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(ABSTRACT)

An experimental investigation using grids with a frequency of 125 lines/in. (5 lines/mm) was

performed on inert propellant and pure binder at two different global head rates of 0.1 in./min

(2.5 mm/min) and 1.0 in./min (25.4 mm/min). From the extracted data, displacements, strains,

and dominant eigenvalue for displacement were calculated. An idealized model was used to

explain the high strain zone ahead of inert propellant that caused severe blunting at the crack

tip.

Using the available algorithms and three dimensional photoelasticity, the dominant stress

singularity order values were calculated in a four point single edged cracked bend specimen

with both straight front and thumbnailed cracks. The free surface values are the same as for

the inert propellant and in good agreement with analytica! values.

A boundary layer is observed in the singularity order which extends towards the mid-plane

of the specimen. This region is about twenty percent of the distance from the free surface to

mid·depth of the fractured body.

The slow and fast head rates alter the global behavior of the specimen as well as the density

of the displacement and strain contours. However, the near tip mechanisms are not altered.
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1.0 Introduction

Fracture mechanics concepts started in early 1920 with a publication of Griffith [1]. He stated

that a crack would grow to lower the energy of the system, i.e., the energy would be dissipated

by creating new fracture surfaces. He did his analysis based on lnglis’ [2] work for stored

energy calculations. Later on, Orowan [3] did some investigation on the plastic zone ahead

of the crack tips of cracked bodies for materials that experienced brittle failure. ln the late

forties, lrwin [4] related stored strain energy to energy used to create new surfaces as well

as plastic deformation. In 1955, Orowan [5] showed that if plastic work was taken into account

in lrvvin’s work, the brittle fracture in materials could be well defined.

In 1957, lrwin [6] proved the equivalency ofthis energy approach to a stress intensity approach

according to which fracture occurs when a critical stress distribution, characteristic of the

material, is reached. By 1959, the Griffith-lrwin concept of sharp crack mechanics had re-

ceived a lot of attention and a need for further investigation both analytically and exper-

imentally was felt.

It should be mentioned that all the above discussions were for two dimensional Linear Elastic

Fracture Mechanics, LEFM, and basically apply to sharp cracks in brittle materials [7]. For

brittle materials, the plastic zone ahead ofthe crack tip is confined to a very small region.
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Consideration of a free surface effect began around 1969 when Sih and Hartranlt [8,9] sug-

gested the possible Ioss of the square root stress singularity for cracks intersecting the free

surface. Since then, different analytical and experimental approaches have been accom-

plished to measure both the stress intensity factors and the stress singularity orders as one

moves from the center line of a cracked body to traction free surfaces.

Among the investigators were Folias [10,11] and Benthen [12-14] who carried out intensive

analysis in this area. Further work has been performed by Bazant [15,16], Swedlow [17], and

Takakuda [18]. All of the above work Ieads to the conclusion that, in fact, the square root

stress singularity does vary from the classical value of 0.5 as one approaches the free surface.

Its dependency on Poisson’s ratio and the angle that the crack border makes with the free

surface has also been established. In the next chapter, the work of these authors will be cov-

ered in more detail.

In 1980, Smith and Epstein started an intensive experimental investigation to resolve some of

the ambiguity in analytical work in cracked bodies, specitically the stress singularity variation

through the thickness. The artiticial straight front crack was studied and the stress singularity

orders were found through the thickness [19-23]. In these analyses, a boundary layer is ob-

served in the singularity order which extends towards the mid-plane of the specimen. This

region is about twenty percent of the distance from the free surface to mid-depth of the frac-

tured body.

The other investigations of Smith, after the author joined his group, were measurements ofthe

singularity values around the border ofthe crack front in semi-elliptical cracks in large plates,

through cracks that were naturally grown in four point single edge cracked bend specimens,

and continuation of Epstein’s work [24-29].
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2.0 Literature Review and Problem Definition

2.1 Introduction

As briefly mentioned in the previous chapter, studies of the effect of cracks intersecting free

surfaces on the dominant stress singularity order started in the late si><ties. Later, the inves·

tigation shifled towards derlving algorithms and analytica! methods for the three dimensional

cases where a crack intersects a free surface ofthe material. The surface is traction free and

a very complex three dimensional state of stress exists at the crack tip. The value ofthe stress

singularity order near the free surface was desired. Furthermore, the question of whether loss

of the LEFM stress singularity is only at the surface or varies over a transition zone, or

boundary layer, was of interest.

This chapter reviews some of the works carried out both analytically and experimentally in this

area. The last section briefly gives a definition ofthe problem at hand that motivated this re-

search.

Literature Review and Problem Deflnltlon 3



2.2 The Work of Sih

Hartranft and Sih [8] based a three dimensional analysis for state of stress about a crack tip

on the two dimensional eigenfunction expansion of Williams [30]. Using cylindrical coordinates

as shown in Fig. 2.1, they developed the state of stress about the crack tip.

They assumed the stress singularity value of 0.5 at the free surface as well as inside the body

throughout their analysis. To verify this approach and analysis, Villarreal and Sih [31] ran a

three dimensional stress freezing photoelasticity test and removed thin slices starting at the

plate surface orthogonal to the crack border in the neighborhood of 0.25 mm and thicker, Fig.

2.2. The value of K, dropped towards the free surface from its interior values. The authors

mentioned that their analysis is not valid in the region close to the free surface (i.e., the

boundary layer), and the possibllity that the inverse square root singularity may not hold true

in that layer including the free surface.

2.3 The Work of Bazant

ln 1974, Bazant [15,16] approached the problem of measuring the stress singularity at the free

surface by numerical analysis. He used spherical coordinates, (r,6,¢>), in a semi~infinite body,

Fig. 2.3. Since he assumed a semi·infinite domain, he could use a separation of variables

approach and defined the displacements as followsz

OO AK
U,} = Er “f:;(6, da) ij = r,H, ¢> (2.1)

K=1
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He then substituted these equations into the spherical form of the Navier displacement

equations. The displacements were a function of 1,, and he calculated a value of stress

singularity (I1,] = 1 - |1,,I) of 0.329 for a Poisson’s ratio of 0.25, for a stationary crack.

2.4 The Work of Folias

Folias [10] assumed a through crack in a finite width plate for his analytical work. He assumed

the plate to be in tension in the direction perpendicular to the crack plane, Fig. 2.4. In his

analysis he converted the three coupled partial differential equations of stresses with three

independent variables to a system of three ordinary differential equations. He then wrote the

displacements in terms of semi-infinite integrals with infinite series within the integrand.

Furthurmore, he assumed the singular part ofthe solution to be a function ofthe leading term

only. He finally found that the stress singularity is dependent on Poisson’s ratio, (v), in the

form shown below:

1
r^° = F (2+2* (2.2)

The work of Folias was not in good agreement with the work of the other analysts. The main

question was whether his equilibrium conditions were satisfied with the stress series. In a

paper published in 1980, [11], Folias tried to clarify some of the ambiguity by stating that 'Due

to mathematical intractability of solving certain integral equations, an unknown function exists

in the singular term of the equation for the stress normal to the free surface'. He states that

"lt is possible for this function to vanish at the free surface, thereby allowing the singularity

to exist at the free surface,' [32].
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2.5 The Work of Benthem

Benthem [13,14,33,34] in 1976 started the three dimensional analysis for stress and displace-

ment eigenvalue measurements, and ln the following years completed his studies. He also

performed an experimental test. A review of his work is as follows:

Benthem used spherical coordinates as shown in Fig. 2.5 and a quarter infinite crack in a half

space [33]. For displacement and stress fields, he used variable separable eigenfunction for-

mulations. He took advantage of Neuber-Papkovitch-Bossinesq stress functions as a solution

of the Navier-Cauchy equation. He defined stresses as follows:

co
2 " kaa: 2r' Q} (laß, ¢>) (2.3)

K=1

In his work he noted that the inverse square root singularity is lost at the free surface. This

means the two dimensional analyses based on plane strain, as well as K,, are invalid and

meaningless at the free surface. He then calculated a different value of stress singularity at

the free surface from the classical value of 0.5. He later did an experiment on rubber with

v=0.5, Ioaded in mode I, and found the singularity value at the free surface that agreed with

his analysis. He also showed the dependency ofthe singularity order at the free surface on v

and Fig. 2.6 shows a plot of this relationship. lt should be mentioned that the greatest differ-

ence in stress singularity from a value of 0.5 occurs (for real materials) when Poisson’s ratio

is one half.
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2.6 The Work of Kawai and Fujitani

Kawai and Fujitani [35,36] treated the problem by also using spherical coordinates and as-

suming a separation of variables approach. They formulated the stress function by using

Bossinesq functions and Legendre polynomials. Collocation was used on the traction free

surface for measurements of A, . With a large number of collocation points, they approached

the value of Benthem's at the free surface.

As the number of collocation points was reduced, the singularity value got closer to Folias'

value [10,11]. This could imply that Folias' analysis was incomplete rather than incorrect.

2.7 The Work of Swedlow and Associates

ln 1978, Swedlow published a paper, [17], where he addressed the problem of singularity

computations. He attacked the problem by applying the finite element method. He used

Williams' [30] approach for his analysis, and a number of tinite element sections surrounding

the singularity region for his formulations.

ln 1984, Swedlow, with Burton and others, published another paper in which they combined

the finite element method with boundary integral equations to measure the singularity order

[37]. By application of boundary integral equations, all the lield equations were exactly sat-

islied. Figures 2.7 and 2.8 show the geometries used by Swedlow and associates.
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SwedIow's singularity values were in good agreement with those of the other researchers

such as Benthem, Kawai, and Bazant, especially at lower values of Poisson's ratio. Table 2.1

shows the values and the respective sources [37].

2.8 The Work of Takakuda

Takakuda in 1985 published a paper in which he calculated the dominant eigenvalue for dis-

placement for cracks intersecting the free surface [18]. The geometry he used for surface

cracks is shown in Fig. 2.9. He formulated the crack problem in the form of integral equations

and used Williams' approach for the Griffith crack under plane strain conditions to confirm his

approach [30].

He considered the angle that a crack border would make with the free surface as a variable

and took that into consideration for his analysis as well. Table 2.2 shows the values of the

dominant eigenvalue for displacement that he calculated and listed with considerations of

Poisson's ratio and the angle ofthe crack border with the free surface. His analysis showed

that this angle would influence the dominant eigenvalue as much as Poisson's ratio does. For

cracks intersecting the free surface at 90°, his value is very close to Benthem's value.

2.9 The Work of Smith, et al.

Smith, et al. started with approaching the measurement of stress singularity values from an

experimental point of view [19-29]. Stress freezing photoelasticity, as will be described in more

Literature Review and Problem Definition 16



Table 2.1. The llst of some stress slngularity values at the free surface.

Analytical by Benthem .500 .484 .452 .413

Analytical by Kawai .500 .480 .430 .370

Finite difference by Benlhem .500 .484 .452 .414

FEM by Bazant .500 .484 .452 .413

FEM by present method .499 .485 .445 .370

Literature Review and Problem Definition 17
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Table 2.2. Takakuda's domlnant elgenvalue for dlsplacement at the free surface

0.125 0.8675 0.8861 0.9087 0.9354 0.9661 ~···—

0.250 0.6944 0.7148 0.7464 0.7942 0.8687 -—-

0.375 0.5805 0.5946 0.6186 0.6578 0.7276 0.9493
0.600 0.4998 0.5096 0.5245 0.6477 0.5867 0.6684
0.625 0.4345 0.4403 0.4464 0.4540 0.4656 0.4864
0.750 0.3925 0.3888 0.3826 0.3740 0.3636 0.3527
0.875 0.3831 0.3706 0.3518 0.3283 0.3031 0.2789

Llterature Review and Problem Definltlon 19



detail in the following chapters, was used as a tool for this investigation. The motivation was

that there was not a well established experimental procedure that would conlirm the analytical

and numerical work that had been carried out. The other concern of Smith was the value of

the singularity within a transition zone towards the center line of the body. Physically he ex-

pected to have a transition zone, or boundary layer, as one moves from the free surface to the

center line ofthe specimen. Smith's work started with measurements ofthe stress singularity

through the thickness for a four point single edge cracked bend specimen with an artilicial

sharp through crack at the center [38]. The specimen geometry ls shown in Fig. 2.10, with the

lowest eigenvalue for displacement distribution in Fig. 2.11. To verify the values measured

using a stress freezing process, moire interferometry was also applied.

The other work of Smith has been on measurements ofthe dominant stress singularity values

for semi-elliptical natural cracks in finite thickness plates. This work was carried out after the

author joined Smith [32]. The test model is shown in Fig. 2.12 and stress singularity values are

shown in Fig. 2.13.

There have been some modilications to Epstein’s analysis as well as more experimental work

for a natural through edge crack in four point bend specimens that the author was involved in

[24-27]. Additional studies for more complex geometrles are planned and the values of the

dominant stress singularity order will be extracted in the near future.

2.10 Problem Definition

This work basically is composed of two phases. First, there is a continuation of the research

that has been going on by Smith and associates to get a better understanding of the three

dimensional stress singularity values. The singularity values for an artiücial sharp crack

Literature Review and Problem Definition 20
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through the thickness of the specimen was calculated by the use of stress freezing material

to benchmark the work of Epstein. The stress singularity values for a natural crack were also

investigated. ln this case, the same geometry as Epstein's work was used, except the crack

was lnitiated with a sharp blade and grown naturally ln the oven.

The second phase was an attempt to try to extend the above noted continuum approach to a

particulate composite (i.e., solid fuel propellant). Solid fuel propellant consists of rigid parti-

cles in a rubbery matrix material. The material in general is non-homogeneous. The me-

chanical properties of the material have to be experimentally determined. The ingredients are

chosen so as to maximize burning properties, but these properties are to some extent altered

due to cracks developed in the motor grain. The cracks could develop in manufacturing or

fabrication processes. In addition, some cracks could develop when the material is stored af-

ter being placed in its casing. The thermal expansion coeflicients for the solid propellant and

the casing are not the same, so variation of temperature in the storage area could create new

cracks. lmperfect bonding between propellant and casing has also been observed, which

could be idealized as a crack.

The cracks will reduce the strength of the material to some extent, but up to some point the

reduced values may still be acceptable. One can use fracture mechanics to investigate these

cracks and their effects on the behavior of the propellant. ln this study, the values of in-plane

displacements and strains at the surface of the propellant were desired. The matrix material

of propellant, referred to as binder, has a volume of about 25% of the propellant and is a high

Poisson ratio material. There was also interest in measurlng the dominant eigenvalue for

displacement in the propellant and binder at the free surface. Also, the shape of the crack

border was to be investigated in the propellant and the stress freezing material. Finally, it was

desired to determine to what extent the boundary layer and variation of the stress singularity

measured ln stress freezing material can be used to infer similar information about the .

propellant.

Llterature Revlew and Problem Definition 25



3.0 Experimental Procedures

3.1 Introduction

ln this chapter the experimental procedures will be covered. lt starts with a list and a short

definition ofthe materials used. The different geometries as well as the experimental methods

will also be discussed. The methods of data extraction are covered as well, so at the end of

the chapter all required data would be available for analysis. The next chapter will concentrate

on the analytica! aspects of this dissertation. The experimental data read and collected here

will be used as input for the next chapter.

3.2 Materials

Three types of materials were used through the course of this project. They are listed below

and a brief definition of each will follow.
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1. lnert Propellant

2. Pure Binder

3. PSM-9

3.2.1 inert Propellant

This specimen material was manufactured by Morton Thiokol, Inc., and referred to as H-24

inert propellant. The word inert refers to the fact that the basic ingredients of a real propellant

were kept in this material, except that burning particles were replaced by other crystals. The

result is a non-homogeneous composite of very stiff inclusions in a compliant matrix of

polybutadiene resin. The volume fraction of inclusions is approxlmately 75%. The output is a

rubbery gray solid with ingredients listed below [39]:

Polybutadiene Resin 10% by wt.

Potassium Chloride 70% by wt.

Powdered Aluminum 15% by wt.

Ammonium Perchlorate 5% by wt.

The manufacturer’s speciücations indicated that the maximum size of particles would be 0.008

in. (200 pm). Looking at the material under a microscope revealed particles as large as 0.020

in. (500 pm). It was also specified that properties of the material would change upon exposure

to moisture. During storage the material was kept in sealed bags except when being tested.
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3.2.2 Pure Binder

Pure binder was classilied as a homogenous material made by casting the polybutadiene re-

sin that was used in the propellant. lt had a Poisson's ratio ofabout 0.47 and Young's modulus

of 112.3 psi (0.776 Mpa) at room temperature at nominal global strains of up to 20%.

Some chemical additives, used to enhance the capability of bonding the rubber to propellant

particles, were also added to the binder. The result was a very sott light yellow colored rubber.

Pure binder was also manufactured by Morton Thiokol, Inc., and referred to as R54M

Gumstock.

3.2.3 PSM-9

This material was used for the stress freezing process. lt was an epoxy cast in sheets of dif-

ferent thicknesses and the specimens were made out of these sheets. lt had diphase me-

chanical and optical properties, one set at room temperature and one set above its critical

temperature of about 220 'F (105 'C). At room temperature, it had a stress-optic coeflicient, f,

of 60 psi/fringe/in. (10.5 Kpa/fringe/m) with Young's modulus of 480 Ksi (3.3 Gpa). At elevated

temperature, critical temperature, the value of f was reduced to 2.5 psi/fringe/in. (438

pa/fringe/m), and Young's modulus dropped to 6000 psi (0.04 Gpa).

The Poisson's ratio of 0.36 at room temperature reached the value of incompressible elastic

materials (0.50) at critical temperature with no viscoelastic effects [40]. The pure binder was

also nearly incompressible at room temperature.
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Since PSM-9 (referred to as stress freezing material here as well) ls cast in sheets. For each

new sheet a calibration test was run to measure the actual Poisson’s ratio, fringe constant,

and Young's modulus.

3.3 Grid Method

The in-plane displacements and strains as well as the lowest displacement eigenvalue for the

free surface of pure binder and inert propellant were desired around the crack tip. Since

these materials were soft, large displacements and rotations were expected near the vicinity

of the crack. A method of measurement that would yield reasonable results was needed. Of

all the choices available, the grid method [41] seemed to lit this purpose the best. The method

of applying the grid to the specimens is as follows [42]:

The region of interest, usually an area of 3x3 inches (7.5x7.5 cm) around the crack tip, was

covered with a thin white coating of a mixture of silicone grease and Titanium dioxlde powder.

The excess material was wiped off carefully using 'kimwipes'. Then, under a microscope, a

grid made of Nickel with 125 lines/in. (5 lines/mm) density was placed on the treated surface.

Care was taken in lining up the grid lines with the line of the crack to ensure the accuracy of

the displacement readings. Then the grid was pressed down on the specimen. Next, the

specimen with attached grid was placed in a vacuum machine and a thin layer of Aluminum

evaporated on it. The Aluminum turned black through the evaporation process. Removal of the

mesh resulted in black Aluminum on openings of the grid, while the lines were left white.

The grids did not stiffen the free surface of pure binder or inert propellant. This was a major

concern because both materials were very soft.

After the transfer process was completed, the area was photographed as shown in Fig. 3.1.

The grid frequency was line enough to show the displacements accurately, and at the same
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time was coarse enough to be photographed clearly using a 35mm camera with extension

tubes. This initial photograph, referred to as 'initial pattern', acted as a master grating in

geometric moire. Then specimens were Ioaded and deformed. The attached grid followed the

specimen deformation and pictures were taken of the deformed stage at different global strain

levels during constant displacement rate tests. ln geometric moire, the contours of constant

displacements would be obtained by superposition of the two pictures.

The process of superposition of the two images was bypassed by using a digitizing tablet and

software developed in the lab. By fixing the picture to the digitizing tablet, the position of any

grid could be recorded with respect to the crack tip. Then the same grid was traced and

digitized in the deformed picture and recorded. The difference of the two yields the values

of displacements at that specific grid.

Figure 3.2 shows a digitized area from one of the pictures. The digitized points are located

at intersections of horizontal and vertical lines. Figure 3.3 shows the same points alter the

specimen has been Ioaded and deformed.

3.4 Stress Freezing Photoelasticity Method

The stress freezing process was used as a tool to measure the in-plane shear stresses and

appropriate algorithms were used to convert them to fracture parameters [43]. The material

used was PSM—9, a transparent plastic, with diphase mechanical and optical properties.

After the preparation of the specimen, it was placed in the oven and heated to critical tem·

perature. Then it was soaked for a few hours at that temperature to avoid any temperature

gradients. lf an artificial crack was lnserted in the specimen, some load would be applied and
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Flgure 3.1. A plcture of grld trensferred to the surface of pure blnder.
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Flgure 3.2. A dlgltlzed grid pattern before loadlng.
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Flgure 3.3. A dlgltlzed grld pattern after loadlng.
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then the specimen was cooled to room temperature under load. On the other hand, ifa natural

crack was desired, the load would be monotonically applied to grow the crack. Alter the

growth of the crack to the desired length, part of the load was reduced to arrest the crack

growth. Then the specimen was brought to room temperature. The cooling process took a long

time, because the specimen had to be cooled at a very slow rate. Upon cooling, all deforma-

tion would be frozen in the specimen. Removal of the load at room temperature resulted in

negligible recovery. Then, using a Buehler diamond saw, slices were removed mutually

orthogonal to the crack border and crack surface.

Keeping in mind the direct proportionality between stress fringe density and thickness of the

slices, as will be covered in more detail in the next chapter, the Tardy compensation and the

Post fringe multiplication methods were used to give fractional fringes. The result was in-

creasing the number of data polnts.The Tardy compensation method was introduced by Tardy

in 1929 [44]. Dally and Riley [45] cover this method in some detail and it will not be repeated

here.

The Post fringe multiplication unit was set up by Epstein [38,46] and it effectively increased the

thickness of the slice under consideration. These two processes, when combined, increased

the number of fringes by more than one order of magnitude. Normally a tifth multiplication

factor of fringes was used along with 18° tärad) Tardy rotation for this purpose. Thus, the

fringes as low as one tiltieth of a fringe order were recorded.

The fringe multiplication unit will be briefly explained here.

3.4.1 Fringe Multiplicatlon Unit

As was mentioned earlier, when the stress freezing photoelastic process is used, one would

get the stress fringes that are an lndlcation of maximum in-plane shear stress applied to that
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specimen. This maximum in-plane shear stress is directly proportional to the thickness of the

material.

Upon removing the thin slices, the number of fringes would decrease, which in turn reduces

the number of data points available for analysis. The fringe multiplication process increases

the effective thickness of the slice, thus increasing the number of stress fringes. This idea

was well deüned in two papers by Post [47,48] and the set up was done by Epstein [38,46] and

is shown in Fig. 3.4. Figure 3.5 shows a blow up of the fixture used in the field of the

polariscope. The function of the multiplier unit is as followsz

A laser beam is coliimated and reflected through a polariscope with a pair of partial mirrors

in between. Then it passes through a focusing lens. The desired multiplication is chosen and

a card with a thin slot blocks all the other beams except the chosen multiplication. Then it is

refiected from a mirror to a ground glass viewing screen. The reading could be done using

the stage or a picture could be taken and digitized.

Figure 3.5 shows the fixture. lt has two partial mirrors which are set at some small angle with

respect to each other, with a container that is tilled with index matching fluid. The slice would

be submerged in the fluid. As the light reaches the first partial mirror, part of it would reflect

and part would go through the mirror. Then the light passes through the slice and to the sec-

ond partial mirror. Again part of it goes through the second mirror, resulting in a multiplication

of one, and part would reflect back. This process would continue and one can see the multi-

plications of one, three, live, seven and so on reaching the focusing lens. Figure 3.6 gives a

graphical view of the explanation given above. Figure 3.7 shows fringe patterns for multipli-

cations of one, five, and seventeen, respectively.
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Fl ure 3.7. Multl llcetlons of 1, 5, end 17 res ectlve 46].9
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3.5 Specimen Geometry and Preparation

3.5.1 Inert Propellant and Pure Binder

Each specimen was prepared in two phases. First the specimen was cut out of sheets to the

geometry of biaxial specimens as shown in Fig. 3.8.

The specimen without the crack and rounded sides showed biaxial behavior at the center

under tension. To assure the extension of the crack under load before the boundaries would

crack, the sides were smoothed using a fine file. The grips were then glued using Kalex

Uretha. The cement was a flexible, high peel strength adhesive provided by Hardman lnc.,

Belleville, N.J.. lnsertion of the crack was very critical. Care was taken to assure a sharp

crack tip. Two guides, and a knife made from a putty knife and custom cut in the shop, were

used for this purpose. The sides of the knife were sharpened to give a sharp crack tip, and

the guides led the knife into the specimen straight, resulting in a sharp, straight crack. The

knife is shown in Fig. 3.9.

The second step was to transfer the grid to the surface. This process was covered in detail

in the section describing the grid method.

3.5.2 Stress Freezing (PSM-9)

This material was cast in sheets of different thicknesses. The thickness of 0.5 in. (12.7 mm)

was used for these tests. A beam of 1.12 x 11.12 in. (28.6 x 282.6 mm) was cut out ofthe sheet,

using a band saw. The specimen was then trimmed to the actual size, 1 x 11 in. (25.4 x 279.4

mm), using a high speed router. This process resulted in very smooth sides without creation

of any fringes due to heat. Then, using a guide, four holes with 0.25 in. (6.4 mm) diameter were
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Flgure 3.8. The speclmen geometry used tor Inen propellant and pure blnder.
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Flgure 3.9. Method of lnsertlng the lnltlal crack ln Inert propellant and pure binder.
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drilled as shown in Flg. 2.10. The next step was insertion ofthe crack. Ifa sharp artiticial crack

was desired, a band saw was used to drive the crack into the middle of the specimen to about

0.4 in. (10 mm) and then a special tool was used to extend the crack to half way through the

width ofthe specimen. The tip ofthe crack had an included angle of 30° and root radius of less

than 0.002 in. (0.05 mm). This would classify the crack as a sharp one. The crack border was

straight and the angle between the crack border and the free surface was 90°. The details of

dimensions are shown in Fig. 2.10.

lf a natural crack was desired, the specimen would be prepared as explained above; then,

using a band saw, a cut was made to 0.3 in. (7.6 mm). The end of the cut was extended by

about 0.02 in. (0.5 mm) using a sharp X—acto knife. Then the specimen was put in the oven and

enough load was monotonically added until the growth would start and reach the desired

length. Then part ofthe load would be removed to arrest the crack. The resulting crack border

in this case was usually a thumbnailed crack and the angle of the crack border with the free

surface was different from 90°.

One point should be explained here to avoid confusion. When in this text the reader is referred

to the "border' of a plane crack, it means a curve joining the loci of the crack front positions.

The 'protile' of the crack is a view of the opened crack at any point along the crack border

when looking ln a direction normal to a plane which is mutually orthogonal to the crack plane

and its border

3.6 Test Conditions

After pure binder and inert propellant specimens were prepared, they were placed in a tensile

machine. The displacements, strains, and dominant eigenvalue for displacement under ten-
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sion were desired, so the specimens were loaded ln tension normal to the crack plane at

constant head rates. There was a question as to the influence of the rate of loading on the

speclmen deformation. To answer this question, two cross head speeds were chosen, one at

0.1 in./min (2.5 mm/min) and one at 1.0 in./min (25.4 mm/min). The record of load vs. time and

extension vs. time were kept. Figure 3.10 shows the plot of load vs. time and extension vs.

time for slow and fast rate of both pure binder and inert propellant [50]. Clearly the effect was

signilicant over the range studied.

From a previous series of tests run in the Iaboratory, it was concluded that the absorption of

moisture would alter the behavior of the material. So the material was kept in a sealed bag

except for preparation or while the testing was performed.

The PSM-9 did not require any special consideration, except that it had to be soaked at the

critical temperature for a few hours. The cooling process was not to exceed a rate of 3-5°F/hr.,

which was controlled automatically. The slicing process was to be done slowly and with the

aid of coolant to avoid introduction of any new stress fringes due to heat.

3.7 Data Extraction

The data extraction procedure for lnert propellant and pure binder was as followsz

A picture of the grid alter it was transferred to the specimen, Fig. 3.1, was taken and used

as the initial pattern. Then, as the specimen was loaded, new pictures were shot at different

time intervals, using a 35mm camera [42], Fig. 3.11. The desired pictures were chosen and

digitized. The reference was the crack tip and its plane. For displacements and strains, some

grid lines were selected around the crack. The displacements were measured by the distance

between the undeformed and deformed stages.
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For the measurements of the dominant eigenvalue for dlsplacement, data were taken along
a line perpendicular to the crack plane. The points where horizontal and vertical lines of the
grid crossed each other were used as points of interest and digitized. Figures 3.2 and 3.3 show

the digltized points for one ofthe tests before and after load has been applied.

The data extraction for the PSM-9 was done by using the stage on the fringe multiplier unit.
Tandem application of the Tardy method and fringe multiplication of tive on the fringe multi-

plier unit gave about lilty data points. Again the data were collected at an angle 90° to the
crack plane. The distance from the crack tip to the center of each fringe and the corresponding

fringe number were collected and recorded. A typical fringe pattern is shown in Fig. 3.12.

For comparison purposes, the crack border and its angle with the free surface were to be

photographed. For pure binder and inert propellant after some growth ofthe crack, a dye was

shot into the specimen and, after completion ofthe test, the crack border was photographed.

For PSM-9, in the case of an artilicial crack, the crack border was a straight line, while for a

natural crack the border was thumbnailed.

Figure 3.13 shows the crack front for pure binder and inert propellant. Figure 3.14 shows the

crack front for the PSM-9 with natural crack.

Figure 3.13 shows that the angle ofthe crack border and the free surface is about 90° for inert

propellant. This led to the conclusion that if the variation of the stress singularity is to be

measured through the thickness of PSM·9 and used for inert propellant, the crack border

similar to the one for inert propellant should be used.

For pure binder, Fig. 3.13, the crack border shows some retardation in the free surface alter

growth. The reason could be that insertion of the initial crack damaged the free surface.
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Flgure 3.12. Typlcal stress frlnge pattern for a cracked body In mode I.
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4.0 Algorithms T

4.1 Introduction

As was mentioned earlier, in the tests on pure binder and inert propellant the contours of

displacements, strains, and the dominant eigenvalue for displacement were of interest for the

case of inert propellant and pure binder.

For PSM-9, the variation through the thickness of the stress singularity for a crack with a

straight front and a thumbnailed border were to be determined. The algorithms used for each

of the above mentioned materials will be covered. For the stress and displacement

eigenvalues, the two dimensional classical LEFM will be reviewed before the formulation for

the free surface effect ls presented.
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4.2 Displacements and Strains for Pure Binder and Inert

Propellant

For the digitizing process, two pictures are used, one before the deformation (giving an initial

pattern), and one of the deformed grid. Points of interest were chosen around the initial crack

tip with the initial crack tip as the reference point. These points were digitized in an array type

manner and recorded for both pictures, l.e., the y position of each point was stored. The dis-

placement in the y direction, U,, is the difference between the y value of that specific point

before and after loading. The formula below shows the mathematical form of the displace-

ment in the y direction:

U2 =
Yf'*‘

YiHere
’i’

refers to the initial, and
’f'

to the final values digitized, Fig. 4.1.

Knowing the value of U, displacement around the crack tip, a computer code was developed

to calculate the strain in the y direction, ay, using the formula shown below.

ay = (4.2)

4.3 Review of Mode I LEFM Algorithms for Displacement

Near tip equations can be derived [51] for displacements for the two dimensional case in the

following forms:
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·
U, = C,K,G,,(0)r? —

% r cos 8 (4.3a)
S

L AU2 = C,K,Gy(8)r 2 + rsln 8 (4.3b)
S

where:

U, = displacement the in x-direction, (Fig. 4.1)

U2 = displacement the in y-direction, (Fig. 4.1)

C, = constant, including elastic constants

Ä = non-singular stress term

E, = shear modulus

Considering zones close to the crack tip enables one to neglect the effect of the Ä term, and

reading data along 8 = ~ä— reduces Eq. (4.3b) to:

1.
U2 = C2K1r

2Sometimes,however, Ä does make a contribution in the data zone, so one would use (along

Ü = 1r[2)I

1U2 = Ca(K1)Al>" 2 (4·5)

U2 W . „ . .
A plot of 7- vs. r; would result ln K,. This analysis again assumes a displacement

F?
eigenvalue order of one half through the thickness. To account for the variation of the

eigenvalue order, Benthem's analysis [14] was considered and modified to better represent

the data for the particulate composite.
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4.4 Displacement Algorithm Taking Free Surface Effect

into Consideration

Benthem assumed a separable eigenfunction series expansion form for displacements in the

form of [14], (Fig. 2.5):

AK
U) = f “h,(0, q$)K K = 1, , oo (4.6)

where:

U,= displacement (i=1, 2)

,15 = eigenvalue

h,(9. ¢) = eigenfunction

As before, considering the leading term and taking data along 6 and ¢ =—% results in :

u, =
02/‘~

(4.7)

Taking the natural log of both sides, there results:

ln(U2) = ln(D2) + ,l„ ln(r) (4.8)

Thus 2.,, is the slope of the ln(U,) vs. In(r).

For the case of inert propellant, blunting was observed at the crack tip, Fig. 4.2. The amount

of blunting, 2U„, was carefully measured and taken into consideration in Eqn. (4.8).

The revised form is as written below:

U2 =
D2rAu

+

UOln(U2"UO) = |n(D2) + lu
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4.5 Review of Mode I LEFM Algorithms for Photoelastic

Data

The LEFM assumes a square root singularity order of one half and lt ignores the highly three

dimensional effect near and at the surface of the specimen. Then the two dimensional state

of stress in regions affected by the singularity is [43], Fig. 4.1:

K1 · . .
vl) = ·*·I@(9) — ¤,)(6) IJ = X-Y (4-11)

(21rf) 2

where:

6,, = near-tip in plane singular stress components

K, =Mode l Stress Intensity Factor (SIF)

6}, = near-tip contribution of non-singular stresses

The above equation can be written out in the form shown below (Fig. 4.1):

K l

6,,=——LTcos%[1—sin%sin%]—6 (4.12a)
(2m')?

412b°W “ L 2 2 2 ( ‘ )
(21zr) 2

_ K1 . 6 6 30

Recall the definition for maximum shearing stress:

1ffm, =7 ((f,, - 6,,)f + 46f,} (4.13)
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Substitution of Eqns.(4.12) into Eqn.(4.13) yields Eqn.(4.14) along0K2

K
‘

° 2
(4.14)

4(rrf)?

which when combined with the stress-optic law [45]:

«„,„ = g (4.15)

where:

n = photoelastic fringe order

f=materlal fringe value

t=thlckness of specimen

yields an expression for K,, as shown below:

K __ l nf 2 ° 2 l- °,-(nr)2{[2(T) +(6) ]2 -6} (4-16)

Assuming (8)* to be small relative to and rearranglng Eqn.(4.16), results in

[53]:

K1 Ä (4.17)
(Sm')?

Jg

Delining apparent SlF as:

J.
(KI)AP = "max(8"r) 2 (4-18)

and normalizing with respect to E(1:a)Ä‘ where:

E = remote stress

a = half of crack length

results in:
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(KDAP K1 r J-
T=**—i·+?(?)2 (4.19)
E(rra) 2 F(1ra) 2

K
Equation (4.19) describes a linear relationship between (é—)% andF(rra)?

From a variety of tests, a linear zone of ( %)% from 0.2 to 0.4 has been established. One could

e><trapolate back to the vertical axis for values ofthe normalized K,.

4.6 Photoelastic Algorithm Taking Free Surface Effect into

Consideration

One can use a complex stress function with a variable first eigenvalue to define the three di-

mensional stress state near the free surface boundary layer near the crack tip. This would

be equivalent to applying a quasi two dimensional stress state to slices removed in that

boundary layer.

lf one assumes an analytic function z in the form shown below, x and y can be obtained as the

Re(z) and lm(z), respectively, as shown below [38,55]:

z = x + iy (4.20)

This would lead to:

axx = Re(z) — Im(z) (4.21a)

ay, = Re(z) + ylm(z) (4.21b)
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6,0. = —yRe(z') (4.21c)

where:

R '
_ öRe(z) _ ölm(z)

42e(z)- Öx
—

ay (.2)

As in LEFM, we can assume a two dlmensional stress function f(C) in the form of:

Z =Q (4.23)
C a

in which ,1, is the stress singularity order. ( ls equal to (re") and originates at the crack tip

as shown in Fig. 4.1. Expanding f(C) in a MacLaurin series about the crack tip and at the same

time Ietling C approach zero, one would get:

K1. 2
="-‘ + a,C + a2C +
"‘,/21:

K1
z =-4r“^6 (4.25)

I |C|—• 0 «/2**

lt should be noted that if ,1, is set equal to its classical value of 0.5, LEFM would be recovered.

Now if one substitutes Eqn.(4.25) into Eqns.(4.21), one would get the following equations for

stresses:

KA •

6xx cos ,100 — .10 sin 6 sin(„10 +1)8}— 6 (4.26a)
,/21: r '

KA,

6},}, = --7{ cos ,106 + .10 sin 0 sin(,10 +1)8} (4.26b)
,/21: f '
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K
6,,,, =Ä{.1,, sin 9 cos(„1„ + 1)6} (4.26c)

,/21I r '

where:

K,, = stress eigenfactor.

la = stress singularity which is different fromI
l'Upon substitution of Eqns. (4.26) into Eqn. (4.13) and assuming , one obtains

1, n

[54]:

1,,K,, sin 0
+1)0 (4.27)

,/21: f '

Again, along H = the above equation reduces to:

K4 Q „ (K4 )41=

There remains the task of measuring Ä. Away from the free surface, a state of plane strain
K

/—
would dominate and the singularity of l- prevails. So if one plots Mtvs. é , the slope2 F,/na
would be 1-,,

To = % sin(l„ +1) Jg- (4.29)

Equation (4.29) Ieads to the conclusion that as one moves from the state of plane strain, near

the center portion of the specimen, to the free surface, the singularity would vary from to

1,. So 1:, should change as well.

The approach here is to assume a constant value of To for the inside region, where plane strain

governs, and a linear variation of 1-, up to the free surface. Since without any correction the

value of the singularity at the free surface was the same as Benthem’s analytical solution as
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well as the experimental value using moire, the free surface was assigned a value of zero for

the 1-,,, With the determination of 1-,,, Eqn. (4.28) reduces to:

KA.

Tmax = Ä, *-*-7 + To (4.30)
,/2rr f '

Taking 1,, to the left hand side of Eqn. (4.30) and taking the natural log. of both sides, results

in:

KA.

In(1-ma,, — 1-0) = ln(A, ——)
- Ac In r (4.31)

1/21T

Again the result would be a line with horizontal axis as ln r and vertical axis as ln(1-,„„— 1-,,),

leading to a slope of A,.

Algorithms 62



5.0 Results

5.1 Pure Binder Results

After preparation of the specimens, as was covered in detail in previous chapters, they were

placed in the tensile machine and pulled in tension. A total ofsix tests were run and analyzed.

Tests numbered 1, 2, 3, and 4 were run at a rate of 0.1 in./min (2.5 mm/min), and the rate for

tests 3 and 4 was 1.0 in./min (25.4 mm/min). The rate is defined as the speed at which grips

were pulled away from each other, i.e., the global separation rate of the two grips.

Pictures were taken before the loading process started and at set time intervals while the test

was in progress. Figure 5.1 shows a sequence of these photographs for the slow rate. The

sequence shows pictures of the grid before loading and after loading starts, and includes

stages of crack opening and crack extension. The load vs. time and extension vs. time re-

lations were also recorded, and a plot of them ls shown in Fig. 3.10. The contour maps of

displacements and strains in the y direction are shown in Fig. 5.2. The crack border for slow

rate and fast rate had the same shape and is shown in Fig. 3.13. The dominant displacement
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eigenvalues were calculated for several different global straln levels for each test and are

tabulated in table 5.1.

Since the pure binder had a high Poisson's ratio, the value of the dominant displacement

eigenvalue at the free surface was expected to be significantly different from the classical

value of one half. lndeed, it had an average value of 0.63 which favorably compared with

Benthem’s value.

The fast rate tests performed on pure binder showed the same general behavior as the slow

rate. Figure 5.3 shows a series of pictures before loading started and alterwards. The crack

border was again straight with some retardation at the free surface. Table 5.2 gives the values

of the dominant displacement eigenvalue measured at the free surface for tests 5 and 6.

The algorithms for calculating the eigenvalue for displacement were covered earlier. Referring

to the pictures of the crack profiles, one would conclude that the tip of the crack is smooth

enough to lead to the conclusion that 2U„ (the blunting ahead of the crack tip) could be set

equal to zero. ln this case, the utilization of Eqn. 4.10 of the text with U„= 0 results in Eqn. 4.8

and a plot of ln(U,) vs. ln(r) yields a line whose slope is the dominant eigenvalue for dis-

placement. Figures 5.4 and 5.5 show a plot of the dominant eigenvalue for displacement for

slow and fast rate, respectively.

5.2 Inert Propellant Results

The preparation and loading process was the same as for pure binder. For inert propellant

a total of fourtests were run. Tests 1 and 2 used a global head rate of0.1 in./min (2.5 mm/min),

and tests 3 and 4 used a global head rate of 1.0 in./min (25.4 mm/min). The behavior near the
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Table 5.1. The domlnant elgenvalue for displacement for pure blnder tests.

Test 1 Test 2

Linear Zone (range) =2.0-6.0 mm Linear Zone (range) = 1.5-5.0 mm
Displacement Rate=2.5 mm/min Displacement Rate=2.5 mm/min
2U„=0 mm 2U„=0 mm

6% 1,, 6% 1,,

1.94 .727 .37 .748
3.49 .628 1.93 .730
5.06 .569 3.47 .737
6.60 .597 12.87 .631
9.74 .568 17.36 .670
17.35 .597

1,, (avg) =.614 1,, (avg) =.703

Test 3 Test 4

Linear Zone (range) =1.5-5.0 mm Linear Zone (range) =1.5-5.0 mm
Displacement Rate=2.5 mm/min Displacement Rate=2.5 mm/min
2U„=0 mm 2U„=0 mm

6% 1,, 6% 1,,

4.68 .595 7.03 .641
6.24 .587 10.55 .608
7.80 .580 12.92 .556
12.52 .534 15.30 .566

17.36% .602

1,, (avg) = .574 1,, (avg) = .595
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Table 5.2. The dominant elgenvalue tor displacement lor pure blnder tests.

Test 5 Test 6

Linear Zone (range) =1.0-6.0 mm Linear Zone (range) =1.5~5.0 mm
Displacement Rate = 25.4 mm/min Displacement Rate = 25.4 mm/min
2U„=0 mm 2U„=0 mm

s°/¤ 1,, s% 1,,
1.65 .807 6.40 .749
3.24 .642 8.00 .722
6.41 .569 11.20 .660
7.98 .573 12.80 .668
12.80 .526
16.05 .556

1,, (avg) =.612 1,, (avg) =.700

Results 69



-1.1

-1.2

-1.3 ¤
-1.4 ¤

-1.5 ¤
-1.6

¤

-1.7 ¤ I., =0.63
_; -1.8
if -1.9 ¤

-2.0

-2.1

-2.2

-2.3

-2.4

-2.5

-2.6

-2.7

-2.8

-2.9

-3.0
-0.5 0.0 0.5 1.0 1.5 2.0

_ Ln(r)

U, and r in mlllimeters

Flgure 5.4. Plot ol dlsplacement elgenvalue for pure blnder, slow rate.

Results ° 70



-1.3 _.

-1.4 -
2

-1.5 _
2

-1.6 ¤
2

B

-1.7 . ¤
-1.8 . 1,, =0.64
-1.9 .

3 -2.0 _
5 .

-2.1 _

-2.2 _

-2.3

-2.4 ¤
-2.5

-2.6

-2.7

-2.8

-2.9

-3.0
0.0 0.5 1.0 1.5

2
2.0

2 2 2 2 2

Ln(r)

U, and r in millimeters

Flgure 5.5. Plot of dlsplacement elgenvalue lor pure blnder, fast rste.

Results
11



crack tip was different ln inert propellant; due to rigid particles, the crack showed some

blunting at the crack tip. The process was usually a combination of opening, blunting, creation

of void ahead of the crack tip, and connection of the crack to the void to extend the crack. The

last section of this chapter elaborates more on this process.

Figures 5.6 and 5.7 show a series of pictures for the slow and fast rate, respectively. The

amount of blunting is well defined in these pictures. The displacements and strains in the y

direction for the slow rate is shown in Fig. 5.8.

Comparing the strains in the y direction for pure binder and inert propellant reveals that

inclusion of the particles would result in an intensive strain zone ahead of the crack tip for

inert propellant. This would force the inner limit of the linear zone for the displacement

eigenvalue measurements to be farther out for inert propellant relative to pure binder.

To measure the dominant eigenvalue for displacement, Eqn. 4.10 was used. The value of 2U„

was accurately measured and taken into account in the calculations. Figures 5.9 and 5.10

show a typical plot of Eqn. 4.10, with the slope being the displacement eigenvalue for slow and

fast rates, respectively. The crack tip profile for inert propellant at a certain strain level for the

fast rate is shown in Fig. 5.11 for a better understanding of 2U„ and comparison purposes with

pure binder. Tables 5.3 and 5.4 list the displacement eigenvalues for tests 1, 2 (slow rate),

and 3, 4 (fast rate), respectively. These numbers in average compare reasonably well with the

analysis carried out by other researchers such as Benthem.
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Table 5.3. The dominant elgenvalue lor dlsplacement for lnert propellant teste.

Test 1 Test 2

Linear Zone (range)=3.5-5.0 mm Linear Zone (range)=1.5-5.0 mm
Displacement Rate =2.5 mm/min Displacement Rate=2.5 mm/min

6:% 1., 2U„ (mm) .•:% l„ 2U„ (mm)
1.5 .629 .102 .76 .642 0.
3.3 .744 .476 2.75 .674 .20
4.8 .532 .143 5.54 .582 .16
8.0 .648 .344 7.57 .652 .26

10.81 .792 .13
24.05 .712 0.

).„ (avg) = .638 1., (avg) = .676

Results 79



Table 5.4. The dominant elgenvalue for dlsplacement for Inert propellant tests.

Test 3 Test 4

Linear Zone (range) = 1.5-4.5 mm Linear Zone (range)=1.5~5.0 mm
Displacement Rate=25.4 mm/min Displacement Rate=25.4 mm/min

6% l„ 2U„ (mm) 6% l„ 2U„ (mm)

.79 .592 .044 1.67 .643 0.
1.58 .604 .136 5.64 .646 .18
3.16 .619 .384 6.43 .761 0.
6.43 .570 .247 8.03 .677 0.
10.38 .567 .186 13.64 .717 .08
12.74 .681 .144
13.54 .741 .160

l„ (avg) =.625 l„ (avg) =.689
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5.3 PSM-9 Results

The slices from stress freezing tests were photoelastically analyzed. The distance from the

crack tip to the center of the fringes was recorded by application of the Tardy method and

fringe multiplication unit.

The method of measuring 1-,, was covered in the chapter on aigorithms and the reader is re-

ferred to Eqns. 4.17, 4.18, and 4.28. Figure 5.12 shows a plot for one slice past the boundary

layer in which 1-,, was calculated using LEFM. This 1,, was then used with Eqn. 4.31 to deter-

mine I.,. Figure 5.13 shows a plot for that region. Figure 5.14 shows a plot of I., for the

boundary layer zone, and Fig. 5.15 shows the determination of I, at the free surface. Again,

the free surface value is close to Benthem’s and a measured value using moire. The value

of To is approximately zero for the free surface.

A series of tests with artilicial and natural cracks was run. The crack border was straight and

thumbnailed, respectively. Any differences in the distributions of the singularity order for the

straight and thumbnailed cracks were within the data scatter. The values of the stress

singularity order, I.,, for these cases are plotted in Fig. 5.16. The values of the stress

singularity order from Benthem’s analysis [14,33] and the dominant eigenvalue for stress (

II.,I = 1 - II„I) using moire [38] at the free surface are also shown.

5.4 Crack Blunting and Growth in Inert Propellant

As was mentioned earlier, inert propellant showed some blunting at the tip. It began during

the crack opening and before the crack growth. This section tries to answer some of the
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questions that may arise regarding this process. lt should be noted that the argument below

is based on experimental observatlons during the tests with the knowledge of the nature ofthe

inert propellant, i.e., the fact that crystals of different sizes are randomly dispersed in the

matrix material. The cases explained below assume idealized orientations of crystals with

respect to the crack plane as shown ln their appropriate ligures.

One case would be the alignment of the crystals in a perfect order along the lips of the crack,

after it was lnserted using a blade, as well as ahead of the crack tip. Figure 5.17 shows the

crack with such an orientation of crystals. Figure 5.17a is alter insertion of the crack, but be-

fore loading. As the load is applied in tension perpendicular to the crack plane, the crack

would open up and then blunt. A blunted crack is shown in Fig. 5.17b. Upon loading, the rubber

matrix along the crack plane extends as shown in the Fig. 5.17b. The extension is focused in

this region, so the materials above and below the stretched zone carry a small portion of the

stretching applied by the load.

Another orientation could be assumed to have crystals at an arbitrary angle of 45° with re-

spect to the crack plane. Again the shape of the crack is the same as the matrix line ahead

of the crack tip. Figure 5.18 has an illustration ofthis model. The behavior upon loading would

be the stages of opening and blunting. The blunting would again be a triangular region ahead

of the crack tip with its base as the blunt end. The matrix embedding the crystals adjacent to

this zone, referred to as the pre-cracked zone, deforms little due to loading.

In theory, all the area between the crystals is lilled with matrix material. But in reality there

could be some air trapped at the interface ofthe crystals and matrix, or some locations where

matrix and crystals have not bonded perfectly. If it happens that these ’imperfectlons’ fall in

regions ahead of the crack tip when the specimen is loaded and the pre-crack zone is formed,

these imperfections would open up and could be observed as voids. Another explanation for

the formation of the volds could be that the stretched matrix ahead of the crack can be re-

garded as tubes of rubber that are extended. Since these tubes are not strongly transversely
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connected, as the load increases they would fail and create voids. The voids get blgger and

eventually the crack would run into voids that would result in extension of the crack, and this

process continues up to failure of the specimen. Figure 5.19 shows the crack shape and the

created voids ahead ofthe crack under load.

Results 90



fk
éé

|oad state

iä

66

6
6/

.

Loaded Sfate

w_



6.0 Summary and Future Work

6.1 Summary

The behavior of inert propellant is not very well understood to date. Upon changing the per-

centage of its ingredients, the behavior changes as well. In this text, an investigation was ex-

perlmentally directed towards a better understanding of this material with a crack in it. The

dominant eigenvalue for displacement was calculated for inert propellant at the free surface.

The distribution of the stress singularity through the thickness was conjectured to be similar

to the three dimensional photoelastic material (PSM-9) and measured for the latter case. The

values of the displacements and strains normal to the crack plane were also calculated and

plotted for inert propellant.

The pure binder, the matrix material of the inert propellant, was also of interest and the same

quantities were determined as for the inert propellant.

The crack front was photographed for inert propellant, pure binder, and PSM-9. There is no

thumbnailing in the inert propellant specimens. This could be explained by the assumption
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that resin—rich zone ahead ofthe crack is not strongly transversely connected. For pure binder,

reverse thumbnailing was observed which was not expected. Since the material is soft, it

could have been damaged in the process of inserting the initial crack and that would have

caused the retardation of growth at the free surfaces. Additional tests should be performed

for a better understanding of the crack border shape for the case of pure binder. The crack

front for PSM-9 was thumbnailed in the case that it was naturally grown in the oven at the

critical temperature. A series of tests were run on PSM-9 with an artilicial straight front crack

as well.

Severe blunting was observed in inert propellant at the crack tip. Upon loading, a resin rich

region was created around and ahead of the crack tip. This region carries the high strains

so the materials above and below it carry a small portion ofthe stretching applied by the load.

6.2 Future Work

This study would be considered complete in the sense that the variation of the dominant

eigenvalue for stress was successfully measured and plotted against thickness. Engineers

could take advantage of these values in their design codes, by using Finite Element programs

that perform three dimensional analysis for materials.

The values of K, could be calculated for these slices and plotted against thickness using the

formulation and mapping functions developed by Smith [56].

The crack border for pure binder and inert propellant could be studied in more detail to see

ifthe shape has any correlation with the stress singularity order or K,. The effect of moisture

on the test results could be investigated and taken into consideratlon as well.
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After establishing a rich data base for this loading condition (pure tension), more complex

loading systems could be adopted. The cracks that make an angle with the plane of the load

(mixed mode analysis) could also be a good candidate for a better understanding ofthis ma-

terial.

Higher loading rates seem to have potential in terms of crack growth behavior and the frac-

ture parameters and should be investigated.

The final task could be in doing some numerical modeling which covers all the above men-

tioned criteria. If this model is generallzed, it should predlct the behavior of the new

propellants that are fabricated without requirlng extensive experimental work. One should

always keep in mind that if the physics of the problem is understood correctly, experiments

would be the best way to benchmark the developed theories.
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