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Abstract:

It is desirable to use the constitutive properties of the carbon fibers and matrix materials to model
carbon-fiber composite primary structures. A database of reliable constitutive properties for
carbon-fiber bundles is needed. However, in the hierarchy of analysis for carbon fibers, dry bundle
testing has been essentially cast aside or ignored because of inherent difficulties associated with it.
Substantial efforts have been put into theoretical aspects of fibers grouped as bundles. Much of this
work has involved theoretical and experimental results of unidirectional composites that were
correlated to represent dry-fiber bundles. Results from a reliable dry-fiber bundle test method could be
used to directly find strength distribution functions for dry-fiber bundles rather than indirectly
correlating impregnated-fiber bundle test results.

The parameters needed for ideal dry-fiber bundle testing were explored and established. A dry-fiber
bundle test method was developed to meet the necessary parameters as ideally as possible. The method
incorporated test fixtures that were used to mold tabs onto the fiber-bundle ends as well as maintain the
alignment and integrity of the specimens through final testing. The test fixtures were designed to insure
alignment of the specimens in the test machine and yet cause no interference during testing. Over 600
dry-fiber bundle tests were completed using sized and unsized samples of Hexcel® AS-4 and Amoco®
T300 fibers.

A method was developed to impregnate the carbon-fiber bundles with Hexcel® 3501-6 and 8552
epoxies in a laboratory. The method used a plate press that used both air pressure and vacuum to
produce high quality impregnated specimens., Testing the cured specimens incorporated the test
fixtures that were used for the dry-fiber bundle tests. Each of the fiber types that were tested as dry
bundles was separately impregnated with both 3501-6 and 8552 epoxies. Over.600 impregnated-fiber
bundle specimens were prepared and tested.

The groups of test results were analyzed for relevant information. The coefficients of variation
indicated that variability in the test results was due to variability of the samples and apparently not
induced by the test method. The corresponding dry and impregnated test results were compared
statistically: The test method appeared successful.
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ABSTRACT

It is desirable to use the constitutive properties of the carbon fibers and matrix
materials to model carbon-fiber composite primary structures. A database of reliable
constitutive properties for carbon-fiber bundles is needed. However, in the hierarchy of
analysis for carbon fibers, dry bundle testing has been essentially cast aside or ignored
because of inherent difficulties associated with it. Substantial efforts have been put into
theoretical aspects of fibers grouped as bundles. Much of this work has involved
theoretical and experimental results of unidirectional composites that were correlated to
represent dry-fiber bundles. Results from a reliable dry-fiber bundle test method could be
used to directly find strength distribution functions for dry-fiber bundles rather than
indirectly correlating imnpregnated-fiber bundle test results.

The parameters needed for ideal dry-fiber bundle testing were explored and
established. A dry-fiber bundle test method was developed to meet the necessary
parameters as ideally as possible. The method incorporated test fixtures that were used to
mold tabs onto the fiber-bundle ends as well as maintain the alignment and integrity of
the specimens through final testing. The test fixtures were designed to insure alignment
of the specimens in the test machine and yet cause no interference during testing. Over
600 dry-fiber bundle tests were completed using sized and un51zed samples of Hexcel®
AS-4 and Amoco® T300 fibers.

A method was developed to impregnate the carbon-fiber bundles with Hexcel®
3501-6 and 8552 epoxiesin a laboratory. The method used a plate press that used both
air pressure and vacuum to produce high quality impregnated specimens. Testing the
cured specimens incorporated the test fixtures that were used for the dry-fiber bundle
tests. Each of the fibér types that were tested as dry bundles was separately impregnated
with both 3501-6 and 8552 epoxies. Over. 600 impregnated-fiber bundle specimens were
prepared and tested.

The groups of test results were analyzed for relevant information. ‘The
coefficients of variation indicated that variability in the test results was due to variability
of the samples and apparently not induced by the test method. The corresponding dry
and impregnated test result$ were compared statistically. The test method appeared
successful.




CHAPTER 1
INTRODUCTION

Composites and other advanced materials are being used for modern primary
structures to achieve superior performance. Before advanced materials can be used for
primary structure in applications such as aircraft and aerospace, the materials mﬁst be
qualified for use by undergoing substantial testing. For cc_)mpo'sites, tile constituent
components and the processing procgdures both induce significantly different cons:’;itutive
behaviors and strength properties. Consequgntly, qualification of a composite
necessitates characterization from either the perspéctive of analyzing the composite or the
perspective of analyzing the constituent materials. The constituent components of the
composites of interest here are fiber and matrix. A database of properties must be
compiled whether characterization is achieved through analysis of the composite or
analysis of the constituents. However, if characterization is achieved by analysis of the
constituents, further analysis may be necessary to relate constitutive and‘strength
properties to those; ofa gomposit'e.

Composites of continuous fiber and polymer matrix form an important class of
advanced materials for primary structure. These are‘ especially important in high-
performance applications, such as aircraft and ‘aerospace structures. Due to excellent

strength-to-weight ratios, fiber-reinforced-polymer-matrix composites are able to provide
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superior performance in many areas. The typical hierarchical approach to application of
these materials begins with material property characterization 'of the constituents a..nd
carries through to the characterization of structural test articles and analysis of in-service
data. The overall intention of this research is to identify and qua’n‘;ify rﬁore meaningful |
parameters to enhance understanding of each hierarchical level. This aids in the
characterization of constituent materials as well as their composites.

This research is a component of the first phasg of a two-phase project, which
entails fiber and resin characterization through laminate characterization of fiber
dominated strength properties. The first phase prim;arily involves characterization of
fiber and matrix properties. This is then extended as the materials are combined for
composite tests. One of the goals of Phase I is the development of the second phase
program as an extension of foundation work completed during Phase I to be employed for
structural qualification of composites.

The materials that are centra}l to ﬁ]is research are Amoco® T300 and Hexcel®
AS-4, both of Whi’ch are carbon fibers. The hierarchy of analysi‘s for éarbon fibers is (i)
internal carbon structure, (ii) crystalline orientation within single filaments, (i) singlé
filament tensile tests, (iv) dry bundle tensile tests, (v) impregnated bundle tests, (vi)
composite tests, (vii) representative part tests, either small or full scale, and (viz:z') analysis
of in-service data. Of these, dry bundle testing has been essentially cast aside or ignored
because of inherent difficulties.associated with it. :Single filament tests yield useful
information, but are tedious and require a great deallof care. Furthermore, many tésfs
must be condupted to obtain a statistically significant Fiatgbase. A dry bundle test method

that produces reliable results that could be correlated with single filament test results
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would be quite useful. IDry bundle tests could be implemented to reliably collect useful
constitutive 'information in industrial test facilities as well as in research test facilities. |
Substantial efforts have been 'put irﬁo theoretical aspects of fibers grouped as
bundles. Much of this work has involved theoretical and experimental results of
impregnated-fiber bundles or unidirectional composites. These res;ults were then
correlated through theory to obtain results for dry—ﬁber bundles. This approach requires
assumptions and other considerations to éccount for the effects contributed by the matrix
and processing variables. Development of a reliable dry bundle test method would
provide empirical results to eliminate the induction such of assumption-based problems.
The interface between theoretical and experimental results would benefit by elimination
of these assumption-based problems. The need for reliable dry-bund1e< test resqlts

provides the impetus of the present research.

Research Objective

The rather broad scope of this research is encompassed by the following research
objective:

Develop a dry-bundle test and validate it experimentally by c.omparison to

impregnated—bundlé: tests.
The main research objective includes the following five sub-objectives due to the broad
scope of this research: |

1. Develop a reliable dry-bundle test method for carbon fiber bundles.

2. Verify the reliability of the dry-bundle test method. |

3. Develop and verify an impregnated-bundle test method
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4. Statistically compare dry and impregnated test results
5. Compile dependable material properties for Hexcel® AS-4 and Arﬁoco®
T300 carbon fiber bundleg.
Each of 'thege sub-oi:;j ectivés will be discussed ne%t with ‘thé additional information |
necessary to clarify the extents of the sub-obj ectiveé aﬁd‘the required tasks involved.
There is naturally some amount of overlap among the sub-objectives due to their

combined focus on the overall objective.

| Develop a’Reliable Dry-Bundle Test Method for Carbon Fiber Bundles:

This first objective required research of the existing test methods for fiber bundles
. to find what methods were in use and their basic principles. It was also necessary to
explore the m;)st basic aspecté of dry-bundle testing to find areas where problems coﬁld
potentially leaci to unreliéble results. Development was based on idealizing as many
parameters as possible and the methods were designed to adhefe to the idealistic

parameters within realistic reason.

Verify the Reliability of the Dry-Bundle Tes’p Method

Verification of the reliability of the method was a matter of actual testing both dry o

and impregnated bundles of carbon fibers to obtain data 'using the test methods.

Statistical analysis of the data was necessary to determine if the test method yielded
results with a minimum of test-related scatter. It was essential to keep in mind the
variability that is inherent to carbon fiber, regardless of it ijeing asingle filament, a.dry
bundle or part of a composite material. Constitutive and failure ‘propert.ies were explored,

including dissipated strain energy density.
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Develop and Verify an Impregnated-Bundle Test Method

There was a need to develop a method to impregnate and test fiber bundles in the
laboratory to effectively explore the’behaviorsvof different fiber and matrix cor;lbinations. ,
This was important because using only pre-impregnated ﬁbers prepared by their
respective manufacturers (;ould limit the fiber and matrix‘combinations that could be
tested. It is understandable that a company that produces fibers and matrix materials
would be apprehensive about impregnating their fiber broduct with a competitor’s matrix
product or vice versa. Also, setting up a process to impregnate the srﬁall amount of
impregnated fiber needed for research purposes would be an incredible inconvenience for -
a‘large production facility. Another problem with the inability to produce irﬂpregnated
fibers in the laboratory would be availability of the pre-impregnated fiber bundles Withfn
a reasonable timeframe. The flexibility necessary I;or research to be conducted in a
timely manner would be greatly hampered if the research were dependent on industrial
production schedules. Clearly, it was necessary to develop a laboratory method to
produce impregnated-fiber bundles. |

The test method was a matter of developing methods that could incorporate the

equipment available for use. Statistical methods were used for verification of the

impregnated test methods.

Statistically Compare Dry and Impregnated Test Results

Tt was important to statistically compare the test results of the testing of dry and
impregnated bundles. One motivation for the comparison was that much of the

theoretical background work correlates impregnated-bundle test results to theoretical dry-
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bundle results through Various, assumptions. A statistically significant amount of test data
for béth dry and impregnated specimens of the same fibers would allow Validéltion of
some of the theoretical methods that exist. This sub-objective is also incorporated as part
of the second sub-objective.

Compile Dependable Material Properties for Hexcel®
AS-4 and Amoco® T300 Carbon Fiber Bundles

It was desired to compile statistically dependable material properties for Hexcel®
AS-4 and Amoco® T300 carbon fiber bundles in both the dry and impregnated form.
These material properties could be used to find a relationship between bundle properties

and material properties of full-sized composite structures.




CHAPTER 2
BACKGROUND

The background for this research essentially involves three interrelated areas,
fiber and matrix composite materials, dry-fiber bundle theory and testing, and
impregnated-fiber bundle theory and testing. Dry-fiber bundle theory and testing is of
primary concern to this research. However, since little direct dry-fiber bundle testing has
been done for carbon fiber, most of the information pertains to theoretical aspects of dry
carbon fiber bundles and is correlated through tests and theory of carbon-fiber composites

or impregnated carbon fiber bundles. It is theréfpre necessary to first delve into the

subject of fiber and matrix composite materials first to understand much of the theoretical

work that involves dry-fiber bundles.

Composite Materials

The composite materials of concérn to this project have constituent components
of fibers and matrix. | From here forth, references to composites or composite materials
refer to continuous fiber reinforced polymer composite materials, unless otherwise noted.
The fibers of a composite provide the bulk of the stréngtﬁ while the matrix acts as a
binder to hold the fibers in position and transfer loads between fibers. Common fiber

materials used in these composites are glass fibers and carbon fibers. The matrix -
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- materials are typically polyesters, vinylesters, polyurethanes, or epoxies, depending on
the particular application. The application dictates which combination of fiber and
matrix material is used. Widely used, glass fiber and polyester composites are cost
effective and structurally sufficient for a broad variety of applications. There are many
applications, however, that have far more stringent strength and weight requirements.
Many of these applications are in the aircraft and aerospace industry and require the»
properties of carbon fiber and epoxy composites regardless of the greater expense. These
carbon fiber and epoxy composites are the ones of interest with regard to this research.
Even though there are differences in material properties in the range of fiber and
matrix compogites, they all behave similarly in tension. Much effort has been expended
for statistical modeling of unidirectional composites. Talreja [1] stated that this effort is
justiﬁed.‘ since the basic element of laminates is a unidirectional layer, which facilitates .
the determination of the ﬁnial failure event. Uniaxial tension is a tensile load parallel with
the fiber direction of a unidirectional composite. When a pnidirectional composite is
subjected to uniaxial tension, it is assumed that the strain throughout the composite is
uniform until fibers break at weak or flawed areas. When individual fibers break, they
become ineffective as load carriers in the immediate vicinity of the break. The broken
fibers’ share of the load is transferred through the ﬁber)matrix interphase and matrix to
neighboring fibers. As more failures occur throughout the composite and fiber lengths
become shorter, the cbmposite becomes more dependent on the ability of the matrix to
bridge the areas where fiber breaks have appeared. Therefore, a shear failure of the
fiber/matrix interphase or the matrix results in the overall failure of the composite. A

model known as the “chain of bundles model” was developed by Rosen [2] to describe |
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flaws in the fibers. This means that longer chains of fibers have a higher probability of

having a weaker link than shorter chains. This not only makes sense intuitively, Rosen’
[2] states that it also agrees with experimental results.

When a ﬁber within a bundle breaks, the remaining fibers must share the load that -
is no longer sustained by the broken fiber. Two load sharing rules have been examined
extensively, the equal load-sharing rule (ELS rule), and the local load-sharing rule (LLS
rule). The ‘ELS considers thg case in which all of the surviving fibers equally bear a share
of the l‘oad no longer taken by the broken fiber. The LLS considers the more realistic
case where the load that had been suppgrted by the fiber before the breaks is ’Fransferred |
to fibers in the locality of the fiber break. The LLS was proven to be more realistic than -
the ELS for‘ authentic material p'rbpei’ties and geometries By both ihéoretical ‘an'd |
experimental means. It was sﬁown that the rriaj ority of thg load of a s'ingl‘e broken ﬁber is - o 1‘
shifted to the immediate lateral neighbors. The second closgst neighbors beai asmall
portion of the shifted load gnd increasingly insignificant amounts of the lpad are shifted
to the more distant neighbors. The load shifting factors were dependent on the properties
of the matrix, the strength of the fiber-matrix interphase, and.the fiber spacing as
discussed by Harlow and Phoenix [4]. The implications are that poor matrix properties, o o
weak fiber-matrix interphases, and greater fiber spacing will reduce the load shifting
ability within a composite. Conversely, better composites have increased load shifting
ability due t'o su‘perior matrix properties, strong fiber-matrix interphase regions, and less
space between fibers, i.e., higher fiber volume.

Fiber composite materials have an intrinsic variability with respect to strength,

since the fibers themselves exhibit considerable variability in tensile strength. The
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strength of indi\;idual fibers is commonly .assumed' to follow a Weibull distribution.
Harlow and Phoenix [4] state that the variability associated with the fibers is attributed to
random variation of severity and location of flaws along the fiber. Experimental
observations have shown that the variability in composite strength is far lesé than that of
the fibers alone. Also, Harlow and Phoenix [5] I;oint out that as fiber strength variability

increases, bundle and composite strengths decrease markedly.

Dry Bundle Theory

Dry fiber bundles have been examined to various degrees by many researchers.
The chain of bundles model, which was developed by Roseri for composites, is still used
with special considerations for dry bundles of fibers urider ELS. Pri‘or to Rosen, Daniels
[6] and Coleman [7] both worked with statisti‘cal’theory that involved the ELS strength of
dry fiber bundles. The ELS model is intuitively more reasonéble for dry bundles of fibers
since there is no matrix to transfer the load locally. It is reasonable to assume that in an
ideally loaded fiber bundle, initially all of the fibers equally share the load. After -
individual constituent fibers fail under increasing load, the load is shared eque.ﬂly by the ‘
surviving fibers. Beyerlein and Phoenix [8] reviewed prior work using Rosen’s model,
which they referred to as the “chain-of-ELS-bundles model.” Rosen’s model considered
a composite of n parallel fibers with length /, which is treated as a cﬂairl. of m = I/6g short

ELS bundles. Each of the m bundles has » fiber elements with a characteristic length g

defined as

8, =(1/0) [ {o-04(x;0)}dx =25 (1)
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where oy(x;0) is the stress along a broken fiber given by

o, (x;,0) ~ of (x/ 5) Ea{l—exp(—‘l‘lx\]‘/éﬁ)} ‘ ‘ L 2)
where & = 7o, /4 ' ' . 3)
56 ~d Fxx /(_;xy | (4)

E,. is the longitudinal stiffness of the composite and @x}, is the shear stiffness

approximated by
E,~V,E, +(1-V,)E, (5)
and
G, ~1[A-V)IG, +V,/G,] " (6)

Vris the fiber volume of the composite and G,, and Gyrare the shear moduli of the matrix
and fibers respectively. Beyerlein and Phoenix’s &g is analogous to Rosen’s ineffective
length 8. The assumption is made that all » fiber elements contribute in ELS in a
composite cross-section. The total number of bundles in the composite is taken to be m
times the effective number of bundles in each cross-section. In order to consider the
behavior of a fiber bundle, the matrix is excluded as a tensile load sustaining part of the

composite and the effective composite stress becomes

T = Vo )

where ois the average fiber stress within a bundle.

This assumption is commonly made because data from unidirectional composites are

used instead of direct dry-bundle data. A statistically significant amount of dry-bundle
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test data compiled by a reliable test method would allow many researchers to check the
validity of these types of assumptions.

A bundle of n continuous fibers held between two clamps in a perfect manner is
considered. All fibers have equal length 3y, stiffness Ej, and cross-sectional area 4.
Their strengths Sy, S,..., Sy, are in units of stress and are independent and identically
distributed random variables. The strengths have mutual distribution functions Fg o),
o/0, where the applied bundle stress is 0. The applied bundle stress is the total force
acting on the bundle divided by the total cross-sectional area ndz. The ELS model of a
fiber bundle assumes that during failure progression, surviving fibers equally share the
applied load and broken fibers carry no load. Following this model, if 7 of the » fibers
fail with applied blindle stress o, the actual stress s sﬁpported by each fiber is

s =nol(n-) ‘ ®)
Let o, be the strengfh of a fiber bundle, the maximum stress, o; the fiber bundle can
support, and let G,(0), o/0, be its distribution ﬁlnc’Fion, that is, G,(o) gives th‘ej probability -
that nZ, <o, where nZ, is the bundle strength. The random variable Z, is the per fiber
strength of the bundle and is found by letting S1)’Sey’. .. 'St be the strengths of the

individual fibers in ascending order, with
n—1 2, 1.
Z =maxsS y,——Syse—S rpys — S 9
" {(l) e n({)n()} &)

It is desirable to know G,(0), the distribution function of the fiber bundle, in

terms of F o), the distribution function of the individual fibers, », the size of the bundle,
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where \

o ( [y n-1 . I’I" ( no, - (n-Np ‘—ll(np)‘ .
oy =0 (=D + Y (=D — : . 20

1 51D ZI( ) (n— )il (n —-'z')a;’“) | ( )
which gives '
o —o,@rtp e en.
0_1(3) =0;{6(3/2)"3° _'3(3/2)(2;:) —3(3)" _,_.1’}”—1/(3;0). | o (22)

The upper approximation for G,(0o) is a “weakest-link” approximation.and the lowern
approximation for G,(o) is a “power-law” approximation that accounts for load sflaring. k
The approximation given for the lower tail of Gy(o) is also the lower tail of the
Weibull distributioﬁ. This lower tail approximation for G,,.(O') g‘ives irhportant indications
of why the fibers of a compoéite tend to fit a Weibull distribution for strength, as well as «‘
why composites experimentally show considerably less variability in strength than the
constituent fibers themselves. Fiber load sharing effectively causes local redundancies,
which lead to increases in the effeotive Weibull shape parameter of thé composite over
that of the fiber in approximate proportion to , the bundle size. The approximation for
larger bundles, however, ié too conservative because 0'1(”) constantly d:acreases below o
until it approaches zero as n—o. Daniels [6] found that the bundle stréngth
asymptotically follows a Gaussian distribution as the bundle sized iﬁé;eéses. Coleman
[7] assumed a Weibull distribution for F' «0), the ﬁbér strength, and examined the
asymptotic results. Beyerlein and Phoenix [8] presented improvements to the Gaussian
distribution and combined them with some of Coléman’s- asymptotic terms and achieved -

results that worked well with small yailues of n, as well as the infinite bundle size.
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Though much theoretical work has been completed, there are voids between the
theoretical work and the final composite structures. This is disconcerting and tends to
place much of the theoretical work on an esoteric plane, far removed from the actual
constituents and composites that are tﬁeoretically represented. While reSea:rching
background material, many publications were reviewed that presented work involving
strength distributic;n functions. These distribution‘ﬁmct.ions were for individual fibers,
fiber bundles, or composites. It is clear that volumes of work have been doné Wherein
these distribution functions were central to the statistical modeling of the work.
However, in the publications reviewed for this rese;arch, most of which involved dry-fiber
bundles to some e);tent, no actual distribution function was presented as more than a
variable that represented a distribution function. The value of generalizing this type of
work is recognized, but it truly appears that the reason for generalization is due to lack of |
empirical data, rather than in the interest of completeness. Enough composite testing has
been done that abundant data is available. This, along with the difficulties involved with
dry-fiber bundle testing, has lead tb modeling of dry-fiber bundles from impregnated-
fiber bundle and composite data. This indirect method yields no true representation of a
fiber bundle that can be verified. There is a need fo'y a statistical}y significant amount of
dry-ﬁber bundle test data to allow veriﬁcation of the‘ large amount of mathematical work
that has already‘ been done. Actual dry-fibér bundle data would allow calculation of
strength distribution functions for different types of fibers. The Weibull scale and shape
parameters shown in equations (16) and (17) could also be calculated to provide a link

between distribution functions of individual fibers and distribution functions of fiber

bundles. The empirical dry-fiber bundle data could lead to important bridges in
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understanciing the connections from individual fibers to dry-fiber bundles to impregnated-
fiber bundles and their relationships to ﬁnal ‘comlposite structures. A database of reliable
dry-fiber bundle specifications could provide the ability to try different matrix materials
with various fibers to model full-sized composite structures. This could lead to greatly
reduced design costs because preliminary designs could be changed easily before

building any actual molds or production equipment.

Dry Bundle Tensile Tests

Dry-bundle tengile tests have presented a challenge and have earned a reputgtion
| fér giving uﬁreliable results due to the variability in the c\ollected data. It has been
established that brittle fibers exhibit a large amount of variability in tensile strength with
coefficients of variation in the 5 to 25 percent range Phoenix [9]: Chiao and Moore [10]
developed a tensile test method for fibers, but commented that the data from dry bundle
tests are often not representative of fiber tensile strength and vary much more than data
from epoxy impregnated fiber bundi‘es. They recommended that testing dry fibers should
be avoided. Due to the difficulties of maintaining test conditions that are consistent and
as ideal as poésible, some of the variability associated with the fibers may be iritroduc_ed
during testing. The test methods must therefore be well chosen to avoid previous
problems.
Hancock and Swanson [11] considered the three most critical problems with
testing éomposites to be: (i) failure in the test gage section, (if) accurate alignment, and
(iii) valid tests with economically small specimens. In the same context, when dry

bundles are considered, the specimen size is of little concern; however, valid tests that are
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preparation or incorrect testing of a properly prepared specimen. An example of this is
shown in Figure 2.3, where the top-end of a properly prepared speciﬁlen is incorrectly
clamped a’é an angle into the test equipnient. This causes essentially the same problem as
before, uneven fiber ioading résulting in misleéding test results. Due to the ﬂexibile and
fragile natures of the carbon-fiber bundles, proper specimen preparation and test setup are
essential to maintain that the fibers in a bundle are the same length as weli as straight
andparallel. Another problem is handling of the specimen to perform the tests. C‘arbon'
fibers are relatively brittle and can be damaged by handling. It is important to minimize
the amount of handling of the fibers before testing. The bundles tested are only about
0.53 mm (0.021 in.) in diameter, but have 3000 individual fibers. Simply handling the
bundles can cause individual fibers to catch on dry sldﬂ, resulting in a frayed area in the
fiber bundle. The damaged area would cause etroneous results if used for testing. An
excess of bending and similar manipulations could break fibers or cause entanglements of | |
fibers inside the vbundi’e, which would also inﬂuenée’ test results. Tilerefore, handlitngl; arlld
manipulations must be miﬁimized from the time that the fiber bundle comes off the spool
through completion of the testing.

Gage length of the test specimens is another parameter that must be considéred.
Referring to the realism of the correlation between dependence of fiber strength on fiber
length, Rosen [2] explained that longer chains héve a higher probability of having a
weaker link than shorter chains. That is, in two populations of links there is a higher
probability within a larger population that one of the links is weaker than all of the links
in the smaller popul'a‘;ion, causing the larger population, i.e. the longer fiber, to ultimately

be weaker. Wu and Robinson [12] discussed the experimentally documented deper;dence
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of fiber strength on test sample gage length. It is important to consider why it would be

of interest to change the specimen gage length used for fiber tensile tests. The iésues
involved when consider.ing gage length with respect to fiber bundle tensile tests are: ()
possible entanglements of the fibers within the 1b.undle and (i7) possible éha,nges resulting
in differences of fiber lengths within a bundle. Entanglement requires a fiber to be
nonparallel from the rest of the fibers, causing part of it to be located where it can interact
with other fibers around it. A short gage length reduces the possibility of fiber
entanglement because a slight‘ degree of nonparallel nature has little effect on the path of
a fiber over a short distance. That is, the short gage length reduces the ‘opportum'ty fora
fiber to move far from the parallel path. A longer gage length has just fhe opposite effect,
increasing tﬁe opportunity for the fiber to stray farther from its parallel path and become
entangled or otherwise interfere with neighboring fibers. The second consideration,
possible changes that might resulf in differences in fiber lengths, refers to something that
could potentially occur during the process of preparing the specimens or test setup that
would inherently cause minute differences in the fiber lengths within a specimen. This is
an elementary case of percentéges where the potential change of lengths would be fixed,
but the gage length can change. For example, consider a case where a difference in fiber
length of 0.01mm is inherent to some stage qf the test. If'a gage length of 25mm were
used, the difference is 0.04 percent of the gage,iei;lgth, whereas the difference would be
0.004 percent of 2 250mm gage length. Longer gage lengths could lead to less variability

of the data if the second consideration is a potential issue in testing.

[ ' L
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Impregnated Bundle Tests

Impregnafed carbon fiber bundles are vessen_"cially unidirectional composites. Th‘is»
means that one can think of the impregnated fiber bundle as a chain of bundles of fiber
links, .the same as a larger unidirectional composité structure. It is important to note,
however, that there are differences between small composite specimens and much larger
composite structures. Batdorf and Ghaffarian [13] discussed the theory that implies that
large composites have smaller variances in failure stress than small composites, with the
variance of very large composites approaching zero. They added, however, that there
was a consideréble discrepancy between the theoretical and experimental results, with the
experimental results. reaching a lower limit that was non-zero. Batdorf"[‘14]. later
developed a relation that correlated thé theoretical and experimental results with
considerably better accuracy. It should be stressed that the properties of an impregnated
fiber bundle might not be directly correlated with those of a full sized coﬁposite
structure. The relationships would have to be established with a high degree of certainty
before the results could be deemed reliable.

An additional bibliography of useful background sources has been compiled in
Appendix A. These sources provided valuable informatio-n about composites that did not
pertain directly 'to{chis research. They were of in‘;erest, howevér, to enhance one’s
general understanding of ‘corr‘lposites. The sources also include general statistical

methods reférences.
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CHAPTER 3
DRY-BUNDLE TEST METHOD

From the background Work, ideal dry-bundle test requirements were established.
Known informatioﬁ about impregna’;ed-buridle testing was also considered in the
development of the dry-bundle test procedures, due to the general similarities involved.
One requirement was that the fiber bundles must be collimated, and methods to achieve
this were explored. After examining the options available, collimation of the ﬁbér
bundles by drawing them through pigtail orifices was chosen as the best method.
Requirements and methods of cc;nstructing pigtail orifices were scrutinized and
discussion of the best methods follows in this chapter. The need for orifice lubrication
was established and various orifice lubricants were tried.. Acetone was chosen as the best
option as an orifice lubricant. Many aspects of dry-bundle tests were considered and it
was decided to try to dévelbp a tes"t fixture, in which the specimens were both prepared“
and tested. This showed clear advantages.

In the following narrative, a discuséion follows about the details of development
and design considerations of the test fixtures. Finally, developed procedureé for proper

| dry-bundle specimen preparation are presented. These procedures are to insure that tests

yield consistent results.
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Dry-Bundle Test Method

Since impregnated fiber bundles are tested often, the methods used were
examined to find if similar methods would apply to dry-bundle testing. The fiber bundles
are usually bathed in reéin, drawn through an orifice or squeegee to rem;)ve excess resin,
and placed on a rack with a weight to maintain tension while the resin cures. Then, tabs
must be attached to the e.nds of the specimen. Tabs ¢nab1e the‘test equipment to clamp
onto the spécimen without causing damage to the splecimen. The tabs may be mélded or
bonded onto the specimen. For molded tabs, the specimen is placed in a fnold and resin
or glue is poured into the mold, which form the tabs on the ends of the specimen. When -
tabs are bonded, the ends of tﬁe specimen are sandwiched between two pieces of
material, such as a fiberglass composite, with appropriate cement to bond it all together.
Proper tabbing ideally has ho effect on the specimen within the gage length. An
imioroper tab can cause a stress concentration at the spécimen—tab interface, resulting in
the specimen prematurely failing at the‘specimen-tab interface rather than within the gage
iength as desired.

_The best test method was sought, first to find a method to collimate the fibers, wand
second to keep the prepared fibers collimated through testing. Fiber bundles are usually
drawn through a properly sized orifice with a viscous lubricant to collimate them. The
orifice must be smooth to avoid fiber damage and can be drilled and machined, or it can
be a “pigtail orifice.” A piétail orifice is constructed from round wire, which is wound
around a drill rod in a helical manner. The drilled and machined orifice can be produced

with greater precision, but requires much more time to make than a pigtail orifice. In
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addition, startmg the fiber bundle through a machlned orifice is more dlfﬁcult than with

the pigtail orifice, espec1a11y if the orifice is snug around the fiber bundle." A helical
groove could be machined into a drilled orifice to facilitate starting the fiber bundle, but
the production time would :incrkease substantially. Since the exact orifice size WE;.S
unknown, the pigtail orifice was the best choice for this application because pigtail

orifices can be constructed quicklyv and are relatively simple to make.

Making Pigtail Orifices

The ﬁrst‘ requirement to.make a pigtail orifice is to use smooth wire to ensure that .
the orifice is smooth and wili cause no ﬁbef (iainage. The wire must be strong enough to
retain its shape while the fibers are pulled through. This leaves steel wire as the logical
choice, eliminating aluminum and copper as the other readily available choices. The first
three orifices were wound from smooth galvanized steel tie wire that measured 0.889mm

‘ (0.035”) in diameter. Three different size‘s, 0.63 Smrﬁ (0.025”), 6.71 lmm (Ol.028”), and
0.813mm ‘(0.03‘2”) were wc;und around torch tip cleaners. Only the f‘ﬁst half-inch of the .

-tip cleaners can be used for winding, since beyond that the round ‘rdds have raised rings
around them similar .to afile’s surface. An alternative would be to use the shank of an :
appropriately sized drill bit held in a pin vise, however the tip cleaners were on hand and |
worked ~sufﬁcient13.r well. It is important to produce a correct pitch between the windings

to insure the correct gap between windings because the carbon fiber bundles are wound
through the gap to get the bundle start’ed" fhro'ugh the ‘c_en;[er of the orifice. Originally, tflé .
method of winding the orifices included winding the wire to the desired pitch as the

orifice was wound. This produced slight irregularities in the pitches, which most likely
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would not affect the function of the orifice. The first three oriﬁées were too large and
attempts at winding smaller orifices using the galvanized steel tie Wi're resulted in
bending the smaller sized tip cleaner.A Smai‘ler wire was required to wind a smaller
orifice. Steel wire-feed welding wire was readily available in small diameters, is smooth,
and worked well for making orifices. The size used was 0.024 inch in diameter, since
smaller diameters will not withstand the pull of the fibers drawn through them without
bending. Thisisa cpnsideration, since the orifice must be supported during use by the
same wire from which it is wound. The 0.610mm (0.024”) wire could be Womd‘ aroun‘dy
a 0.533mm (0.021”) tip cleaner without bending the tip cleaner. If the original winding
method was used, this would limit the smallest orifice diameter to .533mm (0.021”),
which initial 3k (3000 fibers) bundle tests indicated would possibly be too large. A
smaller orifice can be achieved, however, as shown in the steps of Figure 3.1. The wire,
from which the orifice is to be wound, held by a needle-nosed set of Vise Grip® pliers is -
shown in Frame 1.- The tip cleaner was held against the side of the Vise Grip® jaws as
the first wrap of the orifice was started as shown in Frame 2 of Figure 3.1. The wite was
wrapped tightly around the tip cleaner, leaving no space between wraps, as shown in
frame 3. Then, the tightly wrapped coil was gripped from the “tails” of wire on each end
and pulled to stretch it, as shown in frame 4 of Figure 3.1. This causes the inner diameter
of the coil to decrease while it also produces a uniform pitch of tﬁe coils. The stretching
has a tendency to cause the tails to bend and partially obstruct a clear path through the
orifice. Therefore, the tails must be bent out of the path of the orifice. Care must be
exercised while bending the tails so that the pliers d(; not mar the wire. If the orifice wire

is marred, it could damage a fiber bundle as it is drawn through the orifice. Once the
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* that can be used is logically one that will just allow the fiber bundle between the

windings of the orifice. The maximum pitch tried was one with only about three wraps
around the 0.711mm (0_.028”) ﬁp cleaner in about 13mm (1/2”). This orifice was used
with some unsized fibers that had been taken from a productio'n line as a sample. During
sampling, two 3k carbon-fiber bundles were wound parallel onto a sample roll and
initially unrolled as one large 6k bundle. This larger bundle vs'/as pulled through the long-
pitched orifice and was a snug fit. The result was that the wire of the orifice had a
tendency to press into the fiber bundle, similar' to éthrcad, ona bolt. This caused the fiber
bundle to twist as it was pulled through the 6riﬁqe. The twisting, of course, rendered the
fibers useless as test specimens, since they_ were not straight and parallel. The same
tendency was exhibited using orifices with less extreme, yet long, pitches. The pitch of
the orifice was not critical to specimen preparation as long as it was ho greater than the
necessary dimension that would allow the fibers to be easily wounq between the wire
wraps of the orifice. The oriﬁées' that were used after the iﬁitial oriﬁ;:e research were all
made from 0.61mm (0.024”) wire and had pitch dimensions of 0.97mni (0.038”)

tol.41mm (0.055”) measured from center to center of the orifice windings.

Orifice Lubrication

Once usable orifices were produced, it was necessary to find a lubricant for the
fiber bundle as it was pulled through an orifice to provide a constant viscous drag while
lubricating enough to el‘iminatf; damage tol the fibers in the bundle. Hexc¢i®
recommended contacting Kelmar Industries about silane oil or a similar product to serve

this purpose. Initial testing was conducted using acetone as the lubricant since it
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fiber on the top is unsized, allowing the fibers to spread out loosely.. The sizing on the
bottom fiber bundle holds the fibers together, making the bundle much easier to manage.

Water was also tried as an orifice lubricant. Again, there was a solvating effect
on the sizing shown by the same indications as with acetone. The test results showed
little difference between the specimens prepared with acetone and the specimens -
prepared with water. Since water evaporates slower than acetone, and would have more
of a tendency to remain between the fibers of the bundles due their hygroscopic nature,
there was no beneficial reason to use Watér over acetone. If fact, water cou\ldf have a
detrimental effect on the interaction between the fibers and the matrix material by
displacing space that would normally be filled with matrix. Use qf water also slowed the
specimen preparation since it seemed .reasonable to wait for the water to evaporaté from
the fibers as much as possible before pourin_g the resin for the tabs.

The lubricant paralneteirs were discussed Withv the fiber expert at Kelmar
Industries. The fecéfnmendétion was that a solvent like acetone would most likely \;vork
well, but that a dimethyl fluid with highér viscosity could be tried with the caveat that a
dimethyl fluid could inhibit matrix bonding to the fibers. Two samples were shipped
from Kelmar Industries, SWS 101-20 polydimethyl siloxane and SWS 101-50
polydimethyl siloxane, the latter having the higher viscosity. The polydimethyl siloxane
fluids were clear and had oily cﬁaracteristics similar to‘mineral oil. They were not
miscible with water or acetone. Both were tested with 0.584mm (0.023”) and 0.533mm
(0.021”) orifices. The polydimethyl siloxane fluids exhibited no effect on the sizing, but
did leave an oily coatiné on the fiber bundle that could potentially affect matrix bonding..

There were no signs of tab bonding failure due to the oily coating during these tests.
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There were no striking improvements or detriments to the results, which were similar to
those obtained with water or acetone. Some sized—ﬁbér bundles were pulled through an
orifice using no lube at all, but the bundle appeared the same after the orifice. It is
suspected that collimation of the sized-fiber bundles was not achieved. An unsized-fiber
bundle was also bul‘led through an orifice without lube. The result was that the oriﬁcé
“peeled” back much of the outer fiber layer .andvq‘uickly 'clo',gged‘the ‘c‘)riﬁce.,

Acetone seemed to bffer the most beneﬁts as an orifice lﬁbricant. It provided
enough lubrication to keep the fibers from being daqmaged, left no undesirable film on the

fibers, and dissipated rapidly. The fact that it solvated the sizing was more likely

beneficial than detrimental since the sizing actually holds the fibers together. This means

that if the fibers slipped against each other as they were collimated, sizing could inhibit
the slippage. The result would be unequal lengths of fibers, which is one of the
conditions that have already been determined to be undesirable. For these reasons,

acetone was chosen as the orifice lubricant for this research.

Test Fixture Dévelopment and Design

Thé test fixture was develbf)ed in’ several stagé‘s, Initially, the i&ea of the test
fixture was to mold tabs onto the ends of fiber bundles.. An example mold was acquired
from the testing laboratory at Hexcel®. The Hexcel® mold was used for molding tabs

-onto the ends of impregnated fiber bundles and seryed as an example of basic design
requirements. These requirements included tab well dimensions and fiber groove
parameters. The tab wells are recessed areas in the ﬁolds into which resin or othg:r tab

material is poured to form the tabs around the ends of the fiber bundles. The original
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that was also a testing fixture that could be clamped into an Instron test machine. The
testing fixture would require a method for maintaining alignment and the determined
specimen gage length. Provisions would also be neéessary to allow the change in length
that occurs during?ten’silé tests. The design was narrowed to one having separate fixture
ends connected by rods that woﬁld allow sliding during tests. The separaite fixture ends
each required tab wells and fiber grooves to be machined into them. A final parameter
was that the Instron grips could clamp a maximum thickness of 11.43mm (0.45”). This
dimension dictated the maximum thickness of the fixture ends. The resulting test fixture
is shown in Figure 3.3.

The alignrheht rods were held stationary in one end of the fixtures by set screws
and were allowed to slide in the other end. The gage length was set by adjusting shaft
collars on the alignment rods so that the fixture ends could be set back to the preset -
position after each test. It was necessary to hold the sl‘idiné end of the fixture in place
between specimen preparation and final testing. For this, special set screws were
assembled to avoid the usual damage caused by set screws to the surfaces they are
screwed against. In this case, the set screws were set agains"c the metal alignment rods in
the section that was required to slide freely through the sliding end of the test fixtures.
Damage to the aligament rods could cause excess drag or binding between the rods :and
the sliding ends of the fixtures, resulting in inaccurate test results. The set screws were
assembled by starting with standard 1” x 1/4”- NC socket set screws. Appropriately
sized pieces of nylon cut from a shaft bushing were then ariven into the hexagonal socket
eﬁds of the set screws leaving about three millimeters -of nylon extended béyond the end

of the set screws. On the opposite ends, standard hexagonal jam nuts were screwed onto




GK
$% $.=2*+ +=( $((=!- &P $%P= .=(+&$ % (+*$%

$.== *&%=I$%I% &) (+*$% $% (# % $ ((%@-+ B'&$
= % $1%$ (-1 $B% +ESH 1( +¥$% =I- &$2 %6+ (1-$% " 1$+) . #

%! )+(& (=!- +$=1$% + ' - + ($%$.+&( $& (=1$%

! %+$++* + ' -+ 1-=1-+$

&1 $$+.& % ($+ + + & +. $% )+ I+ +¥$% I(1- ( +*$% Y1@$& #
% +.1-=1- +$! %+=1 1-& GHI# 1@ +*$% $ $*@$& = )+(& (

(= & (*+$% (7 +) $)+8+ +*3% ( &( $ $#

$ .7 ) $&!I-$F(7+) $$%S% $ $O@P& (!- % ($=+

C(7S$-# %H$(0@7T$-= +7  -$%+*IRG"9SP]: ($%

A(= )+ S % 'S+ (&!-$ $# % IRG"9SP];

$%= +$ 14T 1.2=%1.%.& ($% &) -!) % -%$$+ %!-%

+&% S+ 7 - %1-%$+) $+ $ 3%+ %% -NF W = +$% +

& $% &) -N%(S+ $-%S ( (++ ( % (*+ %S S %



36
length also required that the Instron Cross head be raised to nearly maximum height to
accommodate the test fixture and thg 2224 N (500 1bf) load cell. This made tightening
and loosening the cross head mofe difficult and presented a possible safety risk. This was
an issue since the Instron to be used for these tests also had to be used for other projects
between test runs, requiring’num'erous cross head adjustments.

The possible effects from the alignmerﬁ rods during tests were of more concern.
Under ideal test conditions, the increased load, caused by frictional drag between the
alignment rods and the sliding end of the test fixture, would be negligible. However,
slight misalignment of the grips or misalignment due to foreign material between the grip
jaws and the test fixture coulci cause increased frictional drag. The initial dry-bundle
tests conducted on various fibers had maximum loads between 53 N (12 1bf) and 178 N
(40 Ibf). With loads this small, frictional drag could induce considerable error in the
results and there was enough variation in the test results thaf it was preferable to alleviate
- the possibility of any influence the alignment rods could introduce during tests. Since the
rods maintajned the specimen \gligmnent while the fixture was clamped ‘into the Instron
grips, the alignment rods ‘would have to be removed or disconnected betx%zeen the two
ends of the test fixture after the ﬁxﬁﬁe was clamped iﬁto the grips.

After 58 groups of six sinecimens \;vere tested with the oﬁginal design of test
fixture, the fixtures were reevaluated since there were at least 1200 specimens to be
tested for this research. Using only six fixtures, 200 groups of tests would have to be
conducted and there was the possibility of 12'to 24 houré turn-around ﬁer group to allow
for resin to cure. It was evident that more fixtures would be needed to complete the tests

in a reasonable time period. More fixtures would also give a better statistical
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representation of results since variations‘withipia test group would be reduced. It was
determined that if more test fixtures were going to be produced, the design silould be
improved to address the disadvantages of the original design as well as simplify the
production of the fixtures.

The first parameter that was considered was the necessity to remove the alignment
rods or disconnect the two ends of the test fixtures in some manner. Joints in the
alignment rods would be required to disconnect the two ends. In order to alleviate the
possibility of slack in a joint between halQes of the alignment rods, this scenario was
rejected in favor of removal of the alignment rods once the fixtures were clamped into the
Instron grips. The possibility of modifying the original design so that the alignment rods
could be remo{/ed was considered, but the design required a significant amount of -
machine work and did not address tl}e length pfo,b‘l'em.

The length could be reduced if the tab mold well area of the test fixtures could be -
clamped directly between the grip jaws. This would differ from the original design
fixture, which had clamped above the upper tab well and below the lower ’Fab well as the
fixture was placed vertically in the Instron grips. Originally, it was theught thata 13mm
x 13mm x 52mm (1/2” x 1/2” x 2”) resin block \;vas needed as a tab on’the ends of the
fibers. Duriné the tests with the original fixtures, it was discovered that a teb' 6mm x
13mm X 52mm (1/4” x 1'/2” x 2””) was sufficient. A shallower tab well area and an
efficient design would allow the tab mqld area to be clamped between the grip jaws,
reducmg the overall length of the test fixture. This new design could be machined froma
standard thlckness 0f 9.5mm (3/8”) or 11mm 7/ 16”) aluminum, which would fit between

the Instron grip jaws. The problem of incorporating the removable alignment rods had to
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spools onto a smooth working su'rfacle, éut them to length, then draw the length of fibers
through the orifice. The second method was chosen because of its simplicity. The
former method of rolling the fibers directly off from the spools then through the orifice -
would have required a mechanism to maintain slack as they would be pulled through the
ofiﬁce. The slack would be necessary because the fibers have an abrasive effect against
the roll of fibers if the bundles are pulled from the rolls while maintaining tension. This
is because the fiber bundles are wound with a steep lead angle across the spools at the
manufacturers. This a;brasive effect would cause damage to both the fiber bundle pulled
from the roll and the fiber bundles exposed on the surface of the roll. The possibilities of
fiber damage were greatly reduced by first rolling the ﬁb;er bundle onto a smooth work
surface and cutting it to length before pulling it throggh the orifice.

The next consideratioﬁ for specimen preparation was that the fibers would need to
be kept reasonably taut after they were placed into the test fixtures. The tension would
have to be maintained while the tabs were molded onto the enas of the fiber bundles. The
easiest method for this was to clamp the fiber bundle at one end of the line of test ﬁxtures-
and attach a weight to the leading end of the fiber bundle, wilich would be hung over the
end of the workbench. Initially, the leading end of each fiber bundle waé tied into a knot
through Whicﬁ a paper clip was hooked. The weight consisted of a light-duty c-clamp
with a mass of ‘aﬁout 335 grams and was attached to the paper clip via string. The end of
the string had a loop that was hooked onto the paper clip at the leading end of the fiber
bundle, which could be pulled through the orifice and placed into the test fixtures. The
weight had to be placed on the end of the workbench while the other end of the fiber

bundle was clamped. Once the trailing end of the fiber bundle was clamped, the weight
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was allowed to hang over the edge of the workbench. It worked best to keep the ﬁrst test
fixture about 100mm (4”) from the end of the workbench and line ﬂ_’l'f? other ﬁxturesvffom |
the énd of the first one. Later 1n t.h’e course of this research, standard black cast 3/4 inch
90 degree pipe elbows, which weighed about 200 grams each, were used as weights
because they were compact and inexpensive. The c-clamps were large enough to contact
the neighboring fiber bundles or c-clamps and although no problems were caused, the
more compact pipe elbows replaced the c-clamps.

After the first four developmental test groups of fiber bundles had been prepared

'and tested, the need for a better method of fastening the weight to the leading end of the .

fiber bundle was apparent. Although a knot in the fiber bundle may have introduced
slight problems du?: to the sharp bending of the fiber bundle in the knotted area, it worked
adequately with sized fibers. However, unsized fibers were extremely difficult to tie into
aknot. This was because of all df the loose-fine fibers at the leading end of the bundle
and a method with far less manipulation of the end of the bundle was needed. The
possibility of gluirné the fiber buﬁdle end to the string attached to the weight was
considered, but was rejected since holding the string and the fiber bundle in alignment
while the glue sets would be difficult. Since super-glue works well on rubber products,
an attempt was rﬁade to glue part of a latex laboratory glove to the end of a fiber bundle;
the result was a strong bond. It was disco_vereci that the finger portion of a latex glove
could be quite successfully bonded by .saturatirig the first 15mm (5/8”) of the bundle end
with super-glue, placing the precut finger portion of a glové over the fiber end, and
squeezing the 'bonded area between one’s fingers for about ten seconds. Then, a paper

clip hooked through the loop in the end of the weight string could be bent to make a hook .
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through the fiber grdoves. Some sort of rubber plug was considered, but would have to
be specially manufactured. Modeling clay was chosen because of availability and its
ability to conform around the fiber bundle with a minimum effect on it. The clay was
carefully pressed into place with the hooked. end of an O-ring pick as shown in Figure
3.10. The resin could then be poured into the tab well areas.

One area of concern that was taken into account during test development, as well
as during the testing was the possibility of stress concentrations at the fiber-tab interféce
area. Tabs molded onto the ends of the fiber bundles by using a resin that impregnates
the bundle iﬂ the tab area seem to offer the least possibility of stress coﬁcenﬁations at the
fiber-tab interface. This method essentially creates a composite in the tab areas from
which the dry-fiber bundle protrudes. The fibers are continuous from the tab areas into
the gage section‘of the dry-ﬁbér bundles. This method should cause rnjnimal influence
on the fiber bundle, since the tab resin flows into and around the fiber bundle without the
need for any external influences to force the resin into the bundle. Once thé resin flows |
into place, it cures and bonds to the fibers with no bias createds that could cause a stress
concentration. ‘fCIamping onto the bundles would cause definite stress concentrations.
The textile industry tests fiber bundles by maiaping each end of the bundles around fixed
spools that are clamped into the test machine grips. Friction between the fiber bundles
and the spools is sufficient to hold the bundles for testing. This method would not meet
the established criterion that the fibers all be the same length within the bundles.
Clamping and the use of fixed spools for testing were both rejected as possible methods
to hold the fiber-bundle ends because of the negative influences of each of these methods.
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