the scattering perpendicular to 

the tensile direction is well accepted as being due to x-ray diffraction from craze fibrils. 

Interpretation of the scat tering in the tensile direction is, at present, relatively incomplete 

making it unsuitable for studies of c rue  growth. 

In order to resolve the apparent contradictions in the interpretation of the scattering 

paralle1 to the tensile direction a systematic study of both scattering theory and craze 

structure wili be needed. In the absence of this basic information, the study of craze 

structure is focused on the interpretation of scattering fiom the craze fibrils. 

4.3.2 Fibrils 

The scattering from crazes fibrils has not suffered fiom interpretation problems of the tensile 

direction scattering. Paredes and Fischer' applied a phenomenologically modified Constant 

Background form of Porod's law, as described in sections 3.6.3 and 3.7. 

in which K is the Porod constant, which is related to the diameter of the fibrils and b 

is the constant background term which is said to be due to inhornogeneities in the craze 

fibrils. The q3 term accounts for the fact that the fibrils are oriented parde l  to each 

other. This relation kas been the most accepted interpretation in the analysis of c r u e  



f i b r i ~ s , ~ ~ ~ ? ' ?  1 7 ? 2 3 ? 2 4 7 2 8 p 5 7 7 6 4 ~ 6 6  but is challenged by the results of this work. 

Brown and &amer2 expanded on the fibrii scattering anaiysis done by Paredes and 

Fischer. They derived an intensity function for the scat tering from fibril cylinders, including 

a correction factor for the volume fraction of fibrils in the crazes. They also showed that 

equation 4.2 was vaiid when the size distribution of the c rue  fibrils followed a Gaussian 

In later work, Brown et al."ntroduced a power-law size distribution functiou based on 

the Meniscus Instability modeL3 He shows that if the c rue  velocity is governed by non- 

Newtonian dynamics, described in equation 2.11, the fibril size distribution, NI (D), should 

foUow a form 

where Dmin is determined [rom the applied stress and surface energy by: 

Brown et al. cdculated theoretical .y, ( r )  curves in which they observed Little variation for 

different size distribution hinctions. From this they concluded t hat x-ray scat tering hom 

craze fibrils is not sensitive to the form of the size distribution in craze fibrils. It has been 

shown t hat it is possible to obtain precise measurements of the polydispersity. l2 Therefore, 

their results indicate a low polydispersity or Iarge noise in their c(, (r) data. 

The fibril diameters for crazes produced in HE'S at impact speeds were rneasured using 

Porod's law? It was observed that the fibril diameter remained constant for the dXerent 

strain rates examined. This suggests that exnmining craze growth as a ftuiction of strain 

rate may not provide information on polymer dynamics and that some other parameter, 

such as temperature, needs to be varied to obtain this information. The strain rates used 

in this paper, however, were quite high and it is possibIe that knowledge of the mechaeisms 

involving crazing is obtainable from variations among much lower straïn rates, where the 

relaxation times are longer. 



Westbrook et al.65 used Giiinier anaiysis to measure a mean fibril radius. They ac- 

knowledged that the Guinier approxirnat ion is vdid only w here no interparticle interference 

exists. However, Westbrook argues that no such interference was observed in the fibril 

scattering. The resdts from Westbrook et al. are marred by the fact that tension was not 

maintained on the samples dunng the x-ray analysis. After the sarnples were deformed, 

t hey were unloaded and cut using a diamond saw. Westbrook claims that the cut ting had 

no effect on the scattering pattern, however, he is unable to test the effects of unloading on 

the sampIe shape. 

The standard model of c rue  fibrils as straight parallel cylinders has long been known 

to be overly simplistic. Deviations from precise orientation will result in a broadening 

of the craze fibril scattering band. Observations of this effect in H P S ,  made by Bubeck 

et al.:' were attributed to the disordering effects of the rubber particle inclusions. The 

presence of these particles is said to deflect the applied stress slightiy causing variations in 

the orientation of crazes relative to each other. In 1990, Kramer and ~ e r ~ e r ' ~  discussed the 

effect tHat cross-tie fibrils had on c r u e  scattering. They noted that the volume fraction of 

t hese fibrils is s-ciently small t hat scattering from the cross-ties t hemselves is relat ively 

insignificant. These cross-ties, however, have the effect of bending the craze fibrils up 

to 5' off of the idealized pardel  rods picture. Kramer and Berger demonstrated that 

it was possible to use low-angle eiectron diffraction (LAED) to resolve these bent rods 

as two separate scattering streaks âpproximately 5" on either side of the normal fibril 

scattering direction. The model describing craze fibril scattering, mentioned above, is based 

on the assumption of perfect orientation among the fibrils. Observations of non-ideal fibril 

orientation, particularly in rubber-toughened materials such as HIPS, point to the necessity 

of ex;imining the validity of the Constant Background model of section 3.6-5- 

4.3.3 Interpretation of the Invariant 

The invariant, a measure of the total volume of scatterers, is also used in connection with 

Porod's Law to calculate the fibril diameter. Thus, its cdcuIation and accuracy is si&cant 



both in the measure of craze fibrils m d  in the rneasurement of craze growth. 

In his 1981 paper,2 Brown and Kramer determined the form of the invariant applica- 

ble to fibril scattering. In later work, Brown et al. examined a large single craze in PS 

generated by t hree-point bending using bot h S A X S  and optical m i c r o s c o p y . 4 ~ 6 ~ o m  t his 

they demonstrated that the invariant calculated from the fibril scattering pattern is a good 

rneasure of c r u e  volume. They also observed that the c r u e  maintained a constant width 

over most of its Iength. 

Brown and Kramer also used the invariant to calculate the mean fibril diani~ter.~ He 

determined the relation between the value of K, from equation 4.2, and the mean fibril 

diameter, D[, to be: 

where Q is the invariant and v f  is the volume fkaction of the craze fibrils. 

Bubeck et a1.23757 discussed the uncertainties in the calcdation of the invariant. They 

noted that the Iargest uncertainty is due to the limited range over which the scattering 

is measured. The contribution to the invariant in the limit as q + O is considered to be 

small. However, the contribution to the invariant in the limit as q + m is expected to 

be quite significant. An additional term may be added to the invariant to account for the 

high-q scattering. This term is calculated by assuming that the scattering foUows Porod's 

law up to q + m. Bubeck cdcdates the contribution to the invariant Tom this terni to 

be approxirnately 30% of the total value. These results suggested that the accuracy of the 

invariant is governed by Porod's law measurements. 

The invariant is used by Bubeck et aLL7~23~57 as a measure of craze strain. They assumes 

that the f ibd volume fraction is independent of strain rate and conclude that, for craze 

growth, the invariant should be proportional to the strain and therefore linear with time for 

constant strain rate tests- The constancy of the fibril volume fraction has been generdy 

a c ~ e ~ t e d , ~ .  l3 however, they neglect to account for the loss of scattering material out of the 

region irradiated by the x-ray beam. 



4.4 Other Deformation Mechanisms 

Although an accurate interpretation of craze structure is of primary importance to this 

type of work, the ability to distinguish between c rue  formation and other deformation 

mechanisms is also a fundamental requirement. In order to isoIate effects attributabfe to 

cruing, an understanding of how crues interact wit h other mechanisms in the deformation 

process is needed. Curent theories2 developed for the analysis of craze scattering have been 

used to examine the relationship between crazing and other deformation processes. 

There exist two different types of crazes resulting from the application of tensiIe stress; 

  et tenmaier@ identifies these as intrinsic and extrinsic. Extrinsic crazes, or Crazes 1, 

are the ordinary crazes examined thus Far. Intrinsic crazes (Crazes 11) are a secondary 

phenornenon, occurring only &ter the polymer has undergone considerable deformation 

through some other mechanism, and showing considerable differences in size and structure 

to that of ordinary crazes. Intrinsic crazes are significimtly smaller and occupy a much 

larger fiaction of the sample volume than do extrinsic crazes. The number density of the 

craze fibrils occurring in intrinsic crazes is also larger than that of ordinary crazes. Number 

and size differences between these two types of crazes is explained by the fact that the 

polymer has generdy undergone significant orientation prior to the formation of int rinsic 

crazes and nucleation sites for intrinsic crazes are much more numerous. 

While cornparing the data obtained from RTSAXS measurernents of the deformation 

of HIPS and Acrylonitrile Butadiene Sty-rene ( A B S ) , ~  Bubeck et al. noted that shear 

deformation does not contribute to the scattering process and t hat craze formation which 

is preceded by shear bmding results in crazes which are not perpendicular to the tensile 

&S. E'rom this he concluded that crazing and void formation are the p r i m q  modes of 

deformation in HPS. The diamond-like scattering pattern from ABS in which the two 

streaks were broadened to the point that they were no longer separable was suspected to 

be due to shear banding prior to crazing, where the shear bands deflected the direction of 

stress so greatly that a preferred orientation for the crazes no longer e ~ i s t e d . ~ ~  

A detailed study of the deformation microstructure of H P S  and ABS was done by 



Bubeck et al.17 Using changes in sample shape determined from changes in x-ray absorption 

and c r u e  volume calcuiated fiom the invariant, total strain and strain due to crazing were 

determined. This involved the assumption that the entire amount of strain applied to the 

sample is limited to deformation within the volume irradiated by the x-ray beam. From 

t his t hey concluded t bat crazing accounts for about h d f  of the s train in HTPS and Iess t han 

half in ABS. The remaining strain is considered to be due to cavitation in HIPS and shear 

banding in ABS. Details of the method for detemining relative strain were to be published: 

but have not yet appeared. 

This work was extended by Magalhaes et al-"sing the peaks in a log-log plot of the 

scattering data as a guide, they divided the scattering into a cornponent due to crazing and 

a component due to void scattering. This sepilration was t hen used to calculate an invariant 

which is solely due to crazing. The total strain and crazing strain were calculated using the 

x-ray absorption and the invariant following Bubeck et d.17 Magalhaes claimed that the 

percentage of strain due ta crazing was less than half for KIPS. In this case: however, the 

rneasurements were not on previously stretched samples and did not use RTSAXS. As a 

result, it is unclear whether the two mechanisms were at  work simultaneously or sequentially. 

Magalhaes' results agree wit h those of Bubeck et al., however, both groups follow the same 

unproven met hod for determining relative strain. 

An exnmination of HLPS and a blend of Nylon-6 with PolyPhenylEther were exnmined 

at low deformation rates by Ijichi et al.25 They observed the shape of the background- 

subtracted scattering pattern and noted a generdy amorphous growth in the Nylon sample 

whereas the HIPS scattering showed the distinct anisotropy of craze formation. It was 

concluded that crazing was the primary deformation mechanism in KIF'S and tbat the 

Nylon sample deformed by void formation. 

C r u e  deformation in polymers provides an opportunity to link current theories of poly- 

mer molecular motion with the macroscopic properties of polymer materials. The study of 

craze dynamics, however, is complicated by the need to isolate craze deformation £iom other 

mechanisms. Identification of crazing processes and the memurement of craze structure may 



be accomplished using the met hod of RTS AXS . In addition, the Literature indicates that 

HIPS  provides an excellent material for the study of crazes. 

At present, the interpretation of data obtained from SAXS and RTSAXS it still in the 

process of being established. A clear understanding of the results obtained from SAXS 

measurements of crazes wiil be necessary for it to be possibIe to use this tool to test the 

theory of forced reptation in bulk polpers .  These issues are addressed here in the course 

of andyzing the RTSAXS data obtained with in-situ measurements of deformation in HIPS 

and a PS-PB blend. 



Chapter 5 

Apparat us Development and 

Experiment al Techniques 

5.1 Apparat us Requirement s 

The use of SAXS as a tool for the study of polymer deformation and craze growth is 

well-e~tablished.~ Structures of interest range in size from 50 A to 1 Pm. Thus the non- 

invasive tool of SAXS," employed in conjuaction with a 2-dimensional detector, is capable 

of resolviug the anisotropic structures of polymer crazes. 

Although SAXS analysis of crazes has been in use for more than a decade, the techniques 

used to generate and control the deformation process, described in section 4.2, are stiU under 

development . Machines designed for controlied deformation of polymers, such as t hose made 

by htronT", are usuaily quite large and cannot easily be placed in the confined space of an 

x-ray beampath. Samples which are deformed first and then piaced in the beampath will 

relax, providing limited information and eliminating the possibility of dynamical s t udies 

which are n e c e s s q  for the identification of specific deformation modes. 

Custom-designed tensile stress equipment, intended to fit in a beampath, must sathS. 

the constra.int that the region of deformation be of comparable size to the x-ray beam and 

be rn&tained in the beam for the duration of the deformation process. As a result, the 



three-point bending method, in which the stress is applied catilever style, has become 

the most common technique for in-situ deformation experiments. This technique, although 

fulfilling the above requirements, is limited in that the applied stress in the region of study 

is no t uniform which greatly complicates the interpretatioa of the results. 

Another important issue is that of sample relaxation. Ideally, tests of deformation 

processes shodd include a rneasure of the sample relaxation after the czpplied stress is 

removed as this provides significsnt information regarding deformation mechanism. In 

addition, polymer fatigue (the cumulative damage to a materid after a series of small 

deformation cycles) is of great interest to industry. The deformation cycles used for fatigue 

testing are expected to follow a pattern of applied tende  stress followed by fkee relaxation; 

in practice, the process usually involves alternating between tensile and compression stress. 

A mechanism enabling free relaxation of the samples by rapidly removing the applied tensile 

stress without Micting compression stress, bringing the experimental conditions closer to 

the ideal scenario, is to be desired. 

The amount of strain a sampfe has undergone is typically inferred fkom the motion of 

the sample clamps. This method is prone to errors as there is always potential for consid- 

erable slippage in the clamps and for strain to occur outside the region under investigation. 

Resistive strain gauges (commonly used for strain measurements in metals) are inappropri- 

ate for measuring strain in polymers as the yield point of most poiymers is more than 10 

times the maximum which can be measured by standard resistive gauges. A new system for 

local s t r ah  measurement in polymer materiah at the site of x-ray irradiation is, therefore, 

desirable. 

Temperature control has &O been a complex issue for bulk polymer systems. The poor 

thermal conductivity of polymers renders conventional contact heating met hods inadequate 

for thin film polymers and nearly useless in b& polymer studies. As a result, there have 

been few investigations of the temperature dependence of deformat ion processes. A more 

reliable method of heating and measurîng the temperature of bulk polymers wodd be an 

asset, making available information previously unattainable 



This research project has been dedicated to the development of a portable sample cham- 

ber capable of state-of-the-art deformation studies of polymer materials using in-situ S AXS. 

Symrnetric tensile deformation over a wide range of strain rates is a design goal. It is also 

required that the chamber be compact enough to be easily piaced in the limited space of an 

x-ray bearnpath for portability. Near-instaataneous stress remoml is required in order to 

allow the samples to undergo fiee relaxation. The ability to regulate and measure sample 

temperature is also a necessary design feature. In addition, the chamber is to be capable of 

providing a means of measuring applied stress and true Iocai strain, 

5.2 Development Process 

The development of a sample chamber which meets the demands described above required 

extensive testing and refinement . The chamber has evolved t hrough several test versions 

over the course of t hree years of active refinement. Several experiments were run at  the 

X12B beâmiiue of the Nationd Synchrotron Light Source (NSLS) at Brookhaven National 

Laboratories (BNL) in this time period, during which the chamber's performance was tested 

and initial data acquired for use in refining the data analysis procedures. A brief description 

of development stages in the project and improvements yet to be made to the apparatus are 

presented here to provide a context within which the present state of the apparatus may be 

appreciated. 

5.2.1 Deformation Samples 

The  choice of materials for the deformation experiments was based on materials commonly 

used for crazing studies reported in the literature. The most common material used for 

studying crazing has been PS,2.24764*65 however, this material will not craze when in buik 

form near room t e ~ ~ ~ e r a t u r e . ~  The next most common material is RZpS.17~23*57 This was 

chosen as the primary material for investigation. In addition, a novel blend of PS and PB" 

was exnmined. Details of these materials are given in section 5.4 and will not be discussed 

further here. 



Figure 5.1: Various sampIe shapes used. (A) Srue  plane strain, (B) Dog-Bone, (C) 
imate plane strain 

Upon the advice of an experienced materials scientist," it was decidecl that rather than 

employing the traditional friction clamps, samples would be secureci to the clamps via bolt 

holes in the end regions of each sampie in order to avoid slippage of the sample in the 

clamps. In addition, a slotted rectanguIar sample shape (figure 5.1) was suggested for use 

in tensile deformation experiments. This shape was expected to provide true plane strain 

 condition^'^^^' which wodd simplify the relation between the stress applied to the whole 

sample aad the stress felt locally at  a particdar point in the sample. It is not possible 

to obtain the dimensions recommended with pre-molded materids. An attempt was made 

to use solvent glues to provide the added thickness necessary on the outer portions of the 

sample for plane strain effects. Extensive deformation tests later revealed that soIvents 

weakened the samples at  the edge of the plane strain region causing premature failure. 

Abandoning the true plane strain shape, samples were then cut in the bow tie form 

commonly reported in the l i t e r a t u ~ e . ~ ~ ~ ~ ~  Circular stress concentrators were cut using a 

round sanding disk. This method successfdy avoided the premature failure observed with 

previous arrangements. Tests on this sample shape revealed that the ideal clamping mech- 

anism was a combination of bolts and friction clamps. However, as shown in fig 5-1, the 

sample would sornetimes f d  at intermediate points dong the c m e d  region rather than 

in the center portion. A lack of reproducibility in the meamernent results, attributed to 

non-uniformity in sample cutting, was &O observed. Attempts were made to correct the 

reproducibility problem by directly molding the polymer material into the desired sample 



shape. This attempt faiied, largely because design considerations such as oxygen degra- 

dation and viscous flow of the polymer melt during molding were far more complex than 

originally ant icipated. 

Based on these results an approximate plane strain shapeL%chieved with a citstorn 

built cutting jig to ensure reproducibility was adopted (figure 5.1C) . The initial sample 

material was received from DOW Chernical Canada incSTM as 2 mm compression molded 

plates. These plates were cut to the sample dimensions using a diamond saw wi th a cutting 

frame attached. The eut samples were then mounted in a separate frame which was used 

to guide the rnilling of the stress region and the placement of clwping holes. Deformation 

tests on these samples gave a high degree of reproducibility in their stress-strain curves. 

5.2.2 Tensile Apparatus 

An initial study was made of the conventionai methods for applying tensile deformation 

under the conditions described in section 5.1. The use of screw-rods with a geax and chain 

assernbly was round to be preferable to a hydraulic means of applying force for several 

reasons. Firstly? the screw-rod mechanism could be set to ensure symmetric deformation; 

this wodd be difficult, if not impossible, with independent hydraulic rams. Secondly, the 

space needed for hydraulic equipment was considerably greater than for a motor-&ken 

assembly. Finally. the price clifference was heavily in favor of the motor-driven assernbly. 

Further details of this design are given in section 5.3.1. 

The force required to break the samples was determined by hanging weights kom a 

sample until it broke. From this information, the torque necessary to drive the apparatus 

was calculated and then increased by a factor of 10 to allow ample margins for friction. Based 

on this torque value, the selection of motors to drive the apparatus was made- Initially a 

commercial rnotor control system which could drive the apparatus over several orders of 

magnitude in speed was desired. A maxket s w e y  revealed that while stepper motors could 

deliver over an order of magnitude in speed range, they lacked the necessaq torque to 

operate the apparatus. For this reason, synchronous motors which operated at  fked speeds 



were selected. Severai dXerent motor and gear assemblies were purchased which provided 

operation at different speeds by interchanging motors, with the maximum speed being set 

by the torque limitations. 

Early experiments revealed that the speeds milable from the faster synchronous rnotors 

(0.04 mm/s) resulted in deformation processes which were too rapid for time-resolved data 

acquisition at the X12B S U S  beamline. Use of multiple motors was found to provide an 

inadequate range of strain rates. A modified motor controller for the synchronous r n o t ~ r s , ~ ~  

described in section 5.3.1, was therefore designed to allow operation over several orders of 

magnitude in speed without a loss of torque. 

Ln the majority of tensile test measirrements on polymers, strain rneasurement is ob- 

tained using an estimation of the active volumeL7 and the known motion of the sample 

clamps. This is a relatively inaccurate way of determinhg the true local strain in the region 

of interest. Commercial resistive strain gauges were applied to samples from this project 

in an attempt to measure the true strain. These strain gauges failed due to poor adhesion 

to the polymer surface and the fact that polymers axe able to support strains much Iarger 

than those the gauges were rated for. Modifîed strain gauges which are designed for high 

strains were not considered to be feasible here as their size and mounting mechanisms would 

interfere with the acquisition of x-ray data and temperature control. An alternative tech- 

nique was propoaed for rneasuring the true strain, involving laser difkaction from reflective 

grids deposited on the sample surface. Developing strain in the material leads to a change 

in grid line density and concomitant changes in the diffraction pattern. The changes in the 

diffraction pattern can be interpreted to provide direct strain measurements. Recent strain 

tests have been performed with resdts suggesting that such a technique is possible. How- 

ever, difEculties in both grid deposition and interpretation of cornplex F'resnel difhaction 

patterns have hindered its realization to date. Work on this technique is in progress. 

In lieu of a measure of the true strain, the motion of the sample clamp was monitored 

to provide an estimate of the total strain, These measurements were obtained by counting 

the signais sent to the motor by the controller during the process of appIying strain to the 



samples. After the moût recent set of experiments was performed, it was discovered that 

the motor signals were not being measured at the correct point in the circuit, resulting in 

Iow signal m d  a ringing effect. At sufficiently large motor speeds, this effect did not hinder 

measurements, but at slower speeds the counter would sometimes miss measurements and 

sometimes count them more than once. Fkom this it became clear that while the strain 

rates were consistent and reproducible, the rneasurements of the strain rate a i  low speeds 

were inaccurate by as much as a factor of 2. The problem was found to be due to a fault in 

the controller assembly and has since been repaired. 

5.2.3 Temperature Control 

Measurements of polymer deformation as a function of temperature are a significant design 

feature. To achieve t h ,  early attempts were made to use the interior of the sample chamber 

as a small oven through the use of convection heating in a low pressure helium atmosphere. 

An outer vacuum chamber with inner and outer walls of stainless steel was used to provide 

insulation for the sample chamber. This method of sample temperature control failed due 

to extensive heat loss. Even with a 500 watt heater in place, the timescales required to 

reach equilibrium were much longer than was practical in the limited time avdable for 

synchrotron experiments. 

An alternative to environmental heating was found in radiant heating. Heat l a p s  with 

reflectors were placed around the sample to provide d o m  heating while rninimizing the 

amount of radiation going down the beampath (possibLy aifecting equipment and detectors 

which are part of the beRmline assembly). ThemocoupIes were sandwiched between two 

sheets of the polymer material to ensure that the temperature they recorded reflected the 

temperature of the bulk sample and pIaced in several locations around the sampIe to confirm 

the existence of uniform heating. More detail on the temperature control con5guration is 

given in section 5.3-1, 



5.3 Current Experimental Setup 

5.3.1 Sample Chamber 

The current apparatus consists of a portable sample chamber designed to a1Iow transmission 

mode SAXS.' It is currently used with an in-house x-ray tube source (Cu and Cr anodes) 

as  well as at off-site synchrotron facilities of the NSLS at BNL. A direct radiant heating 

technique is used to provide temperatures of up to 200 O C  with +/- 0.5 O C  precision and 

uniform temperature across the sample. Symmetric stretching with variable extension rates 

ranging from 49.6 pm/s to less t han 0.033 pm/s is availabie. The appiied stress is measured 

with an ~ntran*" load ceIl accurate to f 5 N and capable of withstanding loads of up to 

4.45~10~ N at temperatures up to 120 O C .  Snmple clamping is arrangecl to make possible 

the rapid removd of applied stress enabling measurement of free relaxation while avoiding 

the application of compression stress. As mentioned above, a novel method of measuring 

local strain at the site of x-ray transmission by means of laser diffraction is currently being 

developed. 

The chamber is a stainless steel cylindricai cm; 200 mm in diameter and 165 mm 

high with 2 mm thick w a k  Entry and exit ports were cut, 64 mm in diameter, in the 

cylinder wail at opposite ends for transmission mode SAXS (see fig. 5.2). Seded 0.003 inch 

~ a ~ t o n * "  windows may be fitted to the ports to ailow for an isolated vacuum or helium 

environment in the chamber. ~ a ~ t o n * ~ ~  is used because of its low x-ray absorption and 

minimal scattering at s m d  angles.69 

The x-ray windows are centered on the mîddle of the sample and are large enough 

to accommodate an unstressed reference blank above the test sample and uninterrupted 

beam path below (fig. 5.3A). This makes it possible to supplement the scattering data 

from the stressed sample with reference scattering data fiom the unstressed blank and the 

empty beam path without interruption of the x-rây beam. E x t e r d  translational stages are 

required to reposition the sample and blank in the x-ray beam when necessary. 

E-xtending radially outwards, 115 mm from the chamber wall on both sides, is the me- 



Figure 5.2: Top view of sample chamber showing heat lamps and sample hoIders with 
clamping dots. (Clamps not shown for sahe of clarity.) 
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Figure 5.3: Side view of sample chamber, (A) Entire profile showing clamps, load cell, 
driving mechanisrn, and placement of sarnple and blank. (Sample holders omitted for the 
sake of clarity.) (B) Enlargement of regîon enclosed by double box. (C) Enlargement of a 
typical sample showing thermocouple and washer placement. 



chanical device used to provide symmetric stretching. As shown in fig. 5.3A, rods with 

# 10 x 80 threads-per-inch ends are coupled to 90" geilr assemblies which are linked by 

aluminurn extension rods to a sprocket and chain set mounted above the furnace. Smooth 

motion of the chah produces simultaneous motion of the threaded rods in opposite direc- 

tions. A freewheeling third sprocket (not shown) can be moved perpendicular to the other 

two in order to Vary the path Iength circumscribed by the c h a h  This allows the chain to 

be kept taut to rninirnize backlash or loosened to dlow independent motion of the rods. 

The entire stretching mechanisni can be pivoted by 45" about the axis of the threaded rcids, 

allowing it to be kept clear of detectors and other equipment in the x-ray enclosure. 

The stretching apparatus is driven by a s u T "  UFR4 reversing synchronous motor 

with a 1:125 series F reduction gear. The motor is controlled by a custom-designeci power 

supply which produces two 90" out-ocphase sine waves at  24 volts and up to 300 mA 

(see fig. 5.4). The two out-of phase sine waves are encoded as 256 points each ont0 an 

&bit EPROM and generated by two digital-teanalog converters. The sine wave frequency 

is controlled by a pdsed input signal directed to a counter. The input signal can come 

from a variety of sources: an interna1 oscillator, a voltage-to-kequency converter, or an 

external function generator. With this mangement, the system was shown to be capable 

of pmducing extension rates of up to 49.6 pm/s at  a maximum load of 5 x 10'~ N and as low 

as 0.033 pm/s, with the possibility of even lower speeds. 

A motor control feedback system between the motor driver and the load cell was im- 

plemented such that a constant stress may be maintained on the sample. In addition to 

constant stress experiments this system d o w s  one to provide an initial consistent tightening 

of the sample clamps prior to the beginning of a constant strain rate experiment. Safety 

features were also included in the feedback system to ensure that the motor would stop if 

the sample broke, the stress became larger than the eqüipment tolerances, or the motor 

motion triggered Limit switches. 

The threaded rods of the stretching apparatus fit into clamps 30 mm high by 8 mm 

wide. The clamps are connected to sampIe holders by means of 5 mm diameter pins which 
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Figure 5.4: Block diagram of the motor controller circuit. AmpIitudes for two 90' out of 
phase sine waves are stored in dXerent parts of the EPROM memory. The phase select 
chooses between the two address regions. The low pass filter, and power ampli£ier are 
standard circuits. 

fit into 12 mm long dots in the sample holders (fig. 5.3B). These dots protect against the 

inadvertent application of compression stress when the tensile stress is released through 

reversd of the motor motion. The slot and pin arrangement dso rnaJces the process of 

changing samples relatively efficient, since the sample is released simply by extract ing the 

pins. This is an important consideration given the restrictive confines of the chamber. The 

pair of clamps and sample holders slide back and forth in a smooth, 9 mm wide slotted 

track which provides a guide for the stretching motion. 

The sample is fastened to the holders by means of two # 4 screws inserted through 

holes at  either end of the sample (fig. 5.3C). This arrangement ensures that no slippage of 

the sample in the holder occurs during stress/relaxation, a cornmon problem with fiictional 

clamping methods. Each screw is fastened with a steeI washer and a 5 mm square piece of 

sample material between the screw head and the sample ensuring that the clamping force 

is spread over a large area to minimine breakage at the clamp region. 

Temperature control is provided by four 50 watt halogen lamps, as depicted in fig. 5.2, 

rnounted symmetrically around the inside of the chamber and focused on the sample site. 

Lamps on one diagond are offset vertically fkom those on the other diagonal by 22 mm in 



order to produce uniform heating and to ensure that the stressed sample and unstressed 

blank remain at  the same temperature. A ~ u r o t  hemT" temperature controller regulates 

the radiant heating of the sample and unstressed blank by controlling the cuirent supply 

to the lamps. Tests done on this system using type-J thermocouples smdwiched between 

two 30 mm x 12 mm pieces of 2 mm thick high-impact poiystyrene (HIPS) indicate that, 

with an initial temperature of about 22 O C  and a set point of 70 OC, the temperature of the 

sample center is within 3 O C  of temperatures 10 mm distance to one side, and is stable to 

k 1 O C  after 10 minutes of equilibration. The prirnary thermocouple used in temperature 

control is embedded in one of the square pieces of sample material used to hold the sample 

as shown in fig. 5.3C. In this way, the temperature probe is as  close as possible to the center 

of the sample without interfering with the passage of x-rays. 

5.3.2 X-ray Source 

The apparatus described above was used at  the NSLS on the SAXS beamline, ~ l 2 B . ~ ~  This 

beamline uses a double mirror monochromator and multiple slit beam shaping to provide a 

1.59 A circular beam which is approximately 2 mm in diameter a t  the sample. During the 

alignment process, the width of the beam was shown to correspond to the width of the stress 

concentration region, ensuring that the entire stress concentration region was examined. 

The sample chamber was mounted between two ionization monitors, approximately 2.6 m 

upstream £rom the detector. 

The detector used to examine the x-ray scattering pattern at  Xl2B is a 10 cm x 10 cm 

2-dimensional delay line proportional counter" with 512 x 512 pixel resolution mounted on 

the end of an evacuated beampath which could be varied in Iength to adjust the available 

angdar  range and resolution. For the data presented here, sample-to-detector distances of 

275 cm and 100 cm were used. The h a c e  was mounted such that the stretch direction 

was diagonally across the detector with the undeflected x-ray beam focused on its center. 

This ensured the widest available symxnetric angular range and removed the possibilities of 

systsnatic errors that might have occurred fiom having the stretch direction patailel to the 

detector wires. 



Two materials were the primary focus of the deformation experiments: High Impact Polysty- 

rene (HIPS) and, following the report of Brown et al.,29 a custom blend of Polystyrene (PS) 

and low molecu1a.r weight PoIybutadiene (PB). The HIPS material was provided by DOW 

Chernical Canada, 1nc.*" in the form of compression molded 2 mm thidc sheets of HIPS 

(DOW Canada styronThf 484C). The custom blend was made by the Industrial Materials 

Institute (MI) Erom DOW Canada ~ t y r o n * ~ ~ ~  685D PS with a molecdar weight of about 

300,000 and a polydispersity of about 2.4 combined with FUCON RESMS, ~ n c . ~ " '  PB of a 

meIecuIax weight of about 2,000. This material was blended to an 8.5 wt% concentrate with 

the PS by passing it twice through a CO-rotating twin-screw extruder running at  400 rprn 

at a temperature of 175-180 O C .  From this concentrate, blends of 5, 2, and 1 wt% were 

produced by the addition of neat PS via an extensional flow mixer. These blends were t hen 

sent to  DOW^" Canada where they were molded following a procedure identical to that 

used for the HIPS material. Preliminary examinations resulted in the selection of the 2 wt % 

blend for further experiments as this blend appeared to have the greatest toughness. 

Attempts to obtain TEM pictures of the sample material were met with mixed success. 

The microtoming process tends to rip out rubber particles and generdy distort the struc- 

ture. Nevertheless, images of the HIPS material were obtained which were very similar to 

typical pictures reported in the literature.?' The results for the custom blend were not so 

successful. The low molecdar weight rubber would not maintain its structure under the 

microtoming stress and no clear pictures were obtained. An obvious solution is to perform 

the microtoming at reduced temperatures, unfortunately, microtoming apparatus capable 

of such low temperature work was not available at the tirne. 

The glass transition temperature (Tg) of the materials was obtained using differential 

scanning cdorimetry (DSC) measurements at the Queen's University Department of Chem- 

istry. The results of these measurements are shown in table 5.1, where it c m  be seen that, 

as expected, increasing amounts of toughening additive result in decreasing Tg.  

The samples were cut into 30 mm by 12 mm pieces. This was done using a water-cooled 



Macerial T,  (M.5"C) 
PS 106.7 OC 

PS St 1 wt.% PB blend 103.2 O C  

PS & 2 wt.% PB blend 102.1 OC 
PS & 5 wt.% PB blend 101.0 O C  

HTPS 97.6 OC 

Table 5.1: Glass transition temperatures for the sampIe materials 

Figure 5.5: Sarnple dimensions 

diamond saw to minimize the size and number of defects produced by the cutting process. 

Slotted indentations of radius 1.5 mm were cut to a depth of 4.0 mm with a resdting 

minimum height of 4.0 mm at the rniddle of the sample (see figure 5.5). This provides a 

weli-defbed region for stress concentration, Holes of 2.0 mm diameter were drilled near the 

ends of the sample for attachment to the sample holders. 

A mean cross-section in the stress concentration region of the samples was determined 

to be 9.0 mm2. This provides a conversion factor between measured force £rom the load cell 

and applied stress- The conversion is based on assumptions that the proportion of strain at 

a given point in the sample is hearly rdated to the width of the sample at that point, and 

that no strain occurs outside of the stress concentration region. AR average cross-section 

can be calculated fiom an average Iength within the stress concentration region as shown 



Total Area = A + B = hw + w 2  1 - - ( 3 
Average Length = Total Area/w = h + w 1 - - ( 4) 

Figure 5.6: Cdcuiation of the average length by summing the A and B areas and dividing 
by the width. 

if figure 5.6. These approximations are commonly accepted and considered to be the best 

alternat ive to measurements of true  train.^^ 

5.5 Experimental Conditions 

In the course of an experiment a given sample was heated to a preselected temperature and 

allowed time to equilibrate for a minimum of 15 minutes. The sample was then deformed 

under a constant tende s t ra i .  rate while recording the applied stress. As the sample was 

being stretched, a timed series of 25-35 x-ray scattering measurements were recorded using 

the beamhe's 2D wire-based detector. Each meamernent consisted of an integration t h e  

of 3 to 10 seconds in duration. Prior to these measurements, a long-time (1 minute) scan of 

unckformed sampie material was performed to provide a background reference. In addition 



to the x-ray scattering and applied stress measurements, the incident x-ray intensity before 

and after the sample was recorded for each time slice. 

The experiments wme lirnited to the two materials discussed in section 5.4, 2 wt% PS- 

PB bIend and HIPS, due to time constraints at  the X12B site. The use of two materials 

provided both a comparison and confirmation of deformation processes. Both materials 

are known to craze heavily, but, as discussed in section 2.2.2, the craze formation and 

growth mechanisms are predicted to be digerent. A comparison of the results for these two 

materials provides a confirmation of the observations of craze structure and alIows one to 

look for differences in craze growth mechanisms. 

The temperat ure range chosen for these experiments was from room temperature (-30' C) 

to 70' C. The lower b i t  was dictated by the lack of an active cooling mechanism in the 

sample chamber. As described in section 2.3.3, current theories of c r u e  formation and 

growth predict that below a critical point (reported as -60' C in PS6) c r u e  growth is 

independent of temperattire. For this reason, it is not expected that the low temperature 

limit is in any way restricting the study of temperature dependency of craze formation. 

The upper b i t  to the temperature range was chosen for several reasons. Most im- 

portantly, the load cell used for measuring applied stress is not accurate above 100° C and 

should not be subjected to temperatures above 120" C. The use of radiant heating results in 

uneven temperatures throughout the interior of the sample chamber, and this temperature 

distribution has yet to be mapped out. It was, therefore, considered prudent to ensure that 

the temperature remained well below the load cell limits. 

The upper temperature limit was dso based on estimates of the onset of reptation-driven 

craze growth. This transition point in pure PS was reported to be at  70" Ce6 The addition 

of toughening agents to pure PS is expected to sigdicantly reduce this temperature- I t  was 

therefore decided that 70" C would be an appropriate maximum. 

Measurements were taken a t  three different strain rates to provide a comparison of 

deformation processes with strain rate. The majority of the measurements (65 %) were 

d c i s  at  the middle strain rate. The three strain rates used were 5 x 10-~ s-', 5 x IO-" s-', 



and 1 x IO-' s - ~ ,  with the prirnary rate being 5 x 10-~ s-l. This is rnuch slower than the 

impact strain rate of 3 sdL,  used by Bubeck et al.,'? but comparable to the strain rate used 

by Ijichi et of 9 x  IO-^ sel. 

During the course of the experiments, two different sample-to-detector distances were 

used. This provided a means to test the reproducibility of the scattering data and en- 

sure t hat data interpretation was not comprornised by detector characteristics. Due to the 

difficulties involved in changing sample-to-detector distances (such as realignrnent and recal- 

ibration), this distcuice was only changed once. As a result, the first third of the experiments 

were performed at the large sample-to-detector distance and the remaining two thirds were 

done wit h the detector closer to the sample, providing access to higher scattering angles 

With the detector at the largest distance from the sample (2.445 m), the scattering angle 

range, in q, was determined to be 5.3 x I O - ~ A - ~  - 7.3 x IO-*A-~. This corresponds to a 

Bragg-type d-spacing range of approximately 1000 A - 80 A. Similady, with the detector at  

the closest distance to the sample of 1.000 m, the rmge of q rneasurements was determined to 

be 0.01 a - 0.18 A corresponding to a d-spacing range of approxirnately 450 A - 35 A. This 

Iengthscale range is more than suf£icient to examine the craze fibril structures (section 2.3.1) 

of interest to this study. 



Chapter 6 

Data Reduction 

6.1 Summary of Data Obtained 

The data refemed to in this chapter was obtained fiom deformation experiments which were 

performed at the X12B Beamiine of the NSLS at BNL in August OF 1996. The low intensity 

of the in-house x-ray source precludes its use for red-time measurements, however, the in- 

house setup was used for initiai testing and calibration of the apparatus. In addition, two 

other experiments were performed at the X12B b e a m e .  These experiments were used to 

further the development and testing of the apparatus, described in chapter 5 ,  as well as to 

develop the analysis procedures used here. Earlier data contain similar information to that 

described in this chapter, however, the experimental conditions vary widely, and in many 

cases the resolution was poorer. Thus in the interest of brevity and clarity, only the most 

recent data is discussed, 

The purpose of these experiments is to ident% craze structures in bullc polymer mate- 

rials, investigate changes in t hese structures, and monitor the temperature dependence of 

c r u e  growth. To th% end, time-resolved x-ray measurements were performed during the 

t ensile de format ion of two different materials undergoing uniform strain rate at  varying tem- 

peratures and for two sample-to-detector distances. Table 6.1 summazizes the conditions 

extant for the data obtaiaed with the two materiah. 



Table 6.1: Experimental conditions for the data 

The data O btained fkom the two-dimensional detector cannot be interpreted direct ly 

in a quantitative WW. Several procedures must be followed ptior to any mode1 6tting to 

ensure that the resuIts are accurate- Firstly, the data must be cdibrated; this involves 

both a conversion from pixel position to scattering angle and corrections to the intensity 

for detector non-uniforrnity, dead t ime and incident intensity. SecondIy, a subtraction of 

the background scattering intensity m u t  be done. FinaiIy, it is necessary to identify the 

deformation processes occurring so that scattering related specifically to c r u e  growth may 

be studied. In each of these steps, precise data handling is required in order to ensure that 

the integrity of the data is maintained and the resuiting interpretations are vaiid. 

Strain Rate 
5 x 10-%-~ 
5 x 10-%-l 
5 x IO-.' s-1 
5 x loM4 s-l 

Calibration 

Material 
HZPS 
HIPs 

2 wt% PS-PB blend 
2 wt% PS-PB blend 

and 

# Samples 
6 
13 
6 
15 

Q Range 1 Temperature 

Reduct ion 

0.0053 A-l - 0.073 kL 
0.01 kL - 0.18 k1 

0.0053 A-' - 0.073 A-' 
0.01 A-1 - 0.18 A-' 

6.2.1 Detector Correction. 

5.0°C Steps 
2.5OC Steps 
5.0°C Steps 
2.5OC Steps 

As mentioned above, intensity values Tom the wire-chamber detector, measured as counts 

per second, camot be used directly. Counts recorded must be adjusted for dead time and 

detector nonuniformities. ûead time corrections are relatively simple; the counts per second 

values are scaled by the time required for the detector to recover kom the previous signai 

measurement. This dead time factor is calculated automaticaJly by the data acquisition 

software. 

The detector nonunifonnities are compensated using the procedure availabie on the 

X12B beamline. In this procedure, developed by Cape1 et al.," a s m d  amount of air is 

dowed into the flight path just in front of the detector. The x-ray beam scatters off of 



this air producing a uniform image on the detector. ARer adjusting for l / r2  reductions in 

intensity by dividing the image by a srnoothed version of itself, this image can be usecl as  a 

measure of the efficiency for ûny point in the detector, providing a matrix of pixel-by-pixel 

correction factors. 

6.2.2 Calibration 

Materials with known scattering patterns are used as references to convert detector pixel 

positions to angle or q values. For the low angular range, a sample of Europrene SOLT 161B 

Styrene-Butadiene-Styrene triblock copolymer (SBS) material, which had been previously 

prepared and calibrated in-house, was used. For the high angular range, the bearnline 

manager provided a calibration standard of cholesterol myristate with a lamellar d-spacing of 

50.7 A. Both of these samples produce ciSraction patterns containhg a perfectly symmetric 

primary circular ring which could be readily identified. 

The conversion of detector pixel position into q values requires a knowledge of the 

location of the beam center. This can be determined koom the circular scattering patterns 

of the calibration standards. hitiaily, the beam center is approximated as being at the 

center of the 512 x 512 pixel detector. Horizontal and vertical line sections ( O 0 ,  90°, 180°, 

and 270') passing through this center are then extracted fiom the calibration data. By 

cornparhg the position of the peaks at opposite angles, the center position can be correctly 

identified in both directions. 

Once the new beam center has been determined, the process of extracting horizontal 

and vertical lines is repeated to confirm the accuracy of the beam center. Due to the integer 

nature of the pixels, the s o h a r e  used to process the data can o d y  accept integer values for 

the beam center, and t his integer accuracy is the limiting factor in determining its location. 

Slight dxerences in the two sets of delay lines in the detector result in slightly different 

pixel sizes in the horizontal and vertical directions. To correct for this, the horizontal and 

vertical axial lines passing through the beam center were compared and a scaling factor was 

applied to the vertical direction to cause the locations of the horizontal and vertical peaks 



to coincide. 

The q value a t  which the ca,iibration peak is known to occur can then be associated 

with a specific detector position calculated as a distance from the beam center in units of 

pixels. Having obtained a q value for one pixel position, the peak position, q values were 

then assigned to a11 pixel distances from the beam center on a iinear scale. 

A circulat beamstop, placed on the front window of the detector, rcsults in a region 

of zero intensity recorded by the detector at the beam center. From the calibration and 

compensation x-ray patterns, the size of the beamstop was determined to be 11-12 pixels 

in radius. To protect against any puasitic scattering frorn the beamstop edge, a low-q lirnit 

to the data was taken from a radius of 15 pixels. In addition, near the detector edge the 

efficiency became so poor t hat intensity measurernents were dominated by de tector effects. 

The maximum distance fkom the beam center was set therefore set to 220 pixels instead of 

256 pixels. 

A verifkation of the cdibration procedure was made using direct measurements of the 

angles involved. The distance from the sample to the detector was obtained using the 

sweying equipment avaiiabIe at the bearnline for both angular ranges. The x-ray wave- 

lengt h was determined independently using Bragg's Iaw and the known angle of the Si III 

monochromator relative to the incoming white x-ray source.71 The pixel-to-q conversion 

was cdculated using the definition for q given in equation 3.7 

where X is the x-ray wavelength, d is the sample-tedetector distance, and r is the distance on 

the detector plane fiom the beam center in units of pixels. The calibration values calculated 

fkom the sarnple-to-detector distance agreed with the d u e s  O htained Erom the caiibration 

standards to within 1.5%. To allow for additional inaccuracies in the calibration due to 

beam center location, X-Y ratios, and nonhear  pixel scaling, the q values were assigned an 

error of &2.5%, used in determining the accuracy of peak and breakpoint locations. 



Figure 6 .l: A typical two-dimensional scattering pattern 

6.2.3 Identification of Crack and Craze Directions 

The scattering pattern fiom a typical craze formation is extremely anisotropic, consisting 

of two perpendicular x-ray scattering bands, as shown in figure 6.1. These two bands rnay 

be associated with craze wall and craze fibril scattering. In order to proceed with a study 

of craze formation and growth, the craze fibril band must be identified and extracted fiom 

the two-dimensional data. 

The band in the direction of the applied stress may be identified as coming from the 

w d s  of the c r a z e ~ , ~ . ~  while the band approximately perpendicular to the applied stress is 

due to scattering fiom the eraze fibrils (section 3.7). A knowledge of the detector orientation 
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Figure 6.2: Craze fibril directions identified through intensity integrations with the solid 
Iine indicating paraboiic fitting. 

relative to the tensile stress direction will provide a crude estimate of the direction of the 

craze fibril band in the 2D scattering pattern. However, a more precise identification of the 

azimuthal angIe corresponding to craze fibrîi scattering (orientation angle) is required due 

to the possibility of slight irregulari ties in the samples. To this end, a sum of the intensities 

at  dl radii was calculated for each direction. Using these values, plots of intensity s u m  

vs. orientation angle were made (figure 6.2), and peaks in these graphs, corresponding to 

different scattering bands, could be identified. Parabolic fits to the peaks were used to 

select the peak center from which precise orientation angles for the craze fibril scattering 

were obtained. 

To ensure the accuracy of this method, the peak positions were cornpared to orientation 

angles obtained fÎom contour plots of the two-dimensional data. In most cases the two 

results agreed to within 2", the limit of accuracy in the contour pIot measurements. In 

the few cases where large discrepancies appeared, the parabolic fitting technique seemed to 

be biased by one or two extreme points that can be explained by electronic jitter- Such 



cases could &O be identified by large discrepancies between the peak positions at opposite 

angles. For these samples, the angles obtained from the contour plots were used. 

The craze fibril peak position was quite consistent between dfirent  samples, varying 

by about 5" .  This was a good indication not only of the applicability of this method? but 

also of the reproducibility in the samples and tensile deformation mechanism, 

One of the PS-PB biend smples examined showed angular peaks quite different hom 

other samples. This difference indicated that the sample had probably failed due to some 

intrinsic fault in the material. Such failure is not q e c t e d  to occur by the same mechanisms 

of craze formation and growth, and therefore the data from this sample wrts omitted from 

furt her analysis processes. 

It is aiso worth noting that prior to deformation, the sclmples showed slight anisotropic 

scattering at angles above 0.08 A-L.~his  anisotropy, which was obsemed in both materials, 

but not seen in the calibration standards, is believed to be due to a slight orientation of the 

polymer molecules during the molding process. It's location at q values beyond the primary 

fitting region and the fact that it is quite faint suggests that it does not have a sipifkant 

effect on scat tering measurements. 

6.2.4 2D t o  1D Reduction 

Having identified the craze scat tering region on the detector, the data was cornpensated 

and converted to one-dimensional scattering profdes. Each x-ray scattering measurement 

was compensated for regional variations in detector efficiency, as described in section 6.2.1. 

As part of this process, data from pre- and post-sample ion counters was used to normalize 

the întensity, making it independent of fluctuations in beam intensity, sample thickness, 

and detector dead t h e .  

Pie-shaped sectors 10" wide, centered on the angular peaks associated with craze fibril 

scattering, were extracted hom each two-dimensional data image. For each sector the 

intensity values at equal radii were averaged to produce a one-dimensional intensity profile- 

Errors in the intensity for each radius were cdculated ming counting statistics which assume 



a normal distribution. 

The choice of 10" wide sectors is based on previously reported TEM work which de- 

scribed the c r u e  fibrils as being out of alignment by up to 5' in either direction.13 Obser- 

vations of individual thin film crazes by LAED produced two scattering bands 10° apart. 

The scattering average over thousands of crazes causes these bands to merge into one single 

band. 

Statisticdy significant systematic differences in the intensity at opposite angles were 

observed. It was not possible to reconcile these differeaces through a simple sbifting or 

scaling of the radius, as would have been expected if t hey were due to calibration inaccuracy. 

These systematic differences codd corne fiom a, number of sources, but are most iikely due to 

a slight wandering of the beam center in the course of a series of time-resolved measurements. 

As a result of this effect, the incensity values fkom opposite angles were not binned, but 

were recorded separately as distinct observations. 

6.3 Background Subtraction 

The observed x-ray scattering in the craze fibril direction is a combination of scattering 

from the electron density contrasts between craze fibrils and voids, between the toughen- 

ing additive and the polymer matrix, and between the polymer chahs and intermolecular 

spaces. To isolate the craze fibril scattering, x-ray patterns from all other sources must be 

treated as background and subtracted fiom the observed scattering. 

Undeformed polymer material, maintained at the same temperature as the deformed 

polymer, was used as a source for background correction. In most cases this carne from 

a separate piece of identicd sample material, placed adjacent to the sample undergoing 

deformation. Scattering patterns were obtained kom this material prior to the beginning 

of each crazing experiment so that, in addition to a background correction, the sample to 

be tested could be checked for initial damage. This background data was compensated and 

binned in exactly the same manner as was done for the sample data. A pre l iminq check 

of both background and sample data was possible through a cornparison of the background 



data with the prestress data Born the sample. For a few cases where this background 

measurement was mavailable or compted, the first few measurements on the sample prior 

to its deformat ion were used. Due to the systematic differences observed in opposite angles, 

separate background corrections were produced for both angles. In this way, each sarnple 

was assured of its own unique background correction to avoid systematic errors. 

Smoothing was done to the background data to avoid significantly increasing the error 

iu the intensity values of the sample data. This was divided into three parts as no single 

smoothing algorithm could deal adequately with the entire intensity rruigc. At the lowest 

q values corresponding to data below the beamstop edge no smoothing was done. Low-q 

data, where intensity changes are rapid, were smoothed using the savit ski-Golay algorit hm 

with zero degree.72 At large q values, the data was smoothed using locally weighted least 

squares.73 The data supplied to both algorithrns for smoothing included a buffer region 

above and below the range of interest to ensure a smooth transition between regions. 

A cornparison of smoothed background scat tering intensities to the original intensities 

on both linear and logarithmic scales (figure 6.3) shows a consistent representation of the 

original data in the smoothed c w e .  Examinations of background-subtracted data at  low 

strain values (prior to the formation of c r u e  structure) were performed to ensure accu- 

racy; no systematic deviations kom zero scattering intensity were observed. Due to the 

comp1exïties involved, no error cdculations were performed. 

6.4 Volume Contribution 

The invariant, discussed in section 3.6.1, is related to the volume of material which con- 

tributes to the scattering. It is used as a parameter in the Porod modeis which provides 

a measure of the size of particles. The true invaz'iant cannot be deterrnined from the scat- 

tering data, so an approximate effective invariant is used. This effective invariant provides 

a measure of the volume of the particles which contribute to the scattering within the q 

range examined and, thus, it is valuable to examine it more closely to gain insight into the 

relative contributions to the scattering volume from different iengthscales. This is done by 



Distance from Bearn Center (Pixels) 

Figure 6.3: Background data in the high-q range showing smoothing on both Linear and 
logarithmic scaies with the solid line indicating the smoothed data. (Data for HIPS at 
42.5" C.) 
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Figure 6.4: Volume plots for high-q (0) and low-q (a) range data, indicating the difference 
in the effective invariant calculated for these two ranges. (Data from PS-PB blend samples 
at 67.5" C and 65" C.) 

creating volume plots which are graphs of intensity ( I ) x q  vs. q. The area under such a 

cuve  is the effective invariant. 

Typical volume plots for the PS-PB blend material are shown in figure 6.4. Rom these 

plots it c m  be seen that the volume contribution from different lengthscales contains a 

weil-defhed peak at q x 0.02 and reduces to near zero at the low-q cutoff. 

There are two scattering ranges in use which implies two different low-q cutoff d u e s .  

Since the I x q values are not zero at the low-q cutoff point, there will be a systematic differ- 

ence between the invasiant values calculated for the Iow-q range data and those calculated 

for the high-q range. Examinations of the volume plots suggest a merence of about 10%. 

Unfortunately, there were far less measurements done at the low-q range and so this data 

is insufficient to provide direct corrections to the effective invariant calculations. 



6.5 Deformation Mode Parameters 

Prior to the interpretation of the scattering data in terms of models of craze structure, it is 

necessary to codirrn the appearance of c rue  formation and growth stages in the deforma- 

tion process. No single mewurable pcirameter, however, is sufncient proof of active crûzing 

and therefore a combination of several different neasurernent techniques are required to 

ensure that the craze growth deformation mode is properly identified. The three measure- 

ments used here to aid in identifying deformation modes are those of applied stress, x-ray 

transmission and x-ray scattering invariant* 

6.5.1 Applied Stress 

An examination of the relation between applied stress and resulting strain (figure 6.5) allows 

for initiai identification of deformat ion modes. 

Elastic deformation, d e b e d  as a revenible strain response to applied stress, is typically 

identified wit h the iinear low-strain portion of a stress-strain curve. Such linear stress-strain 

behavior was observed for a large portion of the total strain. In some cases, notably at tem- 

peratures below 50' C, the slope of the stress-strain curve wodd suddenly decrease and yet 

remain h e a r .  This suggests that the linear strain behavior is not purely elastic. However, 

there is currently no suitable method for measuring strain relaxation under the experimental 

conditions imposed here. Therefore, the existence of elastic deformation canno t be direct ly 

verified in this data. 

As the strain progressed, the samples would typically reach a yield point defined here 

as the maximum stress point in the stress-strain cunre. l5 In general, the maximum applied 

stress at  the yield point was 1620% larger in the PS-PB blend than in the HXPS material. 

For many samples, most commonly the PS-PB blend, no stress peak was obsenred, rather, 

the linear stress-strain behavior cont inued for the ent ire deformat ion process. Such O bser- 

vations were interpreted as indicating that ïnsufEcient strain was applied to these sample 

for it to reach its yield point. 

Beyond the yield point, the two samples behaved quite dinerently. In the PS-PB blend 



a sharp decrease in stress followed the yield point after which sample failure generally 

occurred. In the HIPS material a süght decrease in applied stress followed the yield point, 

after which the stress remained relativeiy constant for some time, indicating extensive plastic 

deformation. 

6.5.2 X-ray Transmission 

With each x-ray scattering image observed, ratios of x-ray intensity entering and exiting 

the sampIe (7) were determined. As described in equation 6.2, two processes codd affect 

this ratio: a change in sample ttiickness or a change in sampte density. 

where Ioul/Iin is the ratio of transmitted intensity to the incident intensity, p is the density, 

z is the sample thickness, and is an x-ray mass absorption c~ef f ic ien t .~~  

A parameter pZ is introduced here, which will be caUed the reduced thickness-weighted 

density. It was determined fkom the transmission ratio measurements by 

where r, and pz,  are the transmission ratio and thickness-weighted density prior to the 

onset of deformation. 

In situations where constant sample density may be assumed: such as during elastic and 

shear deformation, 9 reduces to Q + 1 with ~2 being the strain in the direction of the x-ray 

beam. For elastic deformation, this strain component is related to the strain in the tensile 

direction (13) by 

where v is Poisson's ratio. Calcdations of Poisson's ratio for data at low strain levels 

gave values of about 0.03. In contrast, a Poisson's ratio of 0.5 indicates constant volume 

d e f ~ n n a t i o n . ~ ~  
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Figure 6.5: Applied stress(O), $(A), and invariant(0) curves for PS-PB blend at 67.5" C 
(A) and HIPS at 57.5' C (B) 



It  is more precise to interpret the paxmeter pZ as a ratio of the number of eIectrons 

in the beam path a t  any given time, N,(t) ,  to the initid number of electrons in the beam 

At the onset of craze or other void formation, regions of empty space are formed and 

electrons are moved out of the b e m  path. In crazes, the volume fraction of empty space 

has been shown to remain constant13 and therefore, the number of electrons displaced rnay 

where V&) is the craze volume a t  a given time t and vf is the volume fraction of the c r u e  

fibrils. 

During the initial formation of crazes, the relation between the c r u e  volume and the 

macroscopic strain is quite cornplex due to non-linear relations between craze growth in the 

tensile direction and in lateral directions.28 As the mues  expand, however, they will begin 

to encounter other crazes or the polyrner surface. At this point, Iateral craze growth stops 

and the craze volume expands purely by the lengthening of the craze fibrils, giving a linear 

relation between p̂ z and the rnacroscopic strain. Such h e a r  relations are observed at  large 

strains (figure 6.5). 

6.5.3 Invariant 

The effective invariant, described in section 3.6-1, provides an indication of the volume of 

the scatterers. The anisotropic nature of craze fibrils requires a modified version of the 

invariant, described in section 3.7. An effective invariant rnay be calculated for the data by: 

where If(q) is the background-subtracted intensity in the craze fibril direction, 6q is the 

pixel-to-q conversion factor, and the sum is over ail valid data points. For the purposes 



used here, no corrections are âttempted for the finite upper and lower q limits as t hese are 

highly model-dependent and changes in the invariant, rather than absolute numbers, are of 

interest here. 

In the case of polymer deformation, the scattering is due to the electron density contrast 

between polymer rnatter and voids within the material. The invariant, therefore, will not 

respond to shem deformation but will indicate the presence of dilatational strain due to 

crues and voids. Thus, the onset of changes in the invariant may be interpreted as the 

onset of craze formation. The invariant begins to increase shortly before the stress mcwirnum 

is reached in the HIPS materials. In the PS-PB blend materials, the inwiant  begins to 

increase at about the midpoint in the linear stress regime. 

The anisotropic invariant of equation 3.30 is related to the number of craze fibrils, their 

cross-sectional area, and their length. Since the fibrils maintain a constant diameter during 

deformation, their cross-sectiond area does not contribute to changes in the invariant. At 

later stages of craze growth, no new fibrils will be created and changes in the invariant 

shouid be proportiond to the square of the length of the craze fibrils, 

An additional factor decting the invariant, however, is the loss of c r u e  material out- 

side the irradiated area as the material expasds. Following similx arguments to that of 

section 6.5.2, the arnount of craze fibril within the region of observation decreases linearly 

with strain, resulting in a cornplex relation between the invariant and strain. Near the large 

strain limit, the amount of new fibril fonned will approach the amount of fibril material 

leaving the observed region, causing the effective invariant to approach a constant value. 

This is observed in some of the HE'S rnaterials. 

Three parameters, applied stress, jZ, and effective inwiant  which directly contribute 

in£ormation regarding the deformation process have been calculated. An examination of the 

changes in these parameters shows that c rue  formation occurs in both sample materials 

under investigation. In chapter 8 these changes will be ex&ed in more detail to map out 

the deformation his tory for both materi&- 

With the c o ~ a t i o n  of the presence of crues in the samples, the craze fibril scattering 



data which had been isolated previously may now be examined with confidence. The anaiysis 

of the fibrü scattering data will be described in chapter 7 where several different models 

wiil be applied to interpretation of the data. 



Chapter 7 

Data Analysis 

The previous chapter described the calibration of the SAXS data, the identification of the 

craze fibril scat tering band, and the background sub traction procedure used to isolate the 

c r u e  fibril scattering fiom other sources. Having done this, the resulting x-ray scattering 

data may now be interpreted in terms of craze fibril structures. 

To begin with, the overall fibril scattering pattern wiZl be examined to obtain relevant 

lengthscales and generd structurai features. This will be followed by an application of 

Porod's law to identify details of the craze fibril structure. Finaily, the results hom Porod's 

Iaw will be compared with results hom other SAXS analysis techniques. 

7.1 Identification of Relevant Scattering Lengt hscdes 

The interpretation of SAXS data, as described in chapter 3, is highly model-dependent. 

Due to approximations made in both the assumed stx-ucture under investigation and the 

resulting scattering pattern, the models in most cornmon use do not apply to the entire 

x-ray scattering pattern, but are limited to specîfic angular regions. ha ly s i s  therefore 

involves a search for peaks on the background-subtracted data foilowed by an examination 

of log-log plots of the data to identify regions in the scattering data corresponding to distinct 

structural details. 



Figure 7.1: Scattering data showing a peak in the PS-PB blend material at 67.5' C (0) and 
a shoulder in the HIPS  material at 45' C (O). In both cases the data is £rom the high-q 
range at a 40% strain. 

7.1.1 Scattering Peaks 

The most readily accessible information which can be obtained Çorn x-ray diffraction data 

is the location of observed peaks. A search for peaks, Bragg-type or otherwise, is therefore, 

a reasonable place to begin in interpreting the scattering fiom a given structure. 

Scattering data from deformed HIPS and PS-PB blend material is shown in fig. 7.1. A 

peak could clearly be observed between q = 0.015 and q = 0.02 A-L in scattering data fkom 

deformed PS-PB blend material at both the low-q and high-q ranges. This corresponds 

to distances of 200-300 A. In addition, several other weak peaks appear to be present 

at higher q values. The HIPS data contains possible peak structures at similar q values, 

however, these were broader and tend to appear as shoulders rather than as weU-defined 

peaks. 

The locations of the high-q peaks were compared to the flood-fiame data used for in- 

tensity corrections (section 6.2.1). This cornparison revealed that the peak positions are 



Figure 7.2: Detector compensation data (dashed line) compared with scattering peaks in 
the high-q range fkom PS-PB blend materid (O) at 5 5 O  C. The dotted Iines indicate the 
locations of the high-q peaks in the PS-PB blend data. 

consistent with the wire pattern in the detector, an effect which has been previously noted 

in the l i t e r a t ~ r e . ~ ~  The location of the large peaks at low-q values were obsened to occur 

at similar q d u e s  in the data kom both q ranges and do not foliow the pattern observed 

among the high-q peaks, however, it is conceivable that the wire patterns are affecting these 

peak locations as well. 

There is no evidence of long range order between the craze fibrils, and their isotropie 

nature precludes the use of the interpretation of short range ordering, provided by Klug 

and Mexanderj2 A standard Bragg interpretation of the low-q peaks is therefore used to 

ob tain approximate near neighbour distances. 

In the background-subtracted data for a few of the PS-PB blend samples, srnaIl but 

systematic negative intensities at  q values greater than 0.07 A-' were observed. This is 

best explained as due t r ~  a slight orientation of the polymer chahs occurring as a result of 

shear and crazing deformation. This orientation will cause the polymer chains to exhibit 



a s m d  degree of short range ordering, reducing the amount of scattering at the iarger 

lengt hscales and result ing in negative intensities in the background-subtracted data. The 

location of these effects at  the extreme high-q end of the data, where signal-to-noise ratios 

are poor, inhibits a systematic search for peaks relating to this process. The reason this 

was observed in only a few samples is believed to be due to irregularities between samples. 

In concIusion, the locations of low-q peak structures are used to infer approxirnate fibril 

spacing distances while detector-based inconsistencies preclude systematic interpretat ion of 

the possible high-q peak structures. 

7.1.2 Power Law Regions 

Log-log plots of the data were generated to identify scattering associated with particular 

data structures, such as rod, fractal, and Porod regions. This is accomplished through an 

initial cursory examination of the general trends in the scattering intensity. It was observed 

that the x-ray scattering curve could be divided into 3 regions, as illustrated in fig. 7.3. The 

first (low-q) region had a slope of -1 or shdower; the middle region's slope was between -3 

and -4 and the slope of the third region was steeper than -4. The observed peaks, mentioued 

previously, do not change the trend of the monotonically decreasing intensity. 

At this point a digression to c l a m  terminoIogy is deemed prudent. As described at the 

beginning of this chapter, x-ray scattering measurements were taken with the detector in 

two difTerent positions, giving scattering patterns in what WU be termed high- and low-q 

ranges. The actual q values spanned by the two ranges overlapped considerably. Different 

ranges refer to distinct expetiments perfomed at different times. Individual scat tering 

patterns could be readily separated into 3 distinct regions based on their slopes in a log-log 

pIot . The dividing point between low-, intermediat e-, and high-q regions was independent 

of the to ta1 q range (sample- to-de tector distance) under examination. 
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Figure 7.3: A typical log-log plot for HIPS data showing the three linear regions. (Data 
from high-q range at T=47.j0 C.) 

Table 7.1: Approximate number of data points in each data range 

q Range 
Low-q 

7.1.3 Fitting to  Identify Regions 

The three identifiable q regions were fit to a segmented power lâw equation to c o n h  the 

dopes observed on the log-log plots and to systematically isolate particular regions for more 

detailed study. The fitting was done using the  SAS^" statistical analysis padrage Release 

6.09, with a custom-designed fitting dgorithm, employing the grid search technique applied 

to a three section h e a r  equation in which taro breakpoints (where the curve changes slope) 

are defmed. The approximate number of data points in each range is given in table 7.1. 

More details on the fitting methodology are given in appendur D. 

To examine the validity of the fitting technique, residuals were examined fkom the power- 

1st Region 
100 

2nd Region 
150 

3rd Region 
120 



law fitting before and after the introduction of the breakpoints. Prior to the introduction of 

the breakpoints into the data, clear changes in the residuals couid be observed (figure 7.4A). 

After the two breakpoints were included in the fitting, the residuals remained constant. 

showing no systematic trends (figure 7.4B). This indicates that the inclusion of the two 

breakpoints is necessary and that the model provides a good description of the data. 

A few extreme residual values (on the order of 5 points out of 200) were observed. It is 

possible for the corresponding anomalous data points, known as outliers, to have a severe 

effect on the fit parameters. These points are, therefore, examined more closely. 

Outliers can come from several sources: incorrect detector operation resulting in ex- 

tremely large or smaU intensity values, peaks in the data, or from the transition area 

between power law regions. The outliers occurred at  extreme low- and high-q values and 

thus could not be due to either the observed peaks nor the transition regions. These outliers 

are, therefore, most likely due to detector effects such as scattering fiom the beamstop and 

c m  clearly be discarded. The fitting was repeated with the outliers cxcluded f?om the data 

resulting in no signXcant change to the fit parameters. This indicated that the effect of the 

outliers need not be a concem in further model fit ting of this data. 

As noted in section 6.2.4, a systematic clifFerence in scattering at opposite angles was 

observed. The same direction was found to consistently give better values than did its 

opposite. This points to an unknown systematic error in the experimental setup. In order 

to appropriately weight the fitting results while tracking the level of deviation, a miable  

was included in the fit model which indicated which of the two opposite angles a given 

data point came fkom (see appendiv D for more details). This variable was either 1 or O 

depending on which angle a particular data point was associated with. Perfectly symmetric 

data would then result in a value of zero for the parameter associated with this &able, 

while a non-zero value indicates a significant systematic dinerence between the two opposite 

angles- 

Tests of the angle parameter indicated that prior to the rernovd of the outliers the 

probability of it being zero (the ideal case) was greater than 10%. A probability less than 



Figure 7.4: Plots of the residuals fiom the segmented power law fitting before (A) and after 
(B) the inclusion of the breakpoints. (Data for HIPS low-q range at ?O0 C,) 



Table 7.2: Weighted averages of the values of cr for HIPS and PS-PB blend samples based 
on the equation: 1 oc q-a 

Material 
HLPS 
PB 

5% implies that a statistically significant asymmetry in t hc data indicating that the variable 

must be included for accurate weighting. After the outliers were removed, the probability 

of the angle parmeter being zero dropped to less than 0.1%. The change in the significance 

of the angle parameter with the removal of the outliers, indicated a systematic difference 

in the data quality between the two opposite angles, probabiy due to scattering from the 

beamstop. The weighting of the fit results by the introduction of the angle parameter allows 

the data fkom both ctngles to be used while avoiding the possibility of misleading parameters 

which would result if the data from opposite mgIes were simply averaged. 

The locations of the two breakpoints obtained fiom the segmented regression procedure 

were observed to be generaily independent of strain. A small but distinct decrease in both 

breakpoints could be obsemed as a function of sample temperature. This decrease wûs of 

the same magnitude for both breakpoints and in both materials. It c m  be understood in 

terms of an increase in the fibril diameter with increasing temperature; and is discussed in 

more detail in chapter 8. 

Weighted averages of the power law exponents obtained from the segmented regression 

for all data are given in table 7.2 and are used to provide an indication of generd trends. 

These values confirm the observations made from the log-log graphs. It shouid be noted 

that in a few cases the scattering fkom a HIPS  sample corresponded to that fkom a typical 

PS-PB blend sample and vice versa. Since the deformation process is highly statistical in 

nature, such occurrences are not unexpected. 

Porod's law for oriented rods, described in section 3.6.3 predicts that at high-q the scat- 

tering Ïntensity should be proportional to q-3. As can be seen Born table 7.2, scattering 

intensities in the second region tend to follow this form. The first region is clearly not asso- 

1st Region 
a N 1.02 i 0.65 
a = 0.03 k 0.55 

2nd Region 
a = 3.39 10.30 
a rr: 3.11 f 0.37 

3rd Region 
a! % 4.88 & 0.55 
a N 4.48 f 0.79 



ciated with Porod-type behavior, as expected for low-q scattering. A Porod interpretation 

of the third region cannot be ruled out at this point. For this reason, the second and third 

regions will be examined further in the context of Porod law andysis. The large deviations 

corn Porod's law, observed for the third region are considered in chapter 8 dong with a 

more detaiied discussion of the interpretation of the different scattaring regions. 

The samples being examined initially contained no craze structure and t hus, after back- 

ground subtraction, the scattering pattern contained no regular structure. It is only during 

the course of the deformation that c rue  structure was formed resulting in the observed 

scattering pattern. IR order to compare the models in a rneaningful way, it is important to 

identie the point in the strain progress at which the craze structure first appears. 

Upon the advice of Dr. J.T. Smith74 of the Queen's University STATLAB, a systematic 

identification of the point of c r u e  structure onset has been developed. The three standard 

deviations associated with the a parameters ob tained from the breakpoint fitting procedure 

exhibit a sharp decrease at the same strain point before leveiing off to a relatively constant 

value at larger strains. The point of s h q  decrease is considered to be the onset point for 

craze structure. Of the three standard deviations the ones associated with the third region 

are selected, as they are quite consistent among of the samples. It was also felt that, 

since the following data analysis was going to focus on the second region, the values fiom 

this region should not be used to avoid the possibility of a subtle bias. 

The standard deviations from the third region are ini t idy greater than 1.5 and decrease 

to values of about 0.5 beyond the point of craze structure onset. To ensure that all relevant 

data was applied to the subsequent model fitting a cutoff of value of 1.0 was chosen. Data 

with s tandad deviation values for the third region greater than 1.0 were considered to be 

without c rue  structure and thus not applicable to the craze fibril model fitting to follow. 

7.2 Application of Porod's Law 

As discussed in section 7.1.3, the data in the second region may be associated with Porod 

Law scattering for oriented rods. The power law values obtained, however, are not obviously 



consistent with the ideal d u e  of 3. A modSed Porod's law mode1 is, therefore, needed 

to account for the non-integer power law exponents obse~ed .  The traditional modification 

to Porod's law used when examining craze structure involves the addition of a Constant 

Background terrn. l 9  This background temi is at tributed to structure wi t hin the fibrils 

due to the conformation of the polymer chains and has its basis in the fact that at  relatively 

large q, scattering from a complex object containing no long range order should be indepen- 

dent of q.46 Such a positive background t e m  should give rise to a decrease in the a value 

associated wit h the scat tering dope (positive deviations fkom Porod's law) , whereas, the 

actual scattering slopes observed gave iarger vdues of cx (negative deviations korn Porod's 

Law). The effects on the fibril diameter values obtained through a misapplication of the 

Constant Background modification of Porod's law wiil be discussed in section 8.3.2. Since 

the data ob tained in this study were observed to contain negative deviations kom Porod's 

law, it seems advisable to apply diffuse boundary variations to Porod's law. 

7.2.1 Diffuse Boundary Models 

As discussed in section 3.6.5, Koberstein et describe a variation tu Porod's law for 

negative deviations. Their Sigrnoidal-Gradient model results in an intensity relation of the 

form: 

= Kq-3e-q2n:/2 (7.1) 

with 1, q, and K being the intensity, scattering angle and Porod constant respectiveIy, and 

69 describing the distance Tom the nominal particle boundary to the point at  which the 

density is 0.856 of that at  the center of the particle - the standard deviation of a Gaussian 

distribution. 

To examine the applicabiiity of this model to craze structure, graphs of the form 

L ~ ( I ~ ~ )  vs. q2 (figure 7.5) were generated for the second and third regions of the data. 

These graphs indicated that the model describes the data quite well using the breakpoint 

obtained fiom the power-Iaw fitting. 

Another variation on Porod's law for negative deviations rnay be obtained by foiIowing 
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Figure 7.5: Sigrnoidal-Gradient variation of the standard Porod plot for HIPS at ?O0 C in 
the low-q range. 

the derivat ion of the Sigrnoidal-Gradient model using a limited power-Iaw distribution in- 

stead of an exponential distribution to describe the density variations. This mode1 assumes 

density distributions at the boundary with shapes similar to that shown in fig. 7.6 with the 

resulting intensity being of the forni: 

,f3 is a fit parameter indicating the sharpness of the boundary, and K* is related to the 

mean fibril radius, Rf, by: 

with Q being the inva.riant, and F(x)  being the gamma function. 

The Power-Law model of equation 7-2 wodd appear to be more appropriate to craze 
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Figure 7.6: Density distributions in the Power-Law Model for different values of the B 
parame t er. 

fibrils, as the current theory of craze growth3*"predicts a power-law strain response to 

applied stress and a power-law stress gradient hom the center of the fibril to the midpoint 

between fibrils. A full derimtion of the Pouter-Law mode1 is described in appendix C. 

7.2.2 Model Fitting 

The Pouier-Law and Sigrnoidal-Gradient models were fit to the data using identicai fitting 

techniques, described in appendix D. Fit corrections for opposite angle difFerences and a 

test of the MLidity of the breakpoint were included in both models. rneasurements of 

the goodness-of-& were obtained and typically found to be in the range between 0.8 and 

0.98, indicating a good fit to the data for both models. 

In addition to single mode1 algorithms, an algorithm was &O applied which seIected 

between the Sigrnoidal- Gradien t and Power-Law models for the second and third scat tering 

regions independent ly, yet rnaintained continuity in the intensity over the breakpoint (see 

appendîx D). A comparison of the values showed that the Sigrnoidal-Gradient mode1 

best described the data in both regions. The comparison of the values provides a method 



for cornparing modeis which is intrinsically the same as the well-known F-test. 

To futher  compare the two models, ratios of the values were obtained for al1 data 

in which c r u e  structure was deemed to be present. F'requency histograms (figure 7.7) were 

then produced from the ratios for the two different materials, based on approximately 150 

separate measurements for each material. 

These histograms show that for both materials there is a distinct bias towards the 

Sigrnoidal-Gradient model. While this bias is significant, it is not large. In contrast, the 

histogram of values for cornparison of the Sigrnoidal-Gradient and Constant Background 

models (figure 7.8) shows an overwhehing bias against the Constant Background model. 

To ensure that the bias for the Sigrnoidal-Gradient model was not linked to %?, a plot 

of ratios vs. values was produced (figure 7.9) which shows that the ratios are 

independent of the actual @ values. The lack of a trend in figure 7.9 provides confidence 

that the preference for the Sigrnoidal-Gradient mode1 is not due to a confounding factor. 

For example, the Iack of a trend proves that the ratios favoring the Sigrnoidal-Gradient 

model do not corne primarily f?om the poorer quality data and that the ratios favoring the 

Power-Law rnodel do not corne primarily éom the data sets with the best F. 

7.2.3 Fit Parameters 

Mean fibril diameters and diffuse boundazy parameters were obtained for the Sigmoidal- 

Gradient and Pouer-Law rnodels. The fibril diameter, Ds, for the Sigrnoidal-Gradient 

model was obtained using the relation: 

The fibril diameter Dp fiom the Power-Law model is &en by: 
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Figure 7.7: Histograms of ratios cornparhg Sigrnoidal-Gradient and Pouer-Law models 
for each material 
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Figure 7.8: Histogram of a ratios comparing SigmoidaGGradien t and Constan t Background 
models. 



Figure 7.9: ratios of the Sigrnoidal-Gradient and Power-Law models plotted by the 
Sigrnoidal-Gradient 3 Values. The lack of a trend indicates that the distribution of the 
ratios may be assumed to follow a Gaussian distribution and axe not biased by the actual - 
R2 d u e s .  



The invariant, QI, used above to calculate Df is defined by equation 3.30. Its value 

may be approximated from the data by: 

In this case the accuracy of the calculated invariant is Limited by the upper and lower q 

values of the data, qma, and q,i,. No reiiable method has been suggested to correct the 

invariant for the lack of low-q intensities. Bubedc et al.17 claim that the low-q correction 

is negligible, however, as described in section 6.4, volume plots suggest that the correction 

may be as high as 10% for some of the data. It is possible, as described by Bubeck et al.,li 

to correct for the lack of high-q data by extrapolating the models to infinity. This can be 

done exactly, for the Power-Law model but not for the Sigrnoidal-Gradient model. 

The Power-Law model correction to QI is given by: 

An examination of the magnitude of this correction confirmed that it is on the order of 

30%, as reported by Bubedc et al.'? 

It is not possible to obtrrin an malytic solution for the invariant correction of the 

Sigrnoidal-Gradient model. In addition, no references to inwiant  corrections have b e n  

noted in the literature for the Sigmoidaf-Gradient mode1,46*55i 75 Therefore, the correction 

for the ideal Porod's law, 

was applied. This correction results in a slîght over-estimation of the fibrii diameters because 

intensities which follow the Sigrnoidal-Gradient model will fall off more rapidly, and thus 

have smaller Q values than predicted by Porod's law. 

As shown in fig. 7.10 the fibril diameters obtained fkom the Sigrnoidal-Gradient model 

are signiGzntly Iarger than those obtained for the Power-Law model. This is to be expected 

due to the Ggh-q corrections to the invariant, as described above. 
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Figure 7.10: Fibril diameters obtained fiom the Sigrnoidai-Gmdient mode1 (Ci), and the 
Power-Law mode1 (0). Data taken at  the high-q range for HIPS at 30" C. 

The errors in the fibril diameters are significantly larger for the Power-Law mode1 than 

for the Sigrnoidal-Gradient model. This is believed to be due to the way in which the models 

weight the difTerent parameters. An examination of the equations for the fibril diameters 

(equations 7.4 and 7.5) show that the caiculations for D include the parameter in the 

Power-Law model, providing more opportunity for error propagation effects. 

The trends observed in the fibril diameter values obtained fiom the two models are 

similar. However, Power-Law model results are believed to be more accurate due to the 

better invariant correction and they will be used for c o m p ~ s o n s  to values obtained Eom 

other rnodels. The higher precision of the Sigrnoidal-Gradient model rnakes it useful for 

ex;Lmining trends in the fibril diameter which are not discernable with Power-Law mode1 

results. 

As described in section 3.6.4, a correction must be applied to the fibril diameters as a 

result of the Babinet principle. The accepted value of 0.25~ for the fibril volume fraction 

in PS based materials was used. This results in an increase in the final values of the fibril 



Figure 7.11: Diffuse boundary parameters: os (O), Born the Sigmoidal-Gradient model, 
and /3 (O), from the Power-Law model. Data taken at high-q range for HTPS at 30' C. 

diameters by a Factor of 4/3. 

A direct comparison of the diffuse boundasy parameters obtained from the two modeIs 

is not possible. The /3 parameter from the Power-Law rnodel measures the steepness of the 

decrease in the density at the particle boundary, while the cS parameter bom the Sigmoidal- 

Gradient rnodel measures a width which describes the thickness of the region in which the 

density is changing. It is, however, possible to compare trends in the parameters. The 

graph in figure 7.11 Uustrates a typical variation in the two parameters as a function of 

strain. Zn both cases the parameters indicate a trend toward s h q e r  boundaries as  the 

deformation progresses. 

7.3 Cornparison to Other Analysis Techniques 

As mentioned previously, the analysis of S U S  data is highly model-dependent; this means 

that an alternate technique for rneasuring the fibril diameters would be valuable. Electron 

microscopy allows one to ex;Lmine structure at these Iengthscales, however, the necessaq 



process of microtorning and staining often destroys the fibril structure one iç trying to exam- 

ine. Acoustic measurement techniques can rneasure structures on this lengt hscale wit hout 

damaging the material, but t hese techniques are much more indirect than x-ray scat tering 

and suffer from more serious model-dependent weaknesses than SAXS analysis.76~77 With 

the la& of a suitable dternate measurement technique, the next best thing is to select 

dtemate and independent andysis methods for the same data. This is done here. 

7.3.1 Failure of Guinier Analysis 

The technique of Guinier analysis is one of the most popular methods of SAXS data in- 

terpretation. It therefore is reasonable to examine its applicability to the study of c rue  

structure. One of the primary weaknesses in the Guinier model is its sensitivity to inter- 

particle interactions. This model is best used in situations of dilute particles in solution. 

In the present situation, the fibrils are far fiom dilute, as evidenced by the need to ap- 

ply the Babinet principle.'" In addition, the peaks at low-q values suggest that there axe 

strong interfibrii interactions. Ali of this evidence suggests that Guinier malysis is not 

appropriate for the study of craze structure, although, several g r o ~ p s * ~ ~ "  have used it for 

measuring craze fibril sizes. Therefore Guinier andysis WU be attempted here for the sake 

of completeness. 

Guinier's law states that, at low-q d u e s ,  the relation between intensity and q foUows 

the form given in equation 3.6.2, implying that a graph of h ( I )  vs. q2 should be linear. 

When such graphs were produced (figure 7.12), two linear sections were observed; the f i s t  

being from q rr: 0.015 to q = 0.03 and the second from q = 0.035 to q = 0.05. It should be 

noted that the first section borders on the region used for Porod analysis and the second is 

inside the Porod region. It is generdy expected that Guinier regions should be located at  

q values significantly Iower that those used for Porod analysis. 

The Guinier model was fit to both sections, giving R, values of 60-70 A for the fkst 

section and Rg values of 45-50 A for the second section. To compare the R, values hom 

Guinier analysis to the fibril diameter obtained kom Porod analysis, one needs to convert 



Figure 7.12: Guinier plot showing the two hea r  regions. Data fiom HIPS at 5 5 O  C in the 
low-q range. 



radius of gyration to diameter. For an ided cylinder, the relation can be cdculated as: 

For a cylinder with a diffuse boundary, the conversion cannot be determined andytically 

and numerical cdculat ions were done to determine the conversion factor. 

A cornparison of the fibril diameters obtained from Guinier analysis to those obtained 

from Porod analysis shows that the Guinier Rg values obtained from the first section are 

about a factor of 2 larger than the values obtained fiom Porod's law, and the R, values 

Gom the second section gives values which are about 20% higher (table 7.3). 

The relationship between the Porod and Guinier models was examined by generating 

artificial data using Porod's law with a power-law dif ise  boundary and parameters typical 

of the data. This artificial data was then fit to the Guinier model in the regions noted above 

(figure 7.13). h good fit was obtained, and the resulting Rg values were s i d a  to those 

obtained from fitting the real data. From this anaiysis it is c lex that the Guinier model 

is not appropriate for the craze structure and thus does not provide an adequate test of 

paxme ters ob tained by Porod analysis. 

7.3.2 Success of the Fourier Transform Technique 

As described in section 3.5.2, The direct-indirect transform method is not as mode1 depen- 

dent as either Guinier or Porod anaiysis techniques. In addition, it has been demonstrated 

t hat this technique works well even with a lack of low-q data,78 thus addressing the weakness 

in Porod andysis due to its dependence on the calculation of the invariant. The drawback 

to this technique is its requirement for complicated nonlinear fitting, and the fact that the 

results obtained are often quite difficult to interpret. 

To perform the direct-indirect transform analysis the program GNOM Version E4.2, 

written by D.I. Svergun, was usedj4 This program allows one to choose between several 

general structural models for analyzing the data- The model selected was that of a system of 

monodisperse rod-like particles, with the program output being reIated to the cross-section 
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Figure 7.13: A fit of the Guinier mode1 to ided Porod model data 

of the rods and the resulting pair distribution function ob tained fiom the GNOM program, 

P ( r ) ,  being d e h e d  by: 

= rrf ( r )  (7.10) 

where y f ( r )  is the fibril correiat ion htnction described in equation 3.29. 

In this analysis mode, the GNOM program follows the description of scattering h m  a 

randomly oriented system of rod-like particles, as  given in the text by GIat ter and Kratky,ll 

which is shown to be the product of two terms: 

where Ir(q) a q-l is due to scattering fiom the long dimension averaged over all orientations 

relative to the incident x-ray beam. Il(q),  the term of interest, is related to the cross-section 

of the rods. The experimental configuration used here implies near-complete orientation of 

rods perpendicdar to the incident beam and isolation of the scattering perpendicular to 

the long axis. Therefore, the data is directly a measure of Ic(q). 



Since GNOM assumes the standard situation of equation 7.1 1, input data, I ( q )  is auto- 

rnatically converted to a qI(q)  form. This is not appropriate for the data considered here, 

and input data is provided to GNOM as I l (q ) /q  so that it will correctly use the It(q)  data 

in its procedures. 

The choice of the best P(r)  solution for the indirect transform of the scat tering data 

is a complex issue. The GNOM program maximizes a puameter involving the weighted 

contributions fiom several di£Ferent criteria." These include a measure of x2, a measure of 

the smoothness of the solution, a test for the presence of systematic deviations between the 

solution and the data, and a test for stability of the solution with respect to the Lagrangian 

multipIier. Each criterion is assumed to foUow a Gaussian distribution, P&), described by: 

where A(i)  is the ided value of the i th  criteria, B(i) is the actuaI value, and o(i) is a 

user-defined distribution width. An estimate of the goodness of a solution (a value between 

O and 1) is obtained Çom a weighted average of the R(i) values for each criterion, with 

user modifiable weights (wi) : 

C P c ( 4  /wi 

with the sum being over all criteria. 

Meaningful variation of these weights requires a priori knowledge of the structure. No 

useful information was available regarding the reweighting of any of the fit parameters, 

except that of oscillations in the P(r) curve discussed below. Therefore, weights for these 

parameters were left at default values. These defaults values wete checked by confirming 

that s m d  changes in the values for ;rnv one parameter did not have a strong effect on the 

solution chosen. 

As discussed in section 7.1.1, the structure of a craze consists of two quasi-independent 

lengthscales: that of the craze fibril diameter and that of the interfibril distance. A 

monomodal distribution is, therefore, not expected, To accommodate solutions wit h mul- 



Figure 7.14: Pair correlation functions obtained from low-q range data of HIPS (a) and 
PS-PB blend (0) samples at 65" C. 

tiple peaks, the weight of the parameter measuring the smoothness of the solution was 

reduced by a factor of three. 

To apply the method of indirect transforrn, an estimation of the maximum particle 

diameter Dm,, is required as input. In this case, the maximum diameter was set to 630 A. 

This value was chosen because it corresponds to the minimum q value obtained (Dm., = 

~ / q ) .  Larger and srnaller values of Dm,, were tried giving almost identical results. A typical 

estimate of the goodness of the solution, determined for a representative HiPS sample, w a  

given as 0.59 which the prograrns states to be a 'reasonable' solution. 

The P(r) solution obtained for HIE'S and PS-PB blend samples in fig. 7.14 shows a 

primary maximum between 25 and 35 A with a secondary maximum at about 350 A in the 

HIPS, and at about 275 A in the PS-PB blend. A region of negative P(r)  , indicating void 

space, is observed in between the two peaks for both materiah. 

The p r i m q  purpose of using the GNOM program was to test the fit resuits for the 

Power-Law and Sigrnoidal-Gradient models. The peak in P(r) at low values of r is the 



Table 7.3: Guinier arid Fourier trmsform results compared to Potuer-Law mode1 results 
from low-q range data for samples at 65' C. 

Typical Fibril Diameter Values (A) 

one of interest because it corresponds to the fibril diameters measured by the Porod law 

fitting. To examine this peak more closely, the low-q data, which is attributed to inter-fibril 

scattering, was removed and only the high-q data were supplied to the GNOM program, 

along with a Dm., of 100 a. In this case, the P(r) is expected to be monomodal and thus. 

the smoothness parameter was reset to its default value. 

For representative sampIes of both materiais at  a range of temperatures, the solutions 

obtained for the truncated data had goodness-of-fit estimates greater than 0.9, which the 

program declases to be an excellent solution. A cornparison of typical fibril diameter values 

obtained kom GNOM and fiom the Porod anaiysis is given in table 7.3. It is clear that 

the values agree quite well when GNOM fitting is applied to the high-q regions of the data 

where interaction effects are negligible. 

In this chapter scat tering lengthscales relevant to craze fibril structure have been identi- 

fied, the scat tering due to intefibril interactions has been examined, and structural models 

of the craze fibrils have been identïfied which provide a good description of the scattering 

data obsemed. In chapter 8 the information obtained here will be interpreted in the context 

of current theories of craze formation and growth. 

Material 
HIPS 

2 wt% PS-PB blend 

Guinier 
115.8 z t  0.7 

103 i: 2 

GNOM 
80 =t 2 

76 d~ 3.5 

Porod 
84 & 11 
73 rt: 13 



Chapter 8 

Discussion 

SAXS experiments were performed on two bulk poIyrner materiais to study the c r u e  defor- 

mation process in these materials. ZncLuded in this study is an identification of the macre 

scopic deformation modes occurring in the materials, an examination of the overall c r u e  

structure, a rneasure of the c rue  fibril diameter, an investigation of the fibril conformation, 

and a probe of craze growth mechanisms. 

Deformation mode parameters, obtained in section 6.5, will be used to identify distinct 

stages in the deformation process. Anaiysis of the S A X S  data, done in section 7.1, will be 

used to ob tain an indication of the overail craze structure. Porod mode1 fit ting applied to the 

data (section 7.2) will provide more detailed information regarding craze fibril diame ters 

and structure. Finally, observations of the temperature dependencies of the c r u e  fibril 

diameter and applied stress will be used to provide indications of craze growt h mechanisms. 

Macroscopic Deformation 

The identscation of the macroscopic deformation modes relies on the determination of the 

applied stress, scattering invariant and reduced thickness-weighted density. These param- 

eters provide information regarding the energy absorbed by the snrlipie, the presence of 

dilatational strain, and changes to the sample thickness and density, r e s p e c t i ~ e l ~  h corn- 

parison of t hese parameters allows for the identiûcat ion of the omet of craze formation and 



the crme growth regions of the scattering cuve, as discussed in section 6.5. 

In the KIPS material, the deformation process begins with a h e a r  stress-strain response 

(figure 6.5), a very gradual decrease in the pZ parameter, and no detectable change in the 

invariant. This can be interpreted as either elastic or shear deformation, As the deformation 

proceeds, a change in the slope of the stress-strain curve is observed, accompanied by 

changes in the invariant and a more rapid decrease in the parameter. This stage is 

best described by a mix of deformation modes including cavitation? craze formation, and 

shear. At later stages in the deformation, the stress reaches a, maximum and levels off. In 

addition, the rate of change in both p̂ z and the invariant increases; both are observed to 

be linear with strain at this stage. The approach to a constant stress is con~idered '"~~ to 

be an indication of deformation by c rue  growth, codirmed by the linear change in pZ with 

strain. 

In the PS-PB blend, the deformation process also begins with a linex stress-strain 

response and a very gradual decrease in the pZ parameter. However, c rue  formation, as 

indicated by increases in the invariant, is observed to begin at an earlier stage than in EEPS. 

Either elastic or stiear deformation or both, therefore, occurs during the initial stages with 

a smoo th transition to a multiple mode deformation process involving c rue  formation and 

growth. The rapid cirop in applied stress observed at large strain is characteristic of brittle 

failure of the material. The lack of a region of constant applied stress, combined with Iinear 

variations in 5, indicates that a region of pure craze growth does not occur. 

It can be seen that the two materiais exhibit distinct deformation processes; while both 

materials undergo c rue  deformation, it is o d y  the HIPS material which can be seen to reach 

a stage where the deformation process is dominâted by the extension of craze fibnls. In the 

PS-PB blend, craze formation begins early on in the deformation process, although it never 

becomes the dominant deformation mechanism. The observation of 'elastic' behavior in the 

HIPS materid extending to larger strain values than in the PS-PB blend is most readily 

attributed to the eiasticity of the rubber particle addîtive- A more precise identification of 

the deformation modes will require further testing in which the full range of deformation 



conditions are employed. The apparatus described in this thesis is capable of making these 

measurements. 

The Iack of a pure craze growth deformation mode does not preclude the extraction of 

craze structure parameters from both materids. However, analysis of cr~zze rnechanisms 

requires the assumption that applied stress acts primarily to produce craze extension. 

The PS-PB blend has its yield point at higher stress values than in HIPS, but has almost 

no extension beyond this point. Both facts point to a poorer mobility of the polymer chains 

in this material, indicating that the liquid rubber additive is not as effective as the higher 

molecular weight additive in the HIPS material. The lack of a constant stress region suggests 

brittle failure. However, brittle failure is generaiiy assumed to occur irnmediately following 

the elastic region, l5 while t hese tests indicate t hat some form of plastic deformation occurs. 

This indicates that currest concepts of brittle fadure are oversimplified. In addition, the 

leve1 of observation provided in this work represents a much more detailed insight into 

the performance of these types of toughened thermoplastics than is found in the general 

literature. 

In both materials stages are observed in the deformation process where a combination 

of several deformation rnechanisms are at work simultaneously. The measurernents of ap- 

plied stress, pZ, and invariant are not suflicient to isolate contributions fiorn the Merent  

mechanisms. A rneasurement of the true strain would provide information on the actud 

deformation in the sampie region under observation and would allow for reversibility tests 

of elastic strain. Absolute scattering intensity measurements would allow true volume mea- 

surements fiom pZ and the invariant, allowing for a measure of the dilatational contribution 

to the strain. With this information available, the Ml deformation history of a sample may 

be accounted for. 

8.2 Interfibril Craze Structure 

The interfibd craze structure provides vaiuable information regarding the way in which 

crazes form and gro~?r21 Meanirements of the craze structure were obtained fkom direct- 



indirect transforms of the SAXS data, observations of peaks in the scattering data, and 

power-law exponents wit h t heir corresponding scattering regions. From t his information it 

is possible to probe the extent of interfibril interactions, 

8.2.1 P(r)  Indications of Interfibril Structure 

The GNOM program, discussed in section 7.3.2, provides pair distribution hnctions of 

the structure, P ( r ) ,  which are difficult to interpret for complex geometrical structures. In 

general, the P ( r )  curves obtained show single peaks below 50 A, negative regions fkom 100- 

300 A, and shallow peaks tailing off to zero at large r values. In terms of known structures, 

peaks at small r values correspond to the single particle structure of craze fibrils, negative 

regions correspond to voids between fibrils, and shdIow positive regions rnay be considered 

to be due to interfibril interactions. The two test materials give similar P ( r )  shapes for 

the temperatures considered, but the PS-PB blend material has al1 the above-mentioned 

features occurring at slightly smaller lengthscales than in KIPS. P(r)  for the PS-PB blend 

material reaches O by 400 A, while P ( r )  from HIPS is still positive at this point. Apparently 

HIPS displays craze fibril structures that are similar to those occurring in the PS-PB blend, 

but at slightly larger Iengt hscales. This implies a greater sensitivity to the low-q cutoff in the 

HlPS data than with the PS-PB blend. These observations suggest in turn that indications 

of long-range ordering in the power-law analysis (section 8.2.3) may be an artifact of the 

finite data range. 

8.2.2 Interfibril Interaction 

The peaks obsemed in the data rnay either be attributed to short-range order peaks or 

to singleparticle scattering fiom uniform objects, as  mentioned in section 3.5.1. Using 

a Bragg law approximation, the primary peak observed in PS-PB blend data (figure 7.1) 

corresponds weU to the maxiimum at large r in its P(r) curve, a good indication that it 

is indeed an ordering peak. Although the pair distribution function does not give a weil- 

defined maximum at large r for the HIPS materid, it seems reasonable to assume that 



the peak shoulder observed in the HIPS material rnay be interpreted in a similar rnanner 

following the discussion of section 8.2.1. In the absence of well-defined higher order peaks 

and given the convergence to zero at large r of the P(r )  curves, it appears that no long 

range fibril ordering exists. 

8.2.3 Power Law Exponents 

At low-q values, x-ray scattering fkorn individual oriented rods or fibrils should be indepen- 

dent of q. In addition to the scattering fkom individual rods, there will also be scattering 

from the inter-rod distances. If there is no long range interaction between rods, this scatter- 

ing will also become independent of q at sufhcieetly Iow-q+ For the PS-PB blend material, 

a slope oE O is cornmonly observed in the Brst region; this is not true for H I P S ,  suggesting 

that a t  distances corresponding to the Iowest q values examined, there are still interactions 

between craze fibrils. This rnay be understood fkom the discussion of the P(r)  cunres in 

section 8.2.1, where it was noted that the larger lengthscales in the H I P S  crazes may result 

in the apparent of long-range order due to the low-q cutoff limits in the scattering data. 

X-ray scattering fiom oriented rods with sharp interfaces will exhibit 1 a q-3 anisotropic 

Porod law behavior. If there is sufficient loss of orientation, l /q  scattering fiom the long axis 

will become significant and the scattering pattern wiU follow the isotropic Porod scattering, 

I a q-4. The orientation Limits, at which the scattering fkom the rod cross-sections c m  be 

isolated from rod axial scattering rnay be cdculated fkom a knowledge of the rod length 

and scattering range using equation A.3. The possibility that there is sufiïcient anisotropy 

in the craze fibrils to warrant the use of the standard I oc q-"orod mode1 should be 

considered. Ln such a case, the scattering in the third region would be attributed to Porod 

law scattering, and the second regîon would be considered a transition region with the 

l /q3  scattering describing surface fiactal geometry in the craze structure. Such structures 

a,re not consistent with TEM observations of crues and the arguments for an anisotropic 

interpretation carmot, therefore, be justified. 

It must &O be considered t hat the level of orientation causes the scat tering to be in an 



intermediate state between the onented I a q-3 and the random I a q-%tates, resulting 

in the observed non-integer power-law exponents rneasured. From numericd simulations it 

can be shown that in this intermediate state the resulting scattering will not be linear on a 

log-log scale, which is in contrast to the clear linear regions observed in figure 7.3. This is 

dso  supported by the agreement between the fibril diameters calculated kom the Fourier 

transform and modified Porod's Iaw fitting. 

If the interfaces are diffuse with a power-law density gradient, the Porod Law scattering 

for oriented rods will be: 

The exponents obtained in the middle region for the PS-PB blend sarnples were often within 

error of 3, implying predominately sharp boundaries. For the HIPS material, the exponent 

values were consistent with equation 8.1 and less than 4 in the second region, suggesting 

diffuse boundaries. The significance of the craze fibril structure will be discussed in more 

detail in section 8-3. 

The middle q-region of the data was observed to occur between q = 0.02 and q = 0.05 A 

for both materials, corresponding to lengthscales between 125 A and 300 A. This reflects 

interfibril lengthscales in the c r u e  structure, and thus, the scattering may be interpreted 

as coming horn the voids in the craze material. 

The data in the third region and beyond, for both materials and ail temperatures, 

decreases more rapidly than the expected I a q-3. It is possible to fit this data to the 

sarne diffuse boundary modeis applied to the second region, hp ly ing  that there are two 

dinerent f i b d  structures at different length scales. This is not a particularly satisfactory 

explanation, as craze theory does not predict this and there have been no observations of 

multiple fibril structures reported in the literature. 

A more satisfactory explanation of the generd scattering in the third region is that the 

polymer chahs, cornposing the m u e  fibrils, are rearranging themselves dong the axis of 

the craze fibrilç. This type of ordering wodd result in sigdicant changes to the polymer 

scattering, causing the background subtraction to be incorrect in this region. Models of 



polymer scattering in bulk materiais is a complex issueTd5 and models of orientation pro- 

cesses in poly-mers linked to the formation of craze fibrils have not been reported in the 

literature. 

To sum up the discussion of section 8.2, the craze structure consists of a forest of well 

aligned craze fibrils with weak interfibrii interaction. Bot h the resuits kom the GNOM pro- 

gram and the observed scattering peaks indicate that there are preferred distances between 

the craze fibrils. The lack of a series of well-defined peaks at regular intervais implies that 

the interfibril interaction does not go much beyond nearest neighbours. 

Polymer chahs within c rue  fibrils appear to undergo orientation processes. No details 

of this orientation c m  be determined at this time. A mode1 of S U S  scattering which can 

account for both the interaction of craze fibrih and polymer conformation within Bbrils 

would be a great asset for examining the contribution of polymer chah orientation to the 

deformat ion process. 

8.3 Fibril Structure 

The measure of the c rue  fibril diameters is key to the principal theory of c rue  growth, L3928 

where the craze fibril diameter is identified as an indicator of local stresses within a c r u e  

and therefore may be used to determine the energy required for craze growth. (See section 

2.3.2 and 2.3.3 for more details.) It is assumed that the c rue  fibrii boundaries are well- 

defined; an assurnption whîch has been shown to be inaccurate in this work. It is therefore 

important to examine the nature of the fibril boundaries and consider possible effects of 

non-ideality on the theory. 

Several different approaches are used to exxmine the fibril structure within the crazes- 

Two models of diffuse fibril boundaries, reflecting different boundary structures, were ap- 

pLied to determine the fibril diameter and identm a possible boundaq structure. In addi- 

tion, the GNOM program was used to examine the f i b d  scattering region in order to obtain 

alternative measurements of £ibril diameter for cornparison with those obtained from the 

models. 



The commody used Constant Background mode], which assumes that there is uniform 

interna1 structure within the crue  fibrils, bas been shown to be inaccurate in a Porod 

analysis. An examination of the effect on fibril diameter measurernents through incorrect 

application of this model is dso presented here dong with a comparison of the fibril diam- 

eters reported in the literature. 

8.3.1 Diffuse Boundary Models 

The HIPS material is believed to initiate crazing through cavitation at phase bound- 

aies. L87z1132 The Sigrnoidal- Gmdient model was developed to describe boundaries in two 

phase polymer ~ ~ s t e r n s , ' ~ ? ~ ~  and thus, may be consistent with the crazing rnechanism of the 

KIPS rnateriaI. The Power-Law model is based on assumptions of non-Newtonian plastic 

flow (equation 2.11) which point to a power-law strain-rate gradient between the center of 

the crue  fibrils and the midpoint between fibrils. This strain-rate gradient will result in a 

density gradient while the material remains under tension. The PS-PB blend materiai is ex- 

pected to form crazes through plas ticization and plastic flow which follows non-Newtonian 

fluid flow, thus the Pouter-Law mode1 is expected to hold. 

fiom tests of the two rnodels, it has been shown that the Sigrnoidal-Gradient mode1 

provides a better description of the data than the Power-Law model for both rnaterials. 

This indicates that the mechanism controlling the formation of craze fibrils is similar in both 

materials. Although the Sigrnoidal-Gradient model does no t have an established theoreticd 

link to phase boundaries, it has been observed to hold well for two-phase thermoplastic 

rnaterial~?~7~' t~~ CClearly the void-fibril interface can be thought of in terrns of a two phase 

system, giving credence to the use of the SZgmoidal-Gradient model in this case. The 

fact that it holds better than the Pouer-Law model demonstrates that power-lâw strain 

gradients, implied in the Meniscus Instability model (section 2.3.2), have Little effect on the 

density distribution wit hin the fibrils. 

The clifference in the observed P and CT, parameters for HIPS and the PS-PB blend 

materid indicate that the f ibd boundaries in the PS-PB blend material are shazper than 



in the HIPS material. A cornparison of the us parameter to its corresponding mean fibril 

radius, however, reveals that the value of 0, is about half the fibril radius. This indicates 

that variations in the density are not limited to a s m d  region at the fibril siirfàce; rather, 

the density varies throughout the fibril. This is quite significant for rneasiirements of the 

fibril surface energy, described in section 2.3.3 and discussed in section 8.4; a large variation 

in the density within a fibril implies that the surface energy required to form the fibrit is 

not well-defined. 

8.3.2 Cornparison to  Constant Background Mode1 Results 

A sample of fibril diameter values obtained fiom the literature is given in table 8.1. The 

accuracy of the values given is not specificaliy stated. However, h m  the precision to 

which the numbers are quoted! it c m  be inferred that the mriation in the diameters for 

similar materids at room temperature is significantly greater than the implied experimental 

uncertainty (accuracies of I l 0  A are obtained in the present work). The large variation 

among these values is not well-understood. It is unlikely that the iack of invariant corrections 

at low-q can account for the diversity among the values reported by the same group because 

the low-q limit would be expected to remain constant. In his 1991 paper, BubeckL7 suggests 

that detector saturation is to blame for previously observed Iower values, however, no detaiIs 

are given to support this. It is possible that the variations in the results are due to the effects 

of polymer orientation at  extremely high-q values. Tt is also possible that the variation is 

due to a misapplication of the Constant Background model. 

To understand the effects of an incorrect application of background valuesl numerical 

tests were done by generating ideal data based on the diffuse b o u n d q  Power-Law model, 

described in appendix C: 



Fibril Diameter 
60 A 

120 A 
94)-104 A 

65 A 
87 A 
87 A 

140 A 
73 & 10 A 
84 =t 10 A 

1 Authors 
' Brown et al.' 

Brown et al? 
Bubeck et al.57 
B r ~ w n e t a l . ~ ~  
Bubeck et a1? 
Brown et ale2' 
Bubeck et d.I7 

Current Results 
Current Results 

Table 8.1: Fibril diameter values at  room temperature obtained from the literature 

with 

The values chosen for R (the fibril radius), uf (volume fraction of fibrils), B (Power-Law 

model boundary parameter), and q are based on typical values observed in the data. The 

chosen values of R~ and vf result in a fibril diameter ( D ~ )  of 80 A. 

This ided data was then fit to the Constant Background model: A plot of vs. q3 is 

extrapolated Linearly fiom the highest-q values and the low-q intercept is obtained. From 

this intercept value, diameters were extracted using the relation: 

Year 
1981 
1984 
1986 
1987 
1987 
1989 
1991 

where K is the intercept determined fiom the extrapolation. 

The results of these tests, shown in fig 8.1, demonstrate that a non-integer power-law 

relation will appear as a good fit within the Constant Background model. 

Material 
PS 
PS 

HIPS 
PS 

HIPS 
PS PB blend 

H I P S  
PS PB blend 

HIPS 



Figure 8.1: Constant Background mode1 fit to ideal Power-Law mode1 data 

8.3.3 Detector Artifacts 

Experimental sources of variations in measured fibril diameters must also be considered. As 

mentioned in section 6.1, the fibril diameters were obtained in a time series of measurements 

over a range of temperatures. Definite trends are observed in the fibril diameters with 

temperature for the H P S  material (figure 8.2), as predicted by the hleniscus InstabiIit1~ 

theory of craze growth. Two datasets are considered with sigmficantly different electron 

beam current. The initially high beam current dataset is indicated on figure 8.2 by an 

'X' with the highest temperature data corresponding to the beam current for that run. A 

distinct o&et in trend between datasets c m  be seen. This discrepancy can be linked to a 

sigdicant difference in both the electron beam current of the synchrotron and the measured 

detector live-the. 

The rnost likely explanation for the presence of this offset is the occurrence of non- 

linearity in the detector response due to the presence of a field-masking ion cloud in the 

detector gas.79 Such a situation would occur when there is a partial saturation of the 



I 
I 

r 
L L 1 c L I L 

30 40 50 60 70 

Temperature ( OC ) 

Figure 8.2: Craze fibril diameters O btained fiom the Sigrnoidal-Gradient fit parameters as 
a h c t i o n  of temperature for the HIPS material over two datasets. Note that the two 
highest temperature data points fiom the iïrst dataset, marked with an 'X': correspond to 
measurements taken at the end of a nui. 



detector from a high x-ray beam current . Detector saturation effects, such as t hose suggested 

to be present here, have been reported previously at  other f a ~ i l i t i e s . ~ ~  

It is worth noting that when sirnilar tests were done using the Power-Law model, the 

discrepancy aoted in figure 8.2 was not visible. However, the scatter in the data due to 

inaccuracies in the model fitting were sufficiently large to obscure such an aberration if it did 

exist. Clearly the greater precision avaiiable wit h the Sigmoidal- Gradient model provides 

the capability to identi@ such a detector problem. 

In conclusion to this discussion of fibril structure, the craze fibrils have been stiown 

to follow a Sigrnoidal-Gmdzent diffuse b o u n d q  model. This suggests that the power-law 

stress gradients expected from the Meniscus lnstability model of c r u e  formation and growth 

do not infiuence the density distribution within the craze fibrils. The extent of the density 

gradients within the fibrils indicates that any theory of craze fibril formation must take this 

factor into account. 

The standard technique for obtaining surface energy values describing craze growt h 

involves the use of the Constant Background model to obtain fibril diameters. From the 

numerical tests presented here, it is clear that this model can produce inaccurate results. 

A test for linearity in the plot is insufficient. Care must therefore be taken in selecting the 

appropriate model to use for determinhg fibril diameters. 

The precision of the fibril diameter measurements from the Sigmoidal- Gradient mode1 

brings to light possible problems with the detector system. A correlation of the observed 

offset in fibril diameters of HIPS with the environment variables of electron beam current 

and detector live-the indicate that the detector may not be operating linearly through- 

out the accessible scattering angle range. This effect is subtle and indicates the need to 

thoroughly characterize the detector being used for this type of measurement to a greater 

degree than has previously been thought acceptable. 



8.4 Microscopie Mechanisms of Crazing 

As described in sections 2.3.2 and 2.3.3, the growth of crazes, which occurs through the 

drawing of new fibrous material out of the active zone at  thc craze boundaries, is governed 

by two competing mechanisrns, chab scission and forced reptation. The probability for an 

individual chain to undergo scission is independent of temperature, while the probability for 

it to undergo forced reptation will increase with increasing temperature. n o m  a knowledge 

of the probabilities of these two mechanisms, the energy required to lengthen a craze fibril 

by an incremental amount (an increase in the fibril surface), r f ,  may be dete~nined.~? It cm 

be deduced Lom the temperature dependencies of scission and reptation that at siifficiently 

low temperatures, where scission dominates, the surface energy will be independent of 

temperature. Above some critical point, reptation will begin to dominate the craze growth 

process and the surface energy will decrease with temperature. For pure PS, this critical 

temperature has been deterrnined to be approximately 70' c . ~  
The Meniscus Instability theory of craze growth indicates that the fibril surface energy, 

rI, is proportional to the macroscopic parameters of applied stress and fibril diameter 

(equation 2.26). The fibril diameter is predicted to increase with temperature and the 

applied stress is expected to decrease with temperature during constant strain rate tests. 

This results in competing trends of similar magnitudes afFecting the surface energy which 

should cancel out at sufnciently low tempe rature^.'^^ By comparing the trends observed in 

the surface energy with those predicted fkom the microscopie theory of polymer motion, it 

is possible to test equation 2.16 and the Meniscus Instabilitg model of craze gowth. 

The surface energy derived from equation 2.16, assumes that al l  applied stress goes into 

the formation of new craze fibril surface. For this reason, the equation is only valid where 

the deformation is proceeding by pure craze growth. From section 8.1, it has been noted 

that this deformation mode is only observed in the HTPS material and thus, only fibril 

diameters and stress values fiom the HlPS data are used here. 

As noted previously (figure 8.2), the fibd diameters are observed to increase with in- 

creasing temperature, consistent with predictions of the Meniscus Instability model. A close 



examination of the trend in the fibril diameters indicates a possible transition from fibril 

formation via chah  scission to that of formation via reptation at  55' C. The prediction of 

the Meniscus Instabilitg mode1 of decreasing apptied stress with increasing temperature, 

shown in figure 8.3, can also be seen to hoId. 

Surface energy vdues, deterrnined from a product of applied stress and fibril d imeter  

(equation 2.16 with < = 2 ) ,  are shown in figure 8.3. Fkom a microscopie viewpoint, the 

sut-face energy is expected to be to be constant with temperature at low temperatures (scis- 

sion) and decrease with temperature at high temperatures (reptation). The fibril diameter 

data suggests that such a transition occurs at  approximately 55" C. Lt is not possible from 

this data to identify a transition point between regions of chain scission dominated and 

reptation dominated deformation. In particular, the estimated transition point korn the 

fibril diameter data c a n o t  be confirmed by the surface energy trends. The change in the 

surface energy is also suspiciously similar to that observed for the applied stress and thus 

the fibril diameter changes are not having as big an effect as suggested by the theoretical 

background.' 

The equation for surface energy, developed as part of the Meniscus Instability model, 

does not take into account the diffuse boundaries of the c r u e  fibrils which have been shown 

to exist . However, the observed Gaussian densi& distribution suggests the possibility that a 

mean surface energy might be defmcd which c m  account for the fuzzy boundaries. Power- 

Iaw density gradients, suggested by the non-Newtonian fluïd mechanics of the Illeniscus 

Instability model, are not observed. Although power-law density gradients are not expiicitly 

predicted in the Meniscus Instability model, the non-Newtonian fluid ffow suggests that 

such gradients might be present during dynamical processes. The energy required for fibril 

orientation as weU as the presence of surface stresses are not accounted for in this model. 

These observations thus bring into question the completeness of the model and the usefulness 

of the surface energy in accurately descrîbing the mechanisms of craze fibril growth. 
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Figure 8.3: Weighted average of applied stress and surface energy as a function of temper- 
ature for the HIPS  material, showing the sirnilarity in trend for the two curves. 



Chapter 9 

Conclusion 

An apparatus for real-time x-ray scattering measurements of crazes in bulk polymer materi- 

als has been designed and tested. The new design features overcorne many of the shortfalls 

of previously reported techniques discussed in section 4.2. In particular, this apparatus is 

capable of symmetric tensile deformation which maintains the sample center in the x-ray 

beam (described in chapter 5). Slotted sample holdets allow for stress relaxation in samples 

wit hout imposing compression stress which obscures observation of the relaxation process. 

An Entrm load ceil is mounted in the system to provide direct measurements of the stress 

applied to the sample. A motor control system capable of variable strain rates is linked to 

the load cell to enable constant stress tests in addition to constant strain and constant strain 

rate experiments. The mriety of testing rnethods allows the mechanical properties of poly- 

mers to be investigated with a focus on the differentiation of these properties. Progress has 

been made on developing a method of measuring the true polymer strain using laser diffrac- 

tion fiom a reflective grid fixed to the sample. In addition, the radiative heating technique 

develop ed provides an accurate met hod for t emperature-dependent investigations: valuable 

for probing the underlying mechasisms involved in polymer deformation. Findy, the en- 

tire defonnation apparatus is contained in a portable sample chamber which can be readily 

adapted to different x-ray synchrotron and in-house sources. 

The equipment was used to perfonn a constant strain rate investigation of two di£- 



ferent polymer rnaterials, HIPS and a novel PS-PB blend, a t  temperatures ranging £rom 

30 to 70' C. Changes with strain in the applied stress, x-ray absorption by the sample, 

and effective scattering volume were used to obtain information regarding the macroscopic 

deformation process and identify the presence of craze formation and c r u e  growth stages. 

Both materials were observed to undergo c r u e  deformation. A pure c r u e  growth stage 

was observed in the HIPS deformation process, but not in the PS-PB blend. It was also 

noted that the yield point in the PS-PB blend occurs at  higher stress values, followed by 

rapid failure. This indicates that the HIPS material has significantly higher polymer chain 

mobility than the PS-PB blend material, an unexpected observation given early reports on 

the performance of the novel materid. 

It was not possible to distinguish between elastic and shear delormation occurring in 

the deformation stage characterized by a linear stress-strain relationship. Neither elastic 

nor shear deformation results in changes to the x-ray scattering pattern in the angdar 

range observed. In addition, it is not possible to directly link specific deformation modes 

with changes to the polymer conformation at monomer lengt hscales. Fkee relaxation tests 

- which the current apparatus is capable of - combined with measurernents of the true 

strain - possible using the laser diffraction technique currently under development - are 

required to identify these deformation modes. 

The interpretation of SAXS data is highly model-dependent and so it is important to 

examine carefully the models used to confirm their appiicability before extracting crucial 

information such as the fibril diameter. S U S  measurements fkom the constant strain 

rate investigation were used to examine the craze fibril structures. Ordering peaks were 

observed in the data, consistent wit h a regular interfibril distance predicted by the Meniseus 

Instablllty rnodel- The Constant Background mode1 was found to be inappropriate for the 

scattering data observed and it was shown that incorrect application of this mode1 to data 

similar to that examined here could account for the vaxiation in fibril diameters reported 

in the literature. 

It was determined that the craze fibrils were best described by a diffuse boundary struc- 



t ure foilowing the Sigrnoidal-Gradient model. Fibril diamet ers ob tained from diffuse bound- 

ary models agreed with those obtained h m  a direct-indirect transfocm of the scattering 

data. The preference of the Sigrnoidal-Gradient model over the Power-Law mode1 indicated 

that non-linear stress gradients predicted by the Meniscus Instability model do not have a 

signincant effect on the structure of the fibrils and must be con6ned to the regions near the 

craze surface. 

The Sigmoidal Gradient mode1 has historically been associated with phase boundaries 

in polymer rnaterials. Such surfaces could be expected from the H P S  materids if fibrils 

axe formed frorn voids created by the sepsration of the rubber-particle additive from the 

PS matrix. The success of the Sigmoidal Gradient model for the PS-PB blend material 

cannot be accounted for in this way. Here the additive is in a Liquid form and is expected 

to act as a plasticizer rather than as a void promoting defect. These observations indicate a 

shortfali in the Meniscus Instabilitg model which does not allow for a, Gaussian-type density 

distribution within the craze fibrils. 

Craze fibril diameters were observed to increase and applied stress to decrease with 

increasing temperature, as  predicted by the Meniscus Instability model. It was not pos- 

sible to identi@ a transition between scission dominated and reptation dominat ed crazing 

regimes. This may be due to the insufüciency of the data, the inadequacy of the surface 

energy parameter, or a failure of the forced reptation model. 

The surface energy is expected to provide a link between macroscopic parameters and 

microscopic chain dynamics. The use of surface energy is c d e d  into question by the ob- 

servations reported here that the c rue  fibrils contain diffuse boundaries. The Meniscus 

Instabilitg model must be reexamined in iight of the evidence presented here to provide a 

parameter which can effectively link macroscopic measurements with theories of polymer 

chain dynamics. In addition, a more thorough temperature dependent test of the fibril di- 

ameters is in order, to obtain a precise determination of the scission to reptation transition. 

The Meniscus Instabàlity mode1 aIso lacks an accounting of the orientation process 

among the polymer chains. A correction similar to the entropy term of the coil-strand- 



transition mode1 may be in order. Before such a correction can be accurately made detailed 

information on the orientation process is required. Models of scattering which can account 

for the polymer chain orientation witliin the framework of a craze fibril structure are desired 

so t hat the necessary information on this orientation processes may be used in the models 

of craze growth. 

Possible sources of detector error must be invest igated and scat tering measurements 

must be taken with very high live-times (> 90%). The temperature trends in the fibril 

d i a e t e r s  do not appear to be obscured by the detector eEects so this is not a critical 

problem for the measurements. 

In conclusion, a state-of-the-art apparatus for RTS AXS measurements of craze grow t h 

has beeri produced. This apparatus is capable of detailed investigations of ail standard 

deformation modes with variable temperature- Two sample materials, HTPS and a solvent- 

toughened poiystyrene have been examined at temperatures between 30 " C  and 70 OC. 

The SAXS data kom the c rue  fibrils was analyzed using several techniques including tests 

for power-law scattering exponents and a cornparison of modified Porod's law rnodels. The 

mode1 cornparison indicates a density gradient within the fibriIs, which questions traditional 

S A X S  measurements of these fibrils and the use of the surface energy parameter. Surface 

energy results have been examined in light of the molecular-level predictions of polymer 

chain dynamics. However, the ptesent results are inconclusive in identibing a scission-to- 

reptation transition. 

A precise interpretation of the scattering from craze fibrils has thus been developed, 

dowing  detailed information of the c r u e  structure to be extracted. Shese analysis tools, 

combined with the extensive capabilities of the apparatus, provide a complete suite of 

rneasurement probes allowing access to an unprecedented degree of information at both the 

rnacroscopic and microscopic levels- The potentid to obtain such information provides a 

means to perform detailed tests of structure-property relationships dong with a method for 

examining the theory of forced reptation. To further this work, more data is required to 

provide a precise measure of the surface energy as a function of temperature. An alternative 



parameter must be considered to the surface energy. And finally, more comprehensive 

models of the c r u e  structure need to be developed and tested. 
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Appendix A 

General Scattering Equat ion for 

Oriented Rods 

The derivation shown here closely follows the work of Porod,"' Feigin and Svergunl' and 

Brown et al? With the prirnary difference being that Porod assumes randomly oriented 

rods and Brown et al. incorporate a di t  smearing geometry directly into their derivation. 

The structure factor, F(q3, for a rod-shaped particle can be divided into two parts 

(6 and 6). The first term accounts for scattering from the long axis of the rod and the 

second describes scattering in the radial d i r e c t i ~ n . ~ v ~ ~ i " * ~ ~  

Long Axis Radial Axis 

Here (Ap) is the electron density contrast, L is the length of the rod, A is the cross-sectional 

area of the rod, wll is the angle of the rod with respect to q', WL is the angle between the 

projections of r' and q'in the plane of the rod, r = ICI7 and q l  is the magnitude of $ 

projwted into the rod cross-sectional plane- 



The scattering intensity may be approximated by taking the averages of the square for 

each factor separately, t hus giving: 

where N is the number of rods, A is the rod cross-sectional asea, JO is the zero-order Bessel 

function, and T~ ( r )  is the correlation function describing the rad cross-section. 

If qL > 27r it is possible to approximate the integrd in the first term as going from O 

eo oo with no loss of accuracy. However, if there is a Iarge degree of orientation arnong the 

rods, one needs to consider the angular range of orientation 

where w is the azimuthd scattering angle with w = O being perpendicdar to the rod 

axis and Aw the angular range over which the rods are oriented. If w is set to zero and 

Id L cos( Au) << 27r t hen the foUowing approximation can be made: 

and the scat tering intensity perpendicular to the rod axis becomes 

In the case of a close-packed system of oriented rods, such as that of craze fibriis, the 

scattering intensity due to the rod cross-section wilI contain additionai terms diie to the 

inter-rod interactions. The general equation for the scattering intensity of craze fibrils then 

becomes: 

I f ( q )  = 1 rdr rf (r)  JO (qr) + Interaction Terms -/ 



Appendix B 

Porod's Law for Oriented Rods 

Porod's law for oriented cyiinders may be obtained in two ways: through dimensional 

arguments fkom standard Porod's law and through a detailed derivation foilowing that of 

the original Porod's law. The simpler dimensional arguments will be presented first: and 

this wiü be confkrned by the detailed derivation which wiU make clear the assumptions 

involved. 

B. I Dimensional Basis 

The standard Porod's Law is given by: 

where I is the x-ray intensity, Q is the invariant, q is the scattering angle, S is the total 

surface area of the scatterers, and V is the total volume of the scatterers. 

It has been showdl that scattering for randomly oriented long thin rods is proportional 

to l / q .  Since this scattering wïll not be observed in oriented rads, Porod's law for this type 

of structure must take on the form: 

I q-3 (B-2) 



At the s m e  time, for rod-like particles, V c m  be rewritten as 

V = A L = T R ? L  

and S as: 

where L is the length and Rf is the radius of the rods. This gives: 

which is Porod's law for oriented rods. 

B.2 Detailed Derivation 

As described in section 3.7 the equation for the scattering intensity from oriented rods 

(equation 3.29) is &en by: 

where Q is the invariant. 

Rom Guinier and F0urnet,8~ . y / ( r )  may be determined by: 

where Vp(r) is the overlapping volume of two identical particles separated by a distance r. 

For infinitely long parde l  rods, a shift in the axial direction produces no change in Vp. The 

correlation function for oriented rods, (r) , therefore becomes: 



where Al(r)  is the overlapping area of two circles with radius R, such that, 

The integral may be solved by means of trigonometric substitution, giving a solution 

for the correlation function of: 

r 1 r  

) - (2Jm4)} (B. 10) 

For r << R 

and 

(B. 12) 

Having obtained a functional form for yf ( r ) ,  the integral in equation B.G can be solved. 

Using the form of +yf ( r )  for smdl r ,  the solution to two integrals must be determined: 

Using the propert ies of Bessel functions, the folluwing relations may be obtahed: 

/ x J~ (x)dx = z h  (z) (B. 14a) 

Combining equations B.6,B.12, and B.14, the intensity due to scattering fiom infinitely 

long cylinders may be obtained. As in the original derivation of Porod's law, all but one 

of the terms is a diminishg oscillatory function of q. Grouping those terms together, the 



intensity can t hen be given by: 

If (4) CO 

lim - = [& 1 Jo(qr)d(qr) + Oscillatory termr 
Qf 

t hus 

which is Porod's law for oriented rods. 



Appendix C 

Power-Law Mode1 for Diffuse 

Boundary Part ides 

C.1 Diffuse Botindaries Described By a Convolution Integral 

There have been many empirical forms proposed in the literature for the difhse boundary 

modification to particle s t n i c t ~ r e . ~ ~ ~ " t ~ ~ * ~ ~  One method for determining the effect of dif- 

fuse boundaries on the scat tering intensities involves the use of convolution met hods" in 

describing the density function. In this method, the density function p, ( r )  is modified by 

convolution with a smoothing functio~ 

where h ( r )  is the smoothing function. 

FoUowing the arguments of Koberstein and ~ u l a n d , " * ~ ~  the scat tering intensity can be 

described by: 

Iobs ( P I  = 3 (70 ( r )  1 3 {h*2 ( + ) )  = 1, (q)H2 (9) (C-2) 

where F{} indicates a Fourier transform, the exponent *2 indicates a self-convolution, I,(q) 

is the Porod Iaw intensity, and H(q)  is the Fourier tra.nsform of h(r )  . This method has an 



advantage when deaIing with oriented rod modifications to Porod's law in that the derivat ion 

of the diffuse boundary modifications may be dealt with separately fkom the modifications 

to Porod's law. 

C.2 Density at Boundaries From Power-Law Smoothing 

A power law srnoothing function rnay be written as: 

with r = O defining the boundary of the particle and A the width of the diffuse boundary. 

I t  is worth noting that this form is similar to that of Schmidt et although, Schmidt 

does not employ a density convolution. 

Applying the convolution operation with this srnoothing function gives a density distri- 

bution function described by: 

To provide a conthuous density in the interior of the particle, A is set to R, the radius of 

the part ide- 

(2.3 Intensity From a Power-Law Smoothing Function 

The intensity factor, K(q) ,  is the Fourier transform of h(r): 



Thus, applying equation 3.32, the intensity for oriented rods with power-law diffuse 

boundaries has the form: 



Appendix D 

Fitting Met hodology 

D.1 Fitting t o  IdenMy Power-Law Regions 

A fitting algorithm was designed which would allow for the identification of three power-law 

regions within a data set and determine the exponential factor for each power-law region. 

The a lgo r i th  was composed of a grid search technique applied to a three section piecewise 

linear equation.83 The breakpoint locations were determined by finding the q values which 

gave the maximum adjusted R* value (F) .84*85 

The multiple-correlation coefficient, R2, is a rneasure of the reduction in the variabiiity of 

the dependent variable (y) ob tained using the given independent variables (xi, 22, 23, . a) 
and is usefùl for determinhg the optimal model hinctional f 0 r m . 8 ~ 7 ~ ~  The value of R~ varies 

between O and 1, with 1 indicating a perfect fit to the data, and is defined by: 

where n is the number of data points, ?Ji is the value of Yi predicted by the model, and ij is 

the mean value of y- To guard against the inclusion of unnecessary variables, the adjusted 

R* &es (@) are used: 



where p is the number of regressor variables. 

The fitting algorithm proceeded as follows: The power-law intensity relations were 

mapped onto the t hree section linear equation: 

w here 

( - y - a ) + = X - a  for z > a  

= O o t herwise 

(X -b)+ =,Y - 6  for x > b 

= O O t herw ise 

with qr and qz being the £kt and second break points respectively and = O or 1 de- 

pending on which of the two opposite mgles the data point is associated with. Values of a 

and b were varied and for each combination of a and b fit parameters were estimated and 
- 
RZ was computed, giving a two-dimensional data set of values, as shown in figure D.1. 

F'rorn this data set, a point of maximum was determined. 

Having ob tained the a and 6 values which gave the bes t z, values for the two breakpoints 

were calculated, and power-law exponents were determined from the estirnates of the fit 

parameters Cr, C2 and C3. 



Figure D.l: Typical R2 distribution as a function of a and b. The maximum on this surface 
indicates the location of the two breakpoints. 

The fitting algorithm used for the Sigrnoidal-Gradient and Power-Law models were designed 

specifically to compare these two models. To ensure an accurate cornparison, the form of 

the fitting for the two models was made as similar as possible. The fit equations for the two 

models followed the forms: 

w here 

and 



w here 

with (X3  - b)+ and ( X p  - b)+ being defined in the same manner as in equation D.3c. In 

this way, a cornparison of for the two models gave a good indication of which mode1 best 

described the data, 

In addition, the segmentecl linear equation d o w s  for the testing of combined models 

The four possible models based on combinations of ,Y, and ,Y, could then be compared, 

using calculated values, to determine which best describes the data. 



Famous Last Words: 
Of making many books there is no end, and 
much study wearies the body. 
Now al1 h a  been heard; here is the conclu- 
sion of the matter: Fear God and keep his 
commandments for this is the whole duty 
of man. 

Ecclesiastes 12:12,13 
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