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Abstract:

Carbon-epoxy materials are finding increased structural uses in areas such as aerospace, aeronautical,
and sporting goods applications because they can be produced with desirable strength-to-weight
properties. Historically, the limiting factor to the strength of those composites has been the integrity of
the fiber-resin interface bond. Recently, surface analysis methods have been introduced to study this
fiber/matrix interface.

In this study, SIMS, XPS, and AFM were used to characterize both untreated and electrochemically
treated PAN-based carbon fibers. Hexcel Corp. provided the fibers studied and included poor quality
fibers from lots with mechanical properties that failed to meet the product specification as well as fibers
from good quality lots. It was hypothesized that the poor mechanical performance observed in some of
the fiber lots was the result of either chemical or topographic abnormalities in the fibers. It was
proposed that these abnormalities could be detected by the surface sensitive techniques mentioned.

Multivariate statistical techniques were used to explore relationships between the SIMS spectra and the
mechanical test results. Principal components analysis (PCA) and discriminant analysis with cross
validation were used to analyze the SIMS spectra of both treated and untreated fibers. Statistically
significant differences in the surface chemistry of “good” and “poor” quality fibers were identified in
both treated and untreated fibers. The PCA and discriminant loadings assisted in identifying the
chemistry of changes in both inorganic and organic functionalities on the poor quality fibers. These
changes include an increase of oxygen on poor property untreated fiber spectra, an increase of
unsaturated hydrocarbon fragments on good property untreated fiber spectra, and differences in the
amount of aluminum, PDMS, magnesium, calcium, and potassium. Treated fibers primarily differed in
magnesium and calcium concentrations, as well. The resulting analysis also includes that there was an
increase in nitrogen containing fragments on the spectra of poor property fibers.

Preliminary Atomic Force Microscopy analysis found differences in topography correlating to the
mechanical properties; however, more work would be needed to determine whether variations are
statistically significant.
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ABSTRACT

Carbon-epoxy materials are finding increased structural uses in areas such as
aerospace, aeronautical, and sporting goods applications because they can be produced
with desirable strength-to-weight properties. Historically, the limiting factor to the
strength of those composites has been the integrity of the fiber-resin interface bond.
Recently, surface analysis methods have been introduced to study this fiber/matrix
interface.

In this study, SIMS, XPS, and AFM were used ‘to characterize both untreated and
electrochemically treated PAN-based carbon fibers. Hexcel Corp. provided the fibers
studied and included poor quality fibers from lots with mechanical properties that failed
to meet the product specification as well as fibers from good quality lots. It was
hypothesized that the poor mechanical performance observed in some of the fiber lots
was the result of either chemical or topographic abnormalities in the fibers. It was
proposed that these abnormalities could be detected by the surface sensitive techniques
mentioned.

Multivariate statistical techniques were used to explore relationships between the
SIMS spectra and the mechanical test results. Principal components analysis (PCA) and
discriminant analysis with cross validation were used to analyze the SIMS spectra of both
treated and untreated fibers. Statistically significant differences in the surface chemistry
of “good” and “poor” quality fibers were identified in both treated and untreated fibers.
The PCA and discriminant loadings assisted in identifying the chemistry of changes in
both inorganic and organic functionalities on the poor quality fibers. These changes
include an increase of oxygen on poor property untreated fiber spectra, an increase of
unsaturated hydrocarbon fragments on good property untreated fiber spectra, and
differences in the amount of aluminum, PDMS, magnesium, calcium, and potassium.
Treated fibers primarily differed in magnesium and calcium concentrations, as well. The
resulting analysis also includes that there was an increase in nitrogen containing
fragments on the spectra of poor property fibers.

Preliminary Atomic Force Microscopy analysis found differences in topography
correlating to the mechanical properties; however, more work would be needed to
determine whether variations are statistically significant.




CHAPTER 1
INTRODUCTION

Carbon and graphite materials are among the lightest refractory materials known
[1,2]. They have low density, low thermal expansion, high thermal and electrical
conductivity, and are considered attractive for high-temperature applications because they
maintain strength and stiffness above 2500K. [2]. Because carbon fibers can be produced
with desirable strength-to-weight properties, they are finding increased structural uses in
areas such as aerospace, acronautical, and sporting goods applications.

Carbon fibers are usually produced commercially with either a textile precursor
such as polyacrylonitrile (PAN) or a pitch precursor [3]. The carbon fibers are woven
together and used to reinforce various matrix materials including epoxy and cyanate ester
resins. This reinforcement allows for improved impact strength and fracture toughness
for the composite material by slowing down cracks that would otherwise propagate

through the matrix and weaken the material [1, 2].

Problem in This Area

Historically, the strength of the fiber-resin interface bond has been found to be
the limiting factor to the mechanical properties of carbon-epoxy materials [4]. Without

maximum adhesion between the fiber and the matrix material, poor interlaminar shear




strength, a lack of delamination resistance, and low tensile strength all result in rendering
the composite structure useless [1, ‘5, 6]. To optimize this adhesion between the fiber and
the matrix material, the éurface properties of the fiber are often electrochemically
oxidized through the application of surface treatments [1, 2, 4-12]. This results in
heightened dispersive interactions (London Forces), nondispersive interactions based on
acid-base groups, covalent chemical bonds, and physical interactions, which all result in

an increase in mechanical properties [6].

Motivation for Research

The strength of composite structures has historically been predicted through the
mechanical testing of particular matri)f/ﬁber reinforcement combinations. These tests
include, but are not limited to, tensile testing, compression testing, shear testing, fatigue
testing, or a combination thereof.

It is known that many of the measured mechanical properties of composites are
governed by the quality of the adhesion between the fiber and the ma-trix. Without
suitable interfacial interaction, proper load sharing between the fibers does not take plgce,
resulting in a weaker material [3]. Recentiy, surface analysis techniques have been
introduced to quantify the integrity of this fiber/matrix interface and compared to current
mechanical methods. It is believed that the results obtained by mechanical tests are a
function of surface <;haracteristics and can be correlated to surface analysis techniques
such as x-ray photoelectron spectroscopy, secondary ion mass spectrometry, and atomic

force microscopy.




Research Objectives

The goal of this project was to explore the feasibility of using surface analysis to
predict strength of carbon composite materials. Specifically, the ability of secondary ion
mass spectrometry to identify differences between fibers with poor mechanical propérties
and good mechanical properties was explored. This objective was completed using the
following procedures:

o Surface analysis methods were used to analyze poor property fibers that failed
to meet product specification as well as fibers from good quality lots.

o Differences among the fiber groups and relationships between the acquired
spectra and mechanical results were explored by using multivariate
techniques.

o The statistical significance of differences between the poor property fibers and
the good property fibers was determined.
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CHAPTER 2
BACKGROUND

Analvytical Methods

Carbon fibers are a challenge to study using surface sensitive techniques. Most
spectroscopies are used with appropriate experimental protocol but traditional methods
usually provide only the bulk information, 1000 A or more, into the material. With
chemical functionality studies, the information sought after is in the range of 1 A to 100
A so limited analysis techniques are available with specific advantages and disadvantages

to each [1].

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also knows as electron spectroscopy for
chemical analysis (ESCA), is the most widely used of the contemporary surface
characterization methods [13]. A large amount of information is acquired from each
spectrum (Table 1) and the technique is flexible enough to be used on a large variety of

sample types.

Theory and Principles of the Technique. Each atom on the surface of a material

(except for hydrogen) consists of valence electrons that are involved in chemical bonding

LT | YL L




along with core electrons. These core electrons possess a unique binding energy which is

characteristic of the type of atom to which it is bound. By analyzing the binding energies

of the electrons and the peak areas, quantitative elemental surface analysis is possible

[14].

Table 1. Information obtained by x-ray photoelectron spectroscopy from Ratner and

Castner[16].

In the outermost 10 nm of a surface, XPS can provide:

o

Identification of all elements (except H and He) present at concentrations
greater than 0.1 atomic percent

Semiquantitative determination of the approximate elemental surface
composition (error < + 10%)

Information about the molecular environment (oxidation state, bonding atoms,
etc.)

Information about aromatic or unsaturated structures from shake-up (1~ — )
transitions

Identification of organic groups using derivatization reactions
Nondestructive elemental depth profiles 10 nm into the sample and surface
heterogeneity assessment using (1) angular-dependent XPS studies and (2)
photoelectrons with differing escape depths

Destructive elemental depth profiles several hundred nanometers into the
sample using ion etching (for organics)

Lateral variations in surface composition (spatial resolution of 8 um to 150
pm, depending upon the instrument

“Fingerprinting” of materials using valence band spectra and identification of
bonding orbitals '

Studies on hydrated (frozen) surfaces
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Because the electrons can only trgvel a short distance through the sample without
undergoing inelastic collisions resulting in a drastic loss of energy, XPS is considered to
be highly surface sensitive. Usually only the upper 50 A to 100 A of the sample is
analyzed using thlS technique [13].

Surface analysis by x-ray photoelectron spectroscopy begins by placing the
sample in an ultra-high vacuum environment (~ 107 torr) and then irradiating the
material with a source of low-energy x-rays. If the frequency of the excitation x-rays are
greater than the binding energy for each element, photoemission will occur. Schematics
of the x-ray photoelectron process are seen in Figures 1 and 2 [13].

The resulting photoelectrons are emitted from the surface having a kinetic energy
(Ex) measured by a hemispheric analyzer. Using the known x-ray energy (hv), the
binding energy (Ep) is calculated using the Einstein relation seen in Equation 1 [13, 15,

16] where ¢ is the work function of the spectrometer.

Ep=hv - Ex - ¢ ¢y

The photoelectrons are then separated according to energy, counted, and related to the
atomic and molecular environment from which they were ejected. A spectrum of the

number of emitted electrons versus binding energy is obtained.
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Table 2. Common binding energy assignments for the carbon 1s peak from Ratner and

Castner [13].
Functional Group Binding Energy (eV)
Hydrocarbon C-H, C-C 285.0
Amine C-N 286.0
Alcohol, Ether C-0-H, C-0-C 286.5
Carbonyl C=0 288.0
Amide N-C=0 288.2
Acid, Ester 0-C=0 289.0
0]
|
Urea N-C-N 289.2
0)
|
Carbamate O-C-N 289.9
0]
i
Carbonate O-C-O 290.3

The observed binding energies will depend on the specific environment where the
functional groups are located. Most ranges are + 0.2 eV, but some can be larger.

Table 3. Common binding energy assignments for the oxygen 1s peak from Ratner and

Castner [13].
Functional Group Binding Energy (eV)
Carbonyl C=0, 0-C=0 532.2
Alcohol, Ether C-0-H, C-O0-C ! 532.8
‘Ester C-0-C=0 533.7

The observed binding energies will depend on the specific environment where the
functional groups are located. Most ranges are £ 0.2 eV.
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Previous Work on Carbon Fiber Surfaces. Surface analysis studies of carbon

fibers using x-ray photoelectron spectroscopy were first reported in 1970. The first
recorded study of XPS for the study of carbon fibers concentrated on the bulk material of
the fiber in order to characterize it in relation to other forms of carbon such as graphite or
diamond [9]. However, within a year of x-ray photoelectron spectroscopy’s commercial
use, it was found that the known increase in the electrochemical oxidation of the fiber due
to the surface treatment was seen as an increased carbon-oxygen ratio using analysis
techniques. The resulting chemical shifts were also noticed and this began the work in
fiber treatment investigations [1, 2, 4, 5, 9, 11].

Fiber treatment investigations are usually done using one of two approaches. The
first technique involves computer curve fitting programs that can estimate the proportions
of carbon and oxygen groups by using the core spectrum (electron binding energies > 30
eV) and the valence band spectrum (electron binding energies < 30 eV). Another
approach involves labeling the functional groups with a reagent that contains an element
easily detec;cable by XPS. However, this technique is beyond the focus of this paper and
will not be discussed.

The core region of an XPS spectrum is the easiest region to interpret since each
type of atom has core electrons (electrons that do not play a significant role in chemical
interaction) in a characteristic region, resulting in instantaneous atomic identification.
Additional information about the chemical environment and subsequent chemical bonds
of the atoms is then provided by core chemical shifts [1, 2]. The resolved carbon 1s and

oxygen 1s regions are peak fitted to show overlapping features corresponding to different
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chemical functionalities. Each region is fitted to a number of component peaks, each
peak corresponding to a different surface functionality.

The valence band region, in contrast to the core region, gives peak features for all
of the species present in the same region of the spectrum. This area is able to show
differences that are highly sensitive to the type of material present; all the energy levels
involved in chemical interaction, specific to the species studied, can be seen. Because
core chemical shifts are sometimes unable to distinguish between certain subtle chemical
differences, the valence band can play an important role in surface characterization [1, 2].
It must be realized, however, that valence band XPS spectra analysis requires more
sophisticated calculation lﬁethods and prove that comparisons with model compounds are
difficult. The resolution of the valence band spectra is also typically much lower than
that of the core spectra.

Various researchers have explored the curve fitting approach with the vast
majority concentrating on core spectrum studies. Over 250 papers have addressed the
curve fitting area, so, only a brief description of the work that illustrates the type of
information that can be provided by XPS will be mentioned here. A complete review of
this material can be found in Peter Sherwood’s referenced papers [1].

The previous XPS work on untreated fibers showed concentrations of oxygen and
nitrogen in addition to the expected carbon in the core spectrum [1, 2, 4, 5, 9, 11, 12].
Simon, Jacobasch, Pleul, and Uhlmann attributed these traces of nitrogen to the
manufacturing process and the oxygen peak to surface oxidation reactions. Jacobasch,

Grundke, Uhlmann, Simon, and Méder stated that this same oxygen and nitrogen
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Some of the recent work done in carbon fiber analysis has concentrated on the
presence of contaminants resulting from impure precursor material or problems in the
production route [9]. The main difficulties in dealing with this type of spectra analysis
(especiaily with fibers of industrial importance) are threefold. First, there is the difficulty
in identifying unambiguously the type and distribution of functional groups which has led
people to apply derivatization or labeling methods. Second, there is the lack of spatial
resolution. The recent discovery of imaging XPS will significantly improve this situation,
however, the current resolution limit of ~ 10 pum is greater than the typical carbon fiber
diameter. Third, the low level of oxidation encountered is only 5% to 10 % the intensity

of the main carbon 1s peak, resulting in difficult data extraction [9, 10].

Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry (SIMS) has also been used to investigate the
surfaces of carbon fibers. The potential advantages of this analysis technique include the
ability to identify hydrogen containing fragments, the ability to distinguish different
isotopes (and therefore use isotopic labeling) and the greater sensitivity to elemental
species than for XPS. There is also the ability to provide spatial information of ~ 0.2 pm
by the use of a fine focus l-i.quid metal ion gun and scanning imaging SIMS that can allow

meaningful correlation of imaging SIMS and conventional SEM information [1, 10].

Theory and Principles of the Technique. Secondary ion mass spectrometry is

based on the fact that charged atomic and molecular species are ejected from the surface

of a condensed phase, such as liquid or solid, under the bombardment of high-energy
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When the bombarding primary ions transfer some of their energy to the lattice
atoms and cause energy and momentum transfer around the point of impact, a cascade of
atomic collisions occur [14, 17]. This results in not only a change in lattice structure but
also the emission of secondary ions that can be easily mass separated by different types
of mass analyzers and is used to investigate the elemental makeup of the specimen. A
schematic of the SIMS process is seen in Figure 5. Because cluster ions are emitted
along with elemental ions, a surface fragmentation pattern of the material is generated
and the secondary ions allow the chemical structure of the surface to be studied [14].

Almost all of the secondary ions that are emitted originate from the uppermost
atomic layers of the bombarded surface. Because of this, SIMS is considered to be more
surface sensitive than XPS gaining information from only the top one or two monolayers
of the material.

As mentioned previously, another advantage of secondary ion mass spectrometery
is the capability of monolayer imaging [17, 18]. The position of the elements and ion
clusters ejected from the sample surface is recorded and images consisting of either all
the detected ions or only ions in a certain mass range can be mapped.

One disadvantage of secondary ion mass spéctrometry in analytical application is
the lack of quantification possibilities. Because different elements and cluster ions have
different ionization potentials, quantification must be achieved by either semi-empirical
ionization models or by the additional application of another analytical techniques such
as x-ray photoelectron spectroscopy. Another disadvantage includes the “violence” of

the SIMS process. Once an area of the surface has been hit by the primary ion, it is
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destroyed. However, it must be remembered that under static conditions no spot on the

surface is hit more than once.

Previous Work on Carbon Fiber Surfaces. Briggs’s first work involving carbon

fibers and SIMS illustrated the use of imaging SIMS to provide evidence of spots of
thermoplastic material adhering to carbon fibers after fracture of composite materials [9].
However, this work was before the introduction of Time-of-Flight (ToF) mass
spectrometry to the SIMS technique when a high rate of specimen destruction resulted in
order to work at the resolution necessary to image individual fibers.’

After the introduction of ToF-SIMS, Hearn and Briggs studied the surface
chemistry of commercially available PAN-based fibers that were stated by the
manufacturer to be either untreated or electrochemically treated [10].

The spectra obtained from the untreated fibers were found to be very
irreproducible and exhibiting variations even within a single spool. However, the spectra
could be rationalized completely on the basis of contributions from
hydrocarbon/polyaromatic species, inorganic species, and organic contaminants. In the
low mass range (m/z < 200), the intense peaks were found to be primarily due to
hydrocarbon fragments. Also observed was a peak at m/z = 23 (Na*). In the high mass |
range (m/z = 200-500), the noticeable peaks were assigned mainly to organic
contaminants such as stearates, on the basis of fingerprint spectra comparison. Fibers
that were treated with a 10% solution of ammonium bicarbonate in distilled water in the

laboratory were also found to have spectra dominated by organic contaminants [10].
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When tap water was used in the in the wash-baths of the electrochemical
treatment, deposits of Ca* ions on the ﬁl;er surface (represented by a peak at m/z = 40)
were found. When NaCl was added to the wash-baths, an increase of sodium was seen at
m/z = 23. Commercially treated fiber spectra was similar to that of the laboratory treated
fiber spectra with comparable peaks at m/z = 23 and 40.

Another important discovery by Hearn and Briggs was that the species identified
on the surface of the carbon fibers appeared to represent a “memory” of its processing
stages. The last of these stages involved the wrapping of spools in protective shrink-wrap
plastic film that can contain phenolic antioxidants, phthalate plasticizers, and fatty
acid/ester slip additives. .Calculations showed that additive levels of 0.1% to 1.0% in the
plastic could contaminate fibers throughout the entire spool. Since it is known that
carbon fibers are highly absorptive, contamination by this route instead of through the
process line could not be ruled out. The authors then concluded that future SIMS studies
of carbon fiber surface chemistry would demand clean fibers, made and handled in such a
way as to eliminate, as far as possible, the sources of contamination that would otherwise

dominate the SIMS spectra [10].

Atomic Force Microscopy

The atomic force microscope was first introduced in 1986 as a new instrument for
examining the surface of insulated crystals. Although it was implied from the beginning
that it had the capability of resolving single atoms, strong evidence for atomic resolution

did not appear until 1993 [19, 20].
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In addition to the topographical information that is obtained, the AFM also

calculates the force exerted on the probe tip by the use of the cantilever spring constant

[19, 20].

There are three modes of the atomic force microscope: contact mode, non-contact

mode, and tapping mode. The most common (and simplest) mode is the contact mode

_where the tip runs across the surface and is actually brought into contact with the surface

and is deflected by defects in the specimen. The most common advantages and

disadvantages of contact mode AFM can be seen in Table 4.

Table 4. Advantages and disadvantages of contact mode AFM from Digital Instruments

Scanning Probe Microscopy Training Notebook [19].

Advantages:

o

High scan speeds (throughput)

Contact mode AFM is the only AFM technique which can obtain “atomic
resolution” images

Rough samples with extreme changes in vertical topography can sometimes
be scanned more easily in contact mode

Disadvantages:

Lateral (shear) forces can distort features in the image

The forces normal to the tip-sample interaction can be high in air due to
capillary forces from the adsorbed fluid layer on the sample surface

The combination of lateral forces and high normal forces can result in reduced
spatial resolution and may damage soft samples (i.e. biological samples,
polymers, silicon) due to scraping between the tip and sample
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Previous Work on Carbon Fiber Surfaces. Smiley and Delgass used atomic force

microscopy to investigate the topographical changes of carbon fibers when exposed to
low-temperature, low-power, oxygen plasma treatments [5]. Through their research, it
was found that the grooves present in the AFM images of untreated fibers were the same
as those seen by the SEM. The axial grooves were unevenly spaced from 40 nm to 120
nm apart and had a distribution of depth from 1 nm to 7 nm.

The fibers that were treated in the oxygen plasma for 2 minutes and 15 minutes
were also imaged in AFM. It was found that the fiber surfaces go through an initial
roughening after the short treatment, followed by an overall smoothing as treatment time

was increased [5].

Numerical Methods

Current laboratory instruments, such as secondary ion mass spectrometry
instruments, are able to collect a 1a1;ge amount of data. One specimen can have hundreds
or even thousands of measured variables. As today’s chemical processes become more
heavily monitored by instrumentation resulting in the collecti(;n of more data, techniques
for the analysis of multivariate data by numerical means must be investigated so data will

not be “wasted”[21].

Principal Components Analysis

Principal components analysis (PCA), also known as factor analysis (FA), is a

powerful tool of researchers for data compression and information extraction. PCA finds
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combination of variables, or factors, that describe major trends in the data [22].

Advantages of principal components analysis can be seen in Table 5.

Table 5. Advantages of principal components analysis from Malinowski [21].

Data of great complexity can be investigated
Principal components analysis, being a method of multivariate analysis,
can deal with many factors simultaneously

o Large quantities of data can be analyzed

o Many types of problems can be studied
PCA can be applied regardless of the initial lack of insight into the data;
the approach can yield valuable predictions based on empirical
applications

o Data can be simplified
Matrices can be modeled concisely with a minimum of factors, and
generalizations that bring out the underlying order in the data can be
obtained

. o Components can be interpreted in useful ways
The nature of the factors can be clarified and deciphered, and data can be
classified into specific categories

Theory and Principles of the Technique Mathematically, PCA is “a multivariate

technique for reducing matrices of data to their lowest dimensionality by the use of
orthogonal factor space and transformatiéns that yield predictions and/or recognizable
factors [21].” PCA depends upon an eigenvector decomposition of the covariance matrix
of the process variables. For an m by n data matrix X, with each variable being a column

and each sample a row, the covariance matrix is defined as
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cov(X) = (X"X)(m-1)"* )

PCA then decomposes the data matrix as the sum of the outer product of vectors t; and p;

plus a residual matrix E
X= t1pT1 + tszz + ...+ tkak +E 3)

where k must be less than or equal to the smaller dimension of X. Each term of this
series is a principal component of the matrix. The p; terms are known as the loadings and
contain information on how the variables relate to each other. The t; terms are
projections of X onto the p; and are known as the scores matrix that represents how the
samples relate to each other.

Principal components analysis of a multivariate data set can be seen graphically in
Figure 7. The values of three measured variables taken from a collection of samples are
plotted in three dimensions. It can be seen that the samples all lie in a plane that can be
enclosed by an ellipse and that the samples vary more along one axis of the ellipse than
along the other. PCA then transforms this data set into a new coordinate system, the
ellipse axes, so that the major trends in the data can be captured with a minimum number
of variables (principal components). The first PC describés the direction of the greatest
variation in the data set (the major axis of the ellipse) while the second PC deséribes the

next greatest amount of variation (the minor axis of the ellipse). The scores for the first
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is also found that PCA finds combinations of variables that are useful descriptions of

particular phenomena [21-23].

Previous Work on Carbon Fibers. Different ways to assess quantification of

fingerprint SIMS spectra can be found in the literature, however, in most of these article
only a few peaks (from two to five) have been used in the analysis procedures. These
selected peaks were assumed to be the only peaks directly related molecular structure of
the polymers present at the surface. Unfortunately, this is not always true. With some
materials, the structure of important characteristic ions cannot be learned from limited
pieces of chain fragmentation alone; surface ion structure requires looking at
reorganization fragments, as well. When looking at only a few peaks, often the
reorganization ﬁagmenfs,are missed.

Vanden Eynde and Bertrand found that ToF-SIMS quantification using principal
components analysis on polystyrene spectra resulted in some success [24]. Unlike the
semi-quantification methods previously used, multivariate techniques such as PCA
allowed all of the peaks in spectrum to be analyzed. The object of this study was to test if
PCA was able to discriminate between polystyrene samples with different molecular
weights and end groups (s-butyl t-butyl, n-butyl). It was also hoped that the molecular
jons that had the strongest influence on the model could be determined. The researchers
did find that the different end-groups and the low molecular weight samples were easily
separated from each other in the resulting scores plots. The loadings plots also allowed

the identification of the most significant contributors to the variance as well [24].
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Once the linear discriminant function has been calculated, it can be used to assign
new samples of unknown origin to one of the two original groups. This is done by.
putting the new sample data into the equation and locating its position along the

discriminant function [23].

Cross Validation

Using cross validation with multivariate analysis techniques allows a researcher to
correlate differences to variations in individual populations and be certain that one

specimen is not the principal element influencing the data.

Theory and Principles of the Technique. Cross validation consists of removing a
row from the data matrix and carrying out the analysis function. The removed row is
then reinserted into the matrix to see how strongly the sample affected the analysis
technique. This process is repeated until every row of the data matrix has béen examined

211
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CHAPTER 3

EXPERIMENTAL METHODS AND MATERIALS

Analvtical Methods

All secondary ion mass spectroscopy, x-ray photoelectron spectroscopy, and
atomic force microscopy work was performed at the Image and Chemical Analysis

Laboratory at Montana State University, Bozeman, Montana.

SIMS Analvysis

Hexcel manufactured all carbon fibers at their establishment in Salt Lake City,
Utah. The spools of fibers were then categorized into three specific groups to be
compared. The first contained all untreated fibers including lots D1374-6A, D1390-6A,
and R128. The second group included surface treated fibers, lots D1374-6A, D1390-6A,
D1234-6A, and D1424-6C. The last group of samples contained fibers from one lot only,
D1239-3C. The difference between the fibers in this group was limited to the amount of
surface treatment applied to the fiber; no other process variables were changed. A brief
description of the fiber lot mechanical properties can be seen in Table 6. A complete
listing of the sample identification labels, fiber types, lot numbers, treatments, sample
location when applicable, and other distinguishing characteristics can be seen in

Appendix A.
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Table 6. Fiber lot mechanical property descriptions.

Lot Number Tensile Strength Laminate Strength ~ Property Categorization
D1374-6A 787 ksi ~~ | Good
D1390-6A 780 ksi ~r Good

R128-04 689 ksi ~~ Good

R128-06 463 ksi ~~ Poor

R128-08 626 ksi ~~ _ Poor

D1234-6A 550 ksi ~r Poor

D1424-6C ~~ Failed in 0 degree Poor

D1239-3C 807 ksi ~~ Good

The first step in the experimental procedure was to prevent unwanted surface
contamination by removing the outside few meters of fiber on each spool before
sampling began. Six l1cm samples were cut from each spool, individually labeled, and
bound on both ends with masking tape to avoid all chances of “escaping” in the high
voltage, ultra high vacuum environment.

The sample was placed into the sample holder of the instrument behind an
aluminum mask with a 10 mm by 1 mm slit cut out. A piece of silicon and an aluminum
disk backed the fiber “bundle”. Prior to mounting, the mask, silicon, and all sample

holder accessories had all been sonicated in both a hexane (HPLC grade) bath and
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methanol (HPLC grade) bath and air-dried. The holder was placed into the vacuum
chamber at a base pressure of ~ 107 torr.

Time-of-Flight secondary ion mass spectrometry analyses were performed using a
Charles Evans & Associates ToF-SIMS instrument. By using a ToF (Time-of-Flight)
analyzer instead of an alternative detector, a much greater number of ions could be
acquired (~ 30%) and simultaneous detection of all ions could take place. The difference
in sensitivity of a time-of-flight analyzer when compared to a quadrupole analyzer can be
100 to 1000 times or more [14].

The primary ion used in analysis was a microfocused, pulsed liquid metal ion gun
(LMIG) Ga" source operating at 600 pA dc at +15keV relative to ground. Because of the
conducting nature of the carbon fibers, charge compensation was not needed. An 80 um
by 80 um area was scatter rastered and the acquisition time for each positive ion spectra
was approximately 10 minutes. Although the mass resolution was compromised to some
extent by the fact that the fiber surfaces were not flat, in the low mass regions the
resulting mass resolution, ranging from 2000 to 3500, was sufficient enough to
distinguish inorganic from organic ions. The low mass locale has been found to contain
the important information relating to chemical and structural aspects of the material so in
this study, mass information above 150 atomic mass units was disregarded [17].
Complete SIMS spectra for each sample (0 to 150 atomic mass units) can be seen in
Appendix B.

The SIMS spectra were imported into the MATLAB"™ ToFPak Data Reduction

Software, version V2.0A. Using the peak-fitting program, secondary ion peaks were
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integrated for each spectrum. From atomic mass 0 to atomic mass 50, inorganic peak
areas and organic peak areas were integrated ﬂseparately; from atomic mass 51 to atomic
mass 150, each nominal mass peak area was integrated as a single unit. The intensity
values for each spectrum were imported into a spreadsheet program and a matrix with
column§ corresponding to the different spectra and rows cbrresponding to the different
ion structure intensities was created for each specific group.

In secondary ion mass spectrometry work, sodium is a common surface
contaminant, ionizes easily in the SIMS environment, and is present in the bulk carbon
fiber in amounts of approximately 11 parts per million [25]. After running preliminary
spectra, it was found that the amount of sodium was not correlated to the mechanical
properties of the fibers and therefore, inorganic atomic mass unit 23 was neglected
entirely from further data analysis. The values were then normalized to the total
spectrum intensity to allow for a quantitative comparison between the specimens by
eliminating the systematic differences in the absolute spectral intensities that might have
been due to slight differences in the instrument settings. Complete matrices of the peak

areas for all analyzed spectra can be seen in Appendix C.

XPS Analysis

X-ray photoelectron spectroscopy spectra were obtained from a Physical
Electronics Instrument Model 5600 spectrometer. The fiber tows were mounted on the
sample holdef using double-sided adhesive tape, covered with an aluminum mask, and
placed into the vacuum chamber at a pressure of ~ 10® torr. An 800 pm diameter area

was analyzed using a monochromatized 0.2 mm aluminum ko x-ray source at 300 watts
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and pass energies of 11.75 eV (survey scans) and 58.7 eV (elemental composition peaks).
The spectrum binding energy scale was calibrated by setting the CH peak maximum in
the carbon 1s spectrum to 285.0 eV [13]. A survey scan from 0 to 1400 eV was acquired
for each sample and the elemental composition of the fiber’s surface was calculated using
the instrument software based on peak areas from the carbon 1s, oxygen 1s, nitrogen 1s,

calcium 1s, silicon 1s, sodium 1s, and magnesium 3p regions.

AFM Analysis

Atomic force microscopy was performed using a Digital Instruments Dimension
3100 Series Scanning Probe Microscope in contact mode AFM. A single fiber was
mounted on double-sided conducting adhesive tape and an area of 0.5 um by 0.5 um was
imaged under ambient conditions. A silicon nitride probe with a spring constant of 0.12

N/m moved transversely to the fiber.

Numerical Methods

The matrices of SIMS data were imported into MATLAB™ where they were log
scaled, transposed, and mean centered using the PLS_Toolbox program addition for
eigenvector technologies. Principal components analysis was performed and scores and

loadings for the different data sets were obtained.

Cross validation and discriminant analysis was performed on the original data

matrix using MATLAB"™ programs written by Dr. Bonnie Tyler and can be seen in

Appendix D.
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CHAPTER 4
RESULTS

Surface analysis was performed on all treated and untreated fibers. All tested
specimens had not been sized. As mentioned in Chapter 3, these spools were broken into
three groups; untreated fibers with either “good” or “poor” mechanical properties,
electrochemically surface treated fibers with either “good” or “poor” mechanical
properties, and fibers consisting of variably treated specimens. A review of the fiber

groups and identification can be seen in Appendix A.

Untreated Fiber Spools

The first group of fibers that were analyzed and compared were the untreated
good property fibers (tensile strength greater than 650 ksi) and the untreated poor
property fibers (low tensile strength and/or poor laminate results). This included
untreated D1374-6A and untreated D1390-6A spools along with the pilot line R128-04,
R128-06, and R128-08 spools. Mechanical testing results for these fibers determining
whether the fiber specimens were classified as good or poor were provided by Hexcel and

can be seen in Appendix A.
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Secondary Jon Mass Spectrometry

SIMS analysis was done on each sample and the matrix of peak intensities in the
low mass fingerprint region (0 through 150 atomic mass units) was created. Principal
component analysis, discriminant analysis, and cross validation was then done using the
spectra matrices following the experimental procedure previously described.

The main factor contributing to variability among the untreated fiber specimens was
obtained by looking at the PC loading vs. atomic mass unit plots (Figures 9 through 11).
From Figure 9, it was seen that the amount of aluminum (m/z = 27) was the principal
component adding the most variance within the untreated samples; the first loading had a
dominant negative peak at m/z = 27. Polydimethylsiloxane (PDMS) was recognized by
its strong loading peaks in Figure 10 (m/z = 28, 73, 147) and was considered to be the
second major contributor. This was not considered unusual because PDMS is a common
contaminant found on the surfaces of many materials. Siloxanes are often used as
Jubricants or release agents in manufacturing process lines and if it is present in the
material, even in small amounts, it will find its way out of the bulk material and form a
thin surface layer. The ionization potential for polydimethylsiloxane in SIMS analysis is
also very high resulting in common fragmentation [26, 27]. Additional loading peaks due
to inorganic species such as magnesium (m/z=24), potassium (m/z=39) and calcium
(m/z=40) were seen in Figure 11 and were found to supply the next highest amount of
variance. Unidentifiable organics were other sources of variability found when looking

at higher loadings, however, the first three principal components did represent over 85%
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fiber) for both samples is shown in Figures 19 through 24. In Figure 19, ridges can be
seen down the length of the fiber R128-04. The sizes of the ridges do vary slightly and
the edge contours do not appear to be consistent. While looking at the section plots
(Figures 21 and 23) it can be noted ;chat the ridges vary in height of up to approximately
8.1 nm on this good specimen, but appear to be much less inconsistent along the length of
the fiber. The striations of R128-08 tend to be covered by bumps on the fiber surface
(Figure 20). These bumps do not appear to have a regular pattern, but by looking at the
section plots (Figures 22 and 24) they look as if they have approximately the same
diameter as the ridges on the R128-04 fiber.

When comparing the AFM images to the more common Scanning Electron
Microscopy (SEM) images of R128-04 (Figure 25) and R128-08 (Figure 26), itAis noticed
that the same ridges and raised defects on the fiber surface are present in both sets
(although image reproductions may make SEM feature identification difficult). Itis
evident, however, that the AFM images do permit a much closer look of the fiber and

allow for quantitative height measurements to be made on each peculiarity.
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Treated Fiber Spools

The surface treated fiber samples consisted of both good and poor property fibers
including the treated D1374-6A good spools, the treated D1390-6A good spools, the
D1234-6A poor spools, and the D1424-C poor spool. Tensile strength results and
additional laminate results (if available) used to classify good and poor specimens can be

seen in Appendix A.

Secondary Ion Mass Spectrometry

SIMS analysis (neglecting elemental sodium ions), creation of a peak intensity
matrix, principal component analysis, discriminant analysis, and cross validation were
then performed according to the experimental procedure.

This sample group attributed most of its variability to the inorganic elements
magnesium (m/z = 24) and calcium (m/z = 40) as seen as prominent positive peaks in
Figure 27. From Figure 28, the dominant negative loading peak at m/z = 27 showed that
aluminum was responsible for a high amount of variability in principal component
number 2 while PDMS (m/z = 28, 73, 147) was clearly a major portion of the third
principal component as represented in Figure 29. Loading number 4 (Figure 30) was
characteristic of potassium (m/z = 39) and PDMS (m/z = 28, 73, 147) while potassium,
chromium (m/z =52), and iron (m/z = 56) were seen as strong atomic mass units in the
loading number 5 plot (Figure 31). Higher loadings were considered to be due to various
insignificant organic compounds and not believed to contribute much difference to the
sample group. This conclusion was reached after calculating that loadings 1 through 5

represented 93% of the total variability with the surface treated samples.
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