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ABSTRACT 

The performance of a composite is often controlled by the fiber-matrix interface 
properties and hence they have received co iderable attention. One of the techniques used to 
study the fiber-matrix int rface is the singl fiber fragmentation test. In this test, the specimen is 
elongated in tension. As the elongation proceeds, the fiber begins to fragment as its failure strain 
is exceeded. The fiber fragmentation continues until the fragments are below their critical 
transfer length, termed saturation. An estimate of the interfacial shear strength is typically 
derived from the average fiber fragm ot length at saturation and various micromechanical 
models. The fiber fragmentation is accompanied by other deformation processes such as matrix 
cracking and dcbonding of the matrix from the fiber at the fragment ends. Current 
micromechanic models often incorporate a debonding parameter to account for the influence of 
this additional deformation on the resulting interfacial shear strength parameter. Recently, 
attempts have been mad to quantify fiber matrix debonding using the interface energy for the 
initiation of debonding. However, most of the approaches assume the matrix material to be linear 
elastic and ignore the contribution of matrL strain on the measured debond length at high stress 
values. Research at NIST on epoxy/glass specimens indicates that the fragmentation process 
occurs at strains where the matrix behaves in a non-linear viscoelastic manner. The strain rate in 
the single fiber fragmentation test was found to influence the fiber fragment distribution and the 
extent of deformation in the debond regions. These changes in the fragmentation process due to 
the matrix properties influence the determination of the interfacial shear strength. Measurements 
of the debond regions indicate the matrix strain can be an order of magnitude higher than the 
global matrix strain. 

INTRODUCTION 

Because the fiber-matrix interface plays an important role in the performance of a 
composite, it has been the focus of much research [1-4]. One parameter of interest is the 
interfacial shear strength, 't, which may be more appropriately described as the ability of the 
interface to transfer stress between the matrix and fiber. One of the techniques used to probe the 
interfacial shear 
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strength is the single fiber fragmentation (SFF) test. This test has an advantage over other 
microcomposite tests in that the fiber is loaded in a manner similar to full scale composites and 
therefore can account for the influence of interfacial pressure from Poisson effects [5]. This 
paper will discuss the influence of the strain rate and matrix non-linear viscoelasticity on the 
fragmentation process and the debond regions associated with fiber breaks. 

In he SFF test a dogbone sample of resin is cast with a single fiber embedded down its 
axis. The matrix should have a higher extension to failure than the fiber. The specimen is loaded 
in tension and stress is transmitt d into the fiber through the fiber-matrix interface. As the strain 
increases, the stress in the fiber causes it to fail due to inherent flaws in the fiber. As the load 
increases, this fragm ntation proc ss continue until the remaining fiber fragments are too short 
for sufficient stress to be transferre-d into the fiber to cause further failure. This point is called 
saturation. The average fragment length is defined to be ~ of the critical transfer length, Ie. The 
fragment lengths at saturation are measured, and a micromechanics model is used to convert the 
average fragment length into a measure of the interface trength or stress transfer efficiency. 

Several micromechanics models exist to determine the interfacial shear strength with 
varying built in assumptions. One assumption incorporated in many of the models is the matrix 
behavior. Early models consider the matrix to be elastic [6] or elastic-perfectly plastic [7]. As a 
result, the matrix behavior is a constant in the former case and ignored in the latter case. These 
assumptions can be rather poor for epoxy matrices. Previous research has shown that assuming 
the matri is elastic results in interfacial shear strengths that are 15% too high [8]. Consequently, 
the influence of the matrix behavior on the fragmentation process needs to be incorporated to 
gain a botter understanding of interfacial failur. urnerous efforts are underway to develop 
better micromechanic models to overcome this and other shortcomings in thc assumptions 
usually made. A dctailed examination of the fragmentation process including the debond regions 
should aid in the development of better models. In this paper, the cffect of strain rate on the 
fragment and debond haracteristics will b examined, and the evolution of the fragmentation 
process will be discussed. 

EXPERIMENTAL PROCEDUREa 

MATERIALS 

Thc matrix material for the single fiber fragmentation specimens was a diglycidyl ether of 
bisphenol A (DEGBA) epoxy (Bpon 828 Shell Chemical Co.) cured with 14.5 phr meta
phenylcnc diamine (m-PDA) curing agent (Fluka Chemical Co.). The fibers were taken from 
tows of E-glass (Owens Coming). Each fiber was approximately 15 micrometers in diameter. 
The tows were shown to have no silane coupling agents or other surface coatings. 

aCcrtain commercial materials and equipment are identified in this paper in order to 
specify adequately the experimental procedure. In no case does such identification imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor 
does it imply necessarily that the items are the best avail ble for the purpose. 

This paper is declared a work o/the U.S. Government and is 1101 subjecllo copyright protection ill the United Siaies. 



Proceedings ofthe 13th Annual Technical Conjerence on Composite Materials 
September 21-23.1998 Baltimore. Maryland 

SPECIMEN PREPARATION 

The singl fiber dogbone specimens were cast in eight cavity silicone (RTV-664, General 
Electric) molds. The molds were cured for 24 hours at 23°C, post-cured for 2 hours at 150°C 
and rinsed with acetone prior to usc. 

Single fibers were extracted from long tows of 30 cm E-glass which had been washed in 
acetone and dried overnight at 100°C in a vacuum oven. A single fiber was aligned down the 
axis of the dogbone cavity of the mold via the sprue slots and temporarily fixed at both ends of 
the mold with double stick tape. Care was taken to handle only the fiber ends during placement 
of the fib rs. To ensure the fib r was straight, a slight tension was applied while affixing the 
fibcr to the tape. To pennanently secure the fibers, drops of 5-minute epoxy mixture were 
applied at each end of the fiber. This process was repeated until fibers were placed in all eight 
cavities of each mold. 

The m-PDA pellets are melted in a vacuum oven (Fisher Scientific Isotemp Vacuum 
Oven, Model 281 A) at 75°C with no vacuum appli d. The DGEBA epoxy is also heated in the 
vacuum oven in a separate beaker. After the m-PDA pellets have completely melted, the m-PDA 
is added to the epoxy and stirred vigorously anually. The mixture is then degassed in the 
vacuum oven for approximately 7 minutes. 

When melting of the m-PDA peB ts was nearly complete, molds containing fibers were 
placed in an oven (Blue M Stabilthenn, Model OV-560A-2) preheated to 100°C. The oven was 
turned off and allowed to cool slowly for approximately 20 minutes. This preheating procedure 
aids in minimizing voids during the casting pr ess by having the molds at nearly the same 
temperature as the epoxy mixture. After the epoxy mixture has been degassed, the molds were 
removed from the oven and the dogbone specimens were cast using 10 cc disposable syringes. 
The filled molds were then placed in a programmable oven (Blue M, General Signal, Model MP
256-1, GOP), cured for 2 hours at 75°C, post cured for 2 hours at 125°C and, allowed to oven 
cool to room temperature. 

SINGLE FIBER FRAGMENTATION TEST APPARATUS 

The single fiber fragmentation test was carried out using a manually operated strain jig 
similar to that described by Drzal [9] mOlDlted on a polarizing microscope (Nikon Optiphot). The 
transparent epoxy allowed the fiber to be imaged using transmitted light. The fiber was viewed 
using a CCD video camera (Optronics LX-450 RGB Remote Head microscope camera) and 
monitor (Sony, Model PVM-1344Q). The strain jig contained a 2.224 kN load cell which was 
connected to a serial port in a computer via a transducer conditioner/digitizer (Cooper 
Instruments, DA101/AED9001 A). The strain jig was also attached to a displacement transducer 
(LVDT) which allowed the monitoring and recording of position of breaks and other features in 
the gauge section of the dogbone specimen. 

SINGLE FIBER FRAGMENTATION TEST PROCEDURE 

Prior to implementing the loading routine, the specimen cross-sectional dimensions were 
measured with a micrometer and strain markers, approximately 1 cm apart, were applied to the 
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center of the gauge ection, approximately 1.5 em long, using a green permanent marker 
(Staedtler M). The fiber diameter was measured at 19 locations along the gauge length using a 
pair of crosshairs displayed on a video monitor. The fiber diameter was typically 15 micrometers 
and the standard uncertainty in the fiber diam ter was 0.2 micrometers. To detemline the strain, 
the locations of the strain markers were determined before and after loading by aligning the 
feature of interest with a crosshair in the microscope and reading the position as given by the 
LVDT. The fragment and debond lengths were measured using the same procedure as the strain 
measurements. The standard uncertainty in the instrument for measuring a point was 0.3 
micrometers. The standard uncertainty in relocating a point is 1.3 micrometers. The sample 
dimensions were also measured to calculate the engineering stress. The stress used was the stress 
lOs after the peak load was obtained in each strain step. The expected relative standard 
uncertainty of the load measurement is 0.03N. The standard uncertainty in the measurement of 
the sample dimensions and the radius of the matrix was 0.005 mm. The expected relative 
standard uncertainty in the stress measurement is 0.06cr. The expected relative standard 
uncertainty in the strain measur ment is 0.03E. Thc expected relative standard uncertainty of the 
fiber strength at the critical length is 0.030'1'. The expected combined relative standard 
uncertainty of p and the interfacial shear strength, 1", is 0.06p and 0.061". 

The loading procedure consisted of applying a series of small step-strain to the sample. 
After the application of each step strain, the strain was measured and the sample was held at that 
nominal strain for a certain period of time depending on the desired strain routine before the next 
step strain is applied. The average loading time was 1.10 s with a standard uncertainty of 0.2 s 
and the average displacement was 14.5 micrometers with a standard uncertainty of 3.0 
micrometers. Three loading routines were used. The strain was found to increase by 3.5 x 10-5 

for each I N change in load during the relaxation of the specimen between strain steps. The 
straining routine was continued until saturation was achieved. 

Three straining routines were used to examine the fragmentation process. The first 
routine allowed the time between strain steps to increase from the initial 10 minutes to over 1 
hour depending on the time necessary to make detailed measurements of the fiber fragments and 
associated debond regions. The second loading routine consisted of a constant 1 hour delay 
between each strain step. The third strain routine consisted of a constant 10 minute delay 
between each strain step. This short time delay did not allow detailed measurements of the 
fragments and debond regions until the end of the test (saturation) when the loading was stopped. 
The specimen was then unloaded, and the strain allowed to recover. The time required for the 
strain to recover was at least 5X the time the specimen was under load. 

RESULTS DISCUSSION 

STRESS-STRAIN BEHAVIOR 

The stress time profiles are hOWD in Figure I for the three strain routines examined. The 
times required to reach turation for these experiments were 5 hrs, 9 hrs, and 25 hrs for the 10 
minute strain increment, the variable time strain increment, and the I hour strain increment 
routines, respectively. Figure 2 shows the tress-strain data for the three straining routines. 
Research by Holmes et al. [13] indicates the nonlinearity of the stress-strain plot is due to the 
nonlinear viscoelastic behavior of the epoxy matrix. They all achieved saturation at 
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approximately 4% strain. The thr e straining routines resulted in different effective strain rates. 
The effective strain rates were 2.4 x 10,6 s", 1.3 10-6 s'\ and 4.4 x 10-7 S·l for the 10 minute 
strain increment, the variable time strain increment, and the I hour strain increment routines 
respectively. The stress obtained at saturation is similar: 66 MPa and 67 MPa for the 10 minute 
and variable time strain routines. The stress at saturation was 58 MPa for the I hour strain 
routine due to the greater amount of stress relaxation of the matrix. 

FRAGMENTAnON BEHAVIOR 

The initial break in the fiber occurred at a slightly higher strain for the 10 minute strain 
increment routine than fi r the other straining routines as shown in Figure 3. The maximum fiber 
stress at Ie for the three straining routines were 1.9 GPa, 1.7 GPa, and 1.7 GPa, for the 10 minute 
strain increment, variable time strain increment, and the I hour strain increment routines, 
respectively. These values were calculated ing a procedure described by Schultheisz et a1 (4] 
assuming a fiber modulus of 72 GPa [10]. The 10 minute and the variable strain routines gave 
similar stress-strain behavior in the early stages, see Figure I. The initial fiber breaks in the two 
cases occur at different strains indicating differences in fiber strengths. The variable and the I 
hour strain routines gave very different stress-strain curves and yet the initial breaks occur at 
similar strains and indi ating similar fiber strengths. The differences in fiber strength may be 
primarily the result of differences in the inherent flaws in the fibers themselves. The variable and 
I hour strain routines were at a high stress level for much longer than the 10 minute strain 
routine, which may have resulted in a decrease in the fiber strength, if static fatigue of the plays a 
significant role. 

As shown by Figure 3, the number ofbr aks increases with strain reaching a plateau level 
termed saturation. The fragmentation process can be examined through the usc of a 
fragmentation map shown in Figure 4. The fragmentation map shows the location of breaks 
along the fiber and charts the progression of the fragmentation process with increasing global 
strain. The fiber is represented by two closely spaced horizontal lines. Seventeen ditTerent strain 
steps are included in the figure, one above the other. The breaks are indicated by vertical lines 
through the fiber. To better visualize the break pattern that develops, each new fiber is translated 
and scaled so that the corresponding breaks align vertically. The scaling factors provide an 
alternative way to determine the relative global strain once a number of breaks arc present. The 
strain and number of breaks are indicated at the right side of Figure 4. The strain determined 
from the program used to gen rate the fragmentation map agreed to within 0.000 I of that 
measured directly from the strain markers on the sample. As the fiber fragments, the breaks are 
accompanied by some debonding of the matrix along the fiber ends as shown by Figure 5. The 
debond areas appear as black regions in the 0 tical microscope. Within this black region are the 
ends of the fiber fragments. It is as umed that th matrix is no longer chemically bonded to the 
fiber within these regions and therefore little stress can be transferred across the interface. 
Birefringence bands und r polarized light appear to end at the edge of the debond regions as 
shown in Figure 5 and supports the idea that there is little stress transfer occurring in the debond 
regions. 

The fiber fragments were measured from the edge of one debond region to the start of the 
next. Only in these bonded regions (i.e. outside of the black regions) can significant stress be 
transferred and playa role in the further fragmentation of fiber lengths greater than the critical 
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length. The debond regions were measured to monitor changes with global strain as the specimen 
approached saturation. The average fiber fragment and debond lengths at saturation are shown in 
Table I for the three loa ing routines examined. These lengths were measured from grip to grip, 
but only the gauge section of the dogbone samples where the displacement transducer yielded 
reliable values were used in any analysis. The sampling lengths were 16.11 nun, 15.89 nun, and 
15.79 mOl for the 10 minute, the variable, and the 1 hour strain routines, respectively. The 
number of fragments and debonds analyzed was from 40 to 46 depending on the straining 
routine. 

The average fragment lengths at saturation under load were 375 11m, 361 11m, and 326 
Ilffi for the 10 minute, the variable, and the ) hour strain routines, respecti vely. The standard 
deviations were 94 11m, 97 11m, and 79 j..lIll respectively. The 10 minute and the variable strain 
routines had similar average fragment lengths, while the 1 hour straining routine resulted in a 
shorter average fragment length. The fragment lengths decreased only slightly after the stress 
was removed and the samples w re allowed to relax. The average fragment lengths in the relaxed 
state were 370 11m, 359 11m, and 321 /illl respectiv ly. The distribution of the fiber fragment 
lengths at saturation under stress and no stress are shown in Figures 6 and 7. In Figure 6, both the 
10 minute and variable straining routines resulted in a skewed distribution with a tail at longer 
fiber fragments. The 1 hour straining routine produced a normal distribution with no long 
fragment tail. A single factor analysis of variance (ANDYA) of the fragment distributions found 
no statistical significant difference between the 10 minute and variable straining routines (F = 
0.67 < Feril =2.68, P-value of 0.56). There was a significant difference between the variable and 
the I hour strain routines (F = 4.23 > Ferit = 2.68, P-valu of 0.0 15). 

The average lengths of the debond regions at saturation under load were 26 11m, 23 !lffi, 

and 23 Ilffi for the 10 minute, the variable time, and the I hour strain routines, respectively. The 
standard deviations were 3.9 J.lm, 2.4 !lffi, and 2.5 J.lm, respectively. The average debond length 
did decrease significantly when the stress was removed, and the matrix allowed to relax. The 
debond lengths at saturation under no stress were 18 J.lm, 16 !lffi, and) 5 J.lm, respectively. The 
distribution of the debond lengths at saturation under stress and no stress are shown in Figures 8 
and 9. The straining routine had little influence on the debond lengths. The single factor 
ANDYA of the debond distributions within the variable time straining and comparing the 
variable time and both the 10 minute and the 1 hour strain resulted in F- values > 12 and 
corresponding P-values < 10-5

. Therefore the debond distributions are not a function of the 
straining routines, but probably relate to the flaw distribution of the fibers and variations in the 
cross-link density of the matrix. There was a ignificant shift in the average debond length when 
the stress was removed, but the distribution profile remained essentially the same. 

The large change in the average debond lengths after the stress was removed indicates the 
matrix is under a large. amount of strain. It has been proposed that the fiber fragmentation 
releases much more energy than can be accounted for by the energy absorbed by the debonding 
at the fiber fragment ends [11]. This additional energy goes into the deformation of the cylinder 
of matrix surrounding the debond regions. The global strains in the samples at saturation under 
stress were 0.0438, 0.0404, and 0.0437 for the 10 minute, the variable, and the) hour straining 
routines, respectively. The corresponding average strains measured for the fiber fragments at 
saturation under stress w re 0.0212, 0.0) 92, and 0.0194, respectively. The debond strains, 
however, were much larger. The average debond strains were 0.425, 0.439, and 0.472, 
respectively. Because the debonds represent such a small total length (debond lengths range from 
15 to 30 J.lm), they should be under a large am unt of strain so that the addition of individual 
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fragment and debond strains corre pond to the global strain. The strains in the debond regions 
are much higher than the failure strain of approximately 0.10 for dogbones of matrix only. These 
large deformations in localized regions have been observed in composites previously[12]. These 
high strains represent yielding of the matrix in the debond regions as represented by the residual 
strain after the stress has been removed. The residual strain in the specimen, after removal of the 
stress and suitable relaxation time, was influenced by the effective strain rate of the straining 
routines. The residual strains were 0.0043, 0.0027, and 0.0011 for the 10 minute, the valiable, 
and the 1 hour straining routines respectively. Perhaps the longer time between strain steps 
during the I hour test allowed the matrix to dissipate the strain over a larger volume of matrix. 
As the strain rate increased, ther was not sufficient time for this process to occur resulting in 
greater permanent deformation of the matrix surrounding the debond regions. This localized 
yielding around the debond regions may result in some stiffening of the specimen due to 
orientation of the chains and could explain the increase in the tangent modulus of a SFFT sample 
relative to a dogbane of matrix only[13]. 

The location of fiber breaks and the associated deband regions occur according to the 
distribution of fiber flaws as the sample is trained. From the fragmentation map in Figure 4, the 
initial debond regions can be far apart spatially. As the fragmentation process continues, debond 
regions are generated near existing debond regions. Longer fragments were observed to have 
higher strains than shorter fragments. As these longer fragments continue to fracture, more 
debond regions are created which increase the strain in the softer matrix resulting in a decrease 
of the strain the fragment. The global strain d es not g t transmitted along the sample uniformly 
as breaks begin to occur. The bange in the average debond length with increasing strain is 
shown in Figure 10 for a sample which underwent the variable strain routine. The average 
debond length generally increases with strain, but several drops in length can be observed. These 
drops are the result of numerous additional breaks occurring during the next strain step which 
absorb the strain not only from the fiber fragments, but also from nearby debond regions. This is 
shown clearly in Figure 10 for a particular debond region. Sharp drops in length are observed 
when additional breaks form nearby. The distance at which the debond regions interact appears 
to be fairly small, approximately 0.5 mm. The interaction of the debond regions can be observed 
for fragments just greater than the critical fragment length. A break in such a fragment results in 
a debond region only approximat Iy Y2 the length of the neighboring debond regions. This may 
suggest that the strain is absorbed quickly in the adjacent debond regions reducing the driving 
force for the deformation in the n w debond region. The evolution of the fragmentation process 
could not be monitored for the 10 minute strain increment routine as the time between successive 
strain steps was not sufficient to manually measure the fragments and debonds. At saturation, the 
fragment and debond strain prom s along th gauge section were measured for all the straining 
routines. These profiles were found to be similar for all three straining routines. The fragment 
and debond strain profiles along the central gauge section are shown in Figure 11 for a sample 
which underwent the variable strain routine. Fragments with higher strains are associated with 
dcbond regions on either side of lower strain while fragments with lower strains have debond 
regions adjacent to them of high strains. The sharp peaks and valleys illustrate that the strain is 
not distributed along the sample uniformly. 
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INTERFACIAL SHEAR STRENGTH 

The interfacial shear strength can be calculated from the average fragment lengths at 
saturation and the fiber strength at the critical length. The interfacial shear strength, .max, was 
determined using a modified Cox model [13] with the following form: 

df ·f3 
'MIX =-4

where dr is the fiber diameter, Ie is the fiber critical length taken to be 4/3 the average fiber 
fragment length at saturation, a(lc) is the fiber strength at the critical length and p is given by the 
following expression: 

1/2 

where V m is Poisson's ratio for the matrix (vm = 0.35 [14]), rm is the radius of the matrix taken to 
be 1,h the specimen thickness in the absence of direct measurements, and E{e,t} is the secant 
modulus of the matrix. The modified Cox model uses the secant modulus for the matrix as a 
conservative approximation to accow1t for the nonlinear viscoelastic behavior shown in Figure 2. 
The fiber fragmentation occurs in the nonlinear region and therefore the elastic matrix typically 
used is not appropriate. The interfacial shear strengths determined for the 10 minute, the variable 
time and 1 hour straining routines were 74.0 MPa, 72.5 MPa. and 70.5 MPa, respectively. See 
Table II. 

CONCLUSIONS 

The matrix behavior exhibits pronounced nonlinear viscoelastic behavior over the strain 
range where the fragmentation process occurs for the strain rates examined. The etrective strain 
rate did not influence the calculated interfacial shear strength. The effective strain did influence 
the fiber fragmentation distribution, but not the debond distribution. The slowest strain rate 
resulted in the shortest average fragment length and the narrowest distribution. The increase in 
the measured debond lengths with strain may be the result of deformation of the matrix. The 
debond regions have strains ranging from 0.20 to 0.50 while the fiber fragment strains range 
from 0.01 to 0.02. The majority of the strain in the debond regions could be recovered by 
releasing the stress on the sample. The slowest strain rate did result in the smallest residual strain 
at saturation after the stress was relaxed. The results suggest that there is an interaction between 
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the fragments and dcbonds resulting in a local adjustment of the strain during the fragmentation 
process. This interaction seems to extend over only short lengths, perhaps 0.5 mm to 0.75 mm. 
Much of the strain in the fragments app ars to transfer to the debond regions during 
fragmentation. Fragments with lower than average strains have debond regions at eithcr end with 
higher than average strains. 

The deformation in the debond regions needs to be included in the models of the 
fragmentation process. An automated method to observe the fragmentation process at high strain 
rates is necessary if detailed information of the debond region is to be obtained and their 
influence on the fragmentation process determined. Additional experiments are necessary to 
examine the significance of these results and to understand the fragmentation process more 
completely. 
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Table I 

Average Fragment and Debond L ngths at Saturation Under Stress 

10 Minute Strain Variable Time Strain 1 Hour Strain Increment 
Increment Increment 

Fragment Debond Fragment Debond Fragment Debond 
(wn) (j.!m) (j.!m) (j.!m) (j.!m) (j.!m) 

Average 374.5 26.1 360.7 23.4 326.0 22.8 
S1. Dev. 94.0 3.9 97.2 2.4 78.5 2.5 
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Table II 

Values Used in Equations I and 2 to Detennine Interfacial Shear Strength 

10 Minute 
Strain 

Increment 

Variable 
Time Strain 
Increment 

1 Hour 
Strain 

Increment 
Fiber Modulus (GPa) 72 n n 
Poisson's Ratio 0.35 0.35 0.35 
Fiber Stren~th at the Critical Length (GPa) 1.9 1.7 1.7 
Specimen Thickness (mm) 1.54 1.43 1.3 
Radius of the Matrix (mm) 0.77 o.n 0.65 
Fiber Diameter (mm) 0.01499 0.01607 0.01474 
Critical Fiber Len~th at Saturation (mm) 0.4993 0.4809 0.4347 
Secant Modulus of the Matrix at Saturation (GPa) 1.509 1.666 1.375 
~ (mm- I 

) 7.806 7.776 7.700 
Interfacial Shear Strength (MPa) 74.0 n.5 70.5 
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Figure I. Stress versus time for the three strain routines examined: 10-minute strain increments, 
variable time strain increments, and I hour strain increments. 
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Figure 2. Stress at 10 s after each strain increment versus strain for the three straining routines. 
Closed Symbols indicate strain t which the initial break occurred. 
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Figure 3. Plot oflog(debond r gions) versus log(strain) to determine fiber strength near the 
critical length. 
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Figure 4. Fragmentation map for the variable time strain increment routine. 

Figure 5. Image of the fragments and associated debond regions. 
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Figure 6. Fragment distributions at saturation under stress for the three straining routines.
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Figure 7. Fragment distributions at saturation under no stress for the three straining routines. 
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Figure 8. Debond distributions at saturation under stress for the three straining routines.
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Figur 9. Debond distributions at saturation under no stress for the three straining routines. 
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Figure 10. Changes in debond length with incre sing strain for the variable time strain routine. 
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Figure 11. Fragment and debond strain along the gauge length. 
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