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SUMMARY

Nonlinear Rayleigh surface waves have demonstrated high sensitivities to a multitude
of micro scale surface and subsurface features and defects. Exposure to high temperature
leads to thermal damage in carbon-carbon composites through oxidation of the ber and
matrix material on the order of the ber diameter. These micro scale defects contribute to
the generation of higher harmonic components in a propagating elastic wave.

The objective of this research is the development of a robust, repeatable and suf ciently
exible nonlinear Rayleigh wave measurement technique for the quanti cation of thermal
damage in carbon-carbon composite material using a mediator-wedge setup to ensure in-
situ applicability for the monitoring of friction components.

Two carbon-carbon samples of differing composite structure are subjected to thermal
damage by exposure to a high temperature atmosphere over multiple holding times, and
the relative material nonlinearity is evaluated. Based on the nonlinear Rayleigh surface
wave measurements coupled with complementary measurements of Rayleigh wave veloc-
ity, attenuation and energy-dispersive spectroscopy, microstructural changes in the carbon-
carbon material are assessed and correlated to the oxidation damage using scanning elec-
tron microscopy.

The obtained results reveal a strong sensitivity of the relative nonlinearity parameter
to oxidation damage in carbon-carbon composites compared to linear ultrasonic measures.
Suf cient sensitivity to early stage oxidation af rms the suitability of nonlinear Rayleigh
wave measurements for the quanti cation of thermal damage in carbon-carbon composites.
The double mediator wedge setup proves to be well suited for the application on porous,

slow wave velocity materials providing possible applicability for in-situ monitoring.

XVii



CHAPTER 1
INTRODUCTION

1.1 Motivation and Background

Figure 1.1: Glowing carbon-carbon composite brake discs on an Oreca LMP2 prototype

Due to their favorable mechanical properties at very high temperatures coupled with
suitable thermal properties, carbon-carbon composites present a material used in high-
demand, high-temperature friction applications such as aircraft or motorsport brake ma-
terial, the latter shown in Figure 1.1, or heat shielding material in aerospace application.
As such, many carbon-carbon composite components are critical for a safe operation. How-
ever, their susceptibility to oxidation can adversely affect the service life of carbon-carbon
composites. A non-destructive evaluation technique for the in-situ assessment of thermal
damage due to oxidation is desirable to prolong the safe service life and reduce the cost of
maintenance.

Two separate carbon-carbon specimens, both motorsport brake discs, of differing com-
posite structure are studied in this research. This studied material is comparable to that used
in aircraft brakes. The average operating temperature of the specimens lies around 500 °C,
while temperatures peaking up to 900 °C are common. However, carbon-carbon compos-
ites are susceptible to oxidation in air at temperatures exceeding 500 °C [1], affecting both

matrix material, as well as substrate.



Rayleigh surface waves are chosen for the quanti cation of thermal damage in carbon-
carbon composites, as they have been predominantly used for the detection and character-
isation of surface and subsurface defects, thanks to the concentration of wave energy to
within approximately one wavelength below the surface [2]. This reduces the effects of
attenuation and diffraction, allowing for larger propagation distances or the application in
high-attenuation materials such as carbon-carbon composites. Further, Rayleigh surface
waves allow for single sided inspection, requiring access to only one side of the speci-
menThomson and Gouw8] demonstrated the detection of surface cracks in carbon ber
reinforced compositesChakrapani and Dayd4] investigated the detection of subsurface
delaminations using Rayleigh surface waves.

The substrate ber diameter of the specimens used in this research is approximately
10 um. As such, the defect scale of onset oxidation damage falls within the order of the
ber diameter. Linear ultrasonic methods are sensitive to defects of dimensions on the
order of the wavelength [5]. High ultrasonic attenuation at high frequencies prevent linear
ultrasonic detection of micro-scale defects. Nonlinear ultrasonic methods have been proven
to be sensitive to microstructural features of different materials in woilRdme et. al[6],
Herrmann et. al[7] andMatlack et. al.[8], without claiming to be exhaustive.

Linear ultrasonic methods have been used for the quanti cation of delaminations [4],
surface cracks [3] and impact damage [9] in carbon ber composites. Nonlinear surface
acoustic and guided waves have been used for the detection of bulk defects in ber rein-
forced composites, such as delaminationsFigyro et. al.[10], Soleimanpour et. a[11]
andAndreades et. al1l2]. The authors used immersion techniques, (embedded) contact
transducers and laser based detection. These methods are not applicable within the ob-
jectives of this research. Immersion technique are not suitable for in-situ assessment of
mounted components. The low Rayleigh wave velocity in the specimens prevents the use
of contact wedge transducers for Rayleigh wave generation and detection. Laser-based de-

tection methods offer exibility and the potential for in-situ use, but have been shown to be



highly dependent on the surface quality of the sample [7].

A mediator wedge based line contact Rayleigh wave transmission and reception, as used
for linear Rayleigh wave measurementshRyse 2], Zurn and Mantel[13] andFreed[14]
offers a compact and exible setup. While contact-based, the mediator setup uses a dry
contact without couplant, making it applicable for in-situ measurements on friction com-
ponents.

The objective of this research is the development of a robust, repeatable and exible
nonlinear Rayleigh wave technique for the quanti cation of thermal damage in carbon-
carbon composite material. The developed measurement technique must be applicable to
in-situ measurements on porous, slow Rayleigh wave velocit§$%00 m/s) material that
must not be contaminated with coupling materials. Once this technique is developed, it
is applied to the measurement of the relative material nonlinearity in two carbon-carbon
friction materials of differing composite structure to establish the sensitivity of second har-
monic generation to thermal damage in carbon-carbon composites. Rayleigh wave velocity,
relative Rayleigh attenuation and energy-dispersive spectroscopy measurements are per-
formed to validate the nonlinear ultrasonic results. Scanning electron microscopy images
are used to correlate measurement results to the oxidation state of the composite speci-
mens. This research forms a foundation towards an effort to predict the remaining life of

carbon-carbon composites, as illustrated in Figure 1.2.

Figure 1.2: Schematics of the objectives behind this work.



1.2 Structure of Thesis

An introduction to the fundamentals of elastic wave propagation is given in chapter 2, deriv-
ing the governing wave equations as well as the characteristics of Rayleigh surface waves
in a semi-in nite half space. The material nonlinearity parametéor bulk and Rayleigh

waves are discussed, and the relative material nonlinearity paranfésedlerived. chap-

ter 3 discusses the mechanical and thermal properties and characteristics of carbon-carbon
composites and introduces the specimens analysed in this research. The carbon-carbon
specimens are characterised in regards to composite structure, mechanical properties, ul-
trasonic wave propagation and chemical composition. The sample preparation as well as
the proposed heat treatment for the introduction of thermal damage are brie y described in
chapter 4.

The experimental procedure of the performed nonlinear Rayleigh wave measurements
utilizing a dry line-contact mediator wedge setup for the transmission and reception of
surface acoustic waves is presented in chapter 5. The results of the nonlinear Rayleigh wave
measurements are discussed and compared to complementary measurements in chapter 6.
Sample mass, Rayleigh wave velocity and attenuation, energy-dispersive spectroscopy and
scanning electron microscopy were performed. The measurement quality and possible
in uences are discussed.

Finally, chapter 7 draws conclusions from the analysis of the performed research and

gives an outlook into future work.



CHAPTER 2
WAVE PROPAGATION IN SOLIDS

The physical principles of wave propagation in elastic solids provide the foundation of the
work contained in this thesis. Wave propagation has proven valuable to engineers in the
nondestructive characterisation and monitoring of materials. A propagating wave inter-
acts with the macroscopic and microscopic structure of a material. The following chapter
provides the basic governing equations and introduces fundamental concepts of linear and

nonlinear wave propagation.

2.1 Wave Equation in Linear Elastic Solids

Using the balance of linear momentum, the propagation of waves in an unbounded, in nite,
continuous, homogeneous, isotropic and linear elastic medium can be derived following the
de nitions of AchenbacH15]. This derivation is in agreement with equally valid deriva-
tions found for example in [2] and [16].

For a body of volumé&/ and surface the balance of linear momentum is given as

V4 z Z

t,dS+ hdV = w;dV ; (21)
S \% \

where denotes the material density, expresses a volumetric forcg, represents the
traction along the surfac® ande; provides the second time derivative of the displacement
ui. The traction along the surface can be substituted in Equation 2.1 using the Cauchy
stress de nition

ti = «iNk; (2.2)

whereny is the normal vector of the surfa&ein the directionk. This surface integral can

be transformed into a volume integral by application of the Gauss' theorem, also known as

5



the divergence theorem:

ZZ Z272Z
@F

FinidS: —dV : 2.3
s v @x 23)

One obtains the following volume integral form of the balance of linear momentum:

Z Z Z
( i )dv + (fdv = ( &)dVv (2.4)
\% \% \Y

that holds for any volum¥ . This enables factoring out the integration resulting in Cauchy's
rst law of motion

The constitutive stress-strain relations allow the substitution of the Cauchy sjre$his
substitution makes the equation solely dependent on the displacambnthe most gen-
eral, linear elastic case, this allows the relation of the strgsand the strain,; using a

fourth order elastic stiffness tensBf; generally consisting a3 = 81 elements.
i = Cik w: (2.6)

For the more common case which assumes an isotropic, homogeneous and linear elas-
tic solid, different dependencies limit the amount of independent elastic constants to two.
Commonly used are the two Latonstants and . Those constants are related to the

materials Young's modulug and the Poisson's rationby

_ E
T @+ ) 2) (2.7)

and
= 5@y (2.8)



simplifying the stress strain relation to the following form:
i = ki T2 g (2.9)
Applying the compatibility equation
1
i = é(@Jj + @Qui) (2.10)

allows the de nition of the strain in terms of the displacement. Substitution of Equa-
tion 2.10 into Cauchy's rst law of motion (Equation 2.5) yields Navier's equation of mo-

tion, solely dependent am:
(+ Jugi + Ui = & (2.11)
that, when written in vector notation yields

réu+( + J)r u

I
(<)

(2.12)

The complex equations Equation 2.11 and Equation 2.12 can be simpli ed by introducing
the scalar potential and the vector potential and applying the Helmholtz decomposition

to obtain a gradient of a scalar and the curl of an rotation-free vector [16], [17]
u=r +r and r =0; (2.13)

where the constraimt = 0 guarantees the solutions uniqueness for all three components
of u. This equation can be split into decoupled differential equations dependent on the

scalar potential and the vector potential :

2 1

16 , 1
¢ @t

@ .

r and r
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The longitudinal, or P-wave velocity and the shear, or S-wave velocdy are given by

S

+2

C = and Cs= —: (2.15)

Using Equation 2.15, the following equations of motion for longitudinal and shear waves

propagating in an in nite linear-elastic, isotropic and homogeneous solid as

2 2

r and r (2.16)

- 1. = 1.,
ct G

2.2 Linear Wave Propagation

2.2.1 Plane Waves in an In nite Medium

If the distance away from a point source emitting a three-dimensional wave is large com-
pared to the wavelength (known as far eld), the assumption of parallel wave fronts holds
and waves can be assumed as plane waves. Ultilising this assumption, the displacement

vectoru of a wave propagating through an in nite medium can be expressed as
u=Ape®™ " =f(x d ctp; (2.17)

whereA is the amplitude of the wavé, denotes the angular frequen&y= dk the wave
vector,d is the propagation unit vector agdthe polarization unit vectorc can be either

the longitudinal or the shear wave spegdor cs, respectively, as de ned in Equation 2.15.
Equation 2.17 describes a plane of constant phase normal to the propagation unitlvector

for a constank d. This equation can be substituted into Equation 2.12 to yield

c?p+( + )(d p)d=0: (2.18)



d andp being unit vectors, they impose only two solution cases that satisfy Equation 2.18.
In the rst case,

p= d or p d=1; (2.19)

where the direction of wave propagation correlates to the direction of particle movement.
This type of wave is known as a longitudinal, or P-wave with the wave velocis shown

in Equation 2.15. In the second case,

p d=0: (2.20)

the propagation direction unit vector is perpendicular to the polarization unit vector. This
type of wave is known as a shear, or S-wave with the wave velacitycs as shown in
Equation 2.15. The imposed orthogonality condition can be satis ed by multiple orienta-
tions of the polarization unit vector, commonly known vertically and horizontally polarized

shear waves (SV-wave and SH-wave respectively).

2.2.2 Re ection and Transmission of Plane Waves

The previous sections governed waves in in nite, unbounded media. Real, nite size ma-
terial specimens exhibit boundaries with which waves interact. Waves can be re ected and
transmitted through boundaries between similar or dissimilar materials. This chapter will
consider the most general case of either an incident longitudinal or shear wave of oblique
incidence at the solid-solid boundary. Figure 2.1 illustrates both types of incident wave.
To satisfy the boundary conditions of the general case, a single incident wave will re ect
as both a longitudinal and a shear wave through so catlede conversianExceptions

to the general case are normal incidence and total re ection above the critical angle. The



Figure 2.1: Interaction of bulk wave (incidence, re ection & refraction) at the interface
between two solid half-spaces [18]

boundary conditions for the general case can be expressed as follows:

2 3 23 2 3 2 3

u§,2) u§,1) 0 u§/|l) N u§,|2) u§/sl) N u§,52) US)

FORE 0 WD 4 02 6D 4 D) 0
)] (1) - or (17) (12) (s1) (s2) - (i) (2.21)
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The angles of the re ected and refracted waves follow the refraction laBneil's Law

stating that:
in . .
% = constant for i 2fin;11;12;s1;s2g : (2.22)
From Snell's law one can derive the so call@ttical angle above which no longitudinal

wave is re ected, but an evanescent surface wave traveling along the boundary appears.

= arcsinzs—L : (2.23)

Following the axis conventions of Figure 2.1, it propagates;itirection, and decays in
xz-direction. The reader is referred to [2], [16] or [19] for an in depth analysis of wave

re ection and transmission.
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2.2.3 Floguet Waves

If plane waves propagate through (periodically) layered material, re ection and transmis-
sion occurs at every layer boundary. In those cases, quasi-periodic waves propagating in
one direction, so calleBloquet Wavesre formed [20].

Such a layered material exhibits a periodic pattern of frequency bands consisting of
pass-bands and stop-bands, for which waves attenuate differently and can act as a frequency
dependent Iter. This phenomenon applies to layered and woven composite materials, as is
the case in the Carbon/Carbon specimens examined in this work. The propagation of waves
through composite media as well as the phononic band structure can be predicted using the
Floquet-Bloch approach. [21]

Considering a material with periodically varying elastic constgr) and density (x)
with perioda,

x+a= (x) and x+a= (x); (2.24)
propagating waves are governed by the partial differential equation

@ @u_ @u,

ax ox- o (2.25)

After substitution ofU(x;t) = u(x)e" into Equation 2.25, Floquet's theorem suggests
solutions of the form

u(x) = v(x)e¥ (2.26)

wherev(x) is periodic with perioda and q represents the wavenumber. Evaluation of
those solutions over a single material ceh=2 x  a=2 and application of boundary

conditions, the solution reads

u(x + a) = u(x)e (2.27)
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resulting in a banded frequency spectrum [20]. The reader is referred to [20] for an in depth

derivation of the equations governing Floquet waves.

2.3 Rayleigh Surface Waves

Rayleigh waves are surface acoustic waves (SAW) traveling along stress free boundaries.
Their displacement decays exponentially with penetration depth into the substrate, and their
energy is concentrated at the surface of an elastic material. Rayleigh waves are particularly
useful for applications in ultrasonic nondestructive evaluation (NDE), as they are sensitive
to the material properties close to the surface. [2]
The particle motion of a Rayleigh wave, as shown in Figure 2.2 is follows an ellipti-

cal path and is a result of the superposition of longitudinal and shear wave traveling along
the surface. The schematic also illustrates the decay of displacement amplitude with pen-

etration depth. Following well established de nitions in [23], the displacement eld of a

Figure 2.2: Schematic diagram illustrating the particle's motion in a Rayleigh wave propa-
gating on the free surface of an in nite half-space [22]
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two-dimensional Rayleigh surface wave can be expressed as follows:

u; = Be bxz gfikr (x1 Cr1)] (2.28a)
u, = De bxz gfikr (X1 Cr )] (2.28b)
=0 (2.28¢)

with x; denoting the propagation direction, the Rayleigh phase velogiigs well as the
Rayleigh wavelengthr = 2 =k gr. Constrainingpto positive values and de ning, as the
axis into the depth of the material, as well as ful lling Equation 2.12, the systems solution

for nontrivial B andD follows to [24]

¢ & & ki gbf & & ki =0: (2.29)

Equation 2.29 yields two constariisandb,

& 2 & 2
= — =kg 1 = 2.
h=kr 1 2 and b= kg 2 (2.30)
yielding two different solutions for the two paramet&sandD
D by D ikr
- = = - == 31
B, K and B, b (2.31)

that can ultimately be substituted into Equation 2.28a and Equation 2.28b to obtain expres-

sions for the displacementis andu,

U= Bie bixz 4 B,e Boxz  dlikr(x1 cri)] (2.32a)
b= Dpie ey KRp oo dkeou sl (2.32b)
KR b,

The stress free boundary alorg = 0 mandate ,, = ,; = 0, B; andB, can be related
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to each other and allows the formulation of the displacement eld as

2 .
u =By e b kz—t:l-bzb%e bxe kn(a cao) (2.33a)
R
b . % -
=By L e b e bxe gkl et 2.33b

The exact equation for the Rayleigh phase velocity can be derived to

N[

2 : }
2 % 4 1 % 1 G 0: (2.34)
c o S
The non-dispersive nature of Rayleigh waves becomes apparent from the independence of
Equation 2.34 of the Rayleigh-wavelength. As this expression is complex to solve, the

Rayleigh phase velocity can be approximated through

0:862 + 1:14
—1 (2.35)
for 0 0:5. According toAchenbachthe effective penetration depth of a Rayleigh

wave is approximately 1.5, while most of the energy is contained within a depth of less

than one wavelength. [15]

2.4 Rayleigh Wave Beam Diffraction

Wave fronts radiated from a nite size, directional source, e.g. an ultrasonic transducer,
are subject to beam diffraction effects [25]. The diffraction of ultrasonic beams has been
studied by several authors and multiple exact or approximate solutions for a diffraction
correction coef cient have been published. [25, 26, 27, 28]

While the diffraction effect on ultrasonic velocity measurements can be neglected for
most general applications, the adverse effect of diffraction on ultrasonic attenuation mea-
surements necessitates the application of an appropriate diffraction correction. [26]

The measurement setup used in this work for the determination of relative material

14



nonlinearity, attenuation and Rayleigh wave velocity, further elaborated in section 5.1, can
be approximated as a line source and a line receiver. Following, equations for the complex
diffraction correction of the used setup are presented.

Following Ruiz and Nagy'$26] de nition of a normalized velocity diffraction correc-
tion = (c, ©)=¢ introducing a normalized distance= z=aas well as a normalized
frequencys = ak, where a is the half length of a line source, one can express the normal-

ized velocity diffraction correction as follows:

1 1
L. l@

T1=@=@ = s@ (2:39)

Considering Rayleigh surface waves, the normal displacement on the free surface of an

in nite half-space can be written as:

r_z
i K
2i

a gkr 0

u(x;z) = upe dxopﬁ ; (2.37)

a

whereug is a constant depending on the material as well as the source. Introddcing
x%=aas a normalized axis offset, the displacement eld above can be modi ed to obtain the

complex diffraction correction for a line source and line receiver as:

C g2 Zag T e
D = p—-—dd ¢ 2.38
ab( ) 2i 2 L A ( ()2_'_ > ( )
where = b=aserves as the ratio between the length of the receiver and the transmitter.

Substituting Equation 2.38 into Equation 2.36, the velocity diffraction correction can be
obtained.

Figure 2.3 below illustrates the normalized diffraction correction for a line source and
line receiver, for different length ratios. A ratiz=a= 1 signi es equal size, whild=a= 0
equals an ideal point receiver. It is worth noting that while near eld effects such as oscil-

lations can still be observed for a line receiver of signi cant length, however the variations
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Figure 2.3: Diffraction corrections of Rayleigh surface wave amplitude for line source and
line receiver, for different length ratids=abetween source and receiver.

are small compared to the case of the point receiver. This results from the averaging effect

of the line receiver. [26]

2.5 Nonlinear Wave Propagation

Previous chapters discussed linear wave propagation phenomena. Real materials gener-
ally exhibit several characteristics leading to nonlinear behavior. This nonlinearity leads
to some of the energy of a propagating monotonic wave being converted into higher har-
monic waves, as illustrated by Figure 2.4. A technique commonly used in NDE is Second
Harmonic Generation (SHG). While the amount of energy transferred into the higher har-
monic waves decays signi cantly with each order, the components of the second harmonic
can usually be detected using a sensitive experimental procedure [29]. In metals, mate-
rial nonlinearity is caused by lattice anharmonicity, precipitates, dislocations and vacancies
among others. In composite materials, nonlinearity is caused by the interaction of waves

with the different material phases, such as bers, as well as microcracks and bond imper-
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Figure 2.4: Schematic wave propagation through linear or nonlinear material [30]

fections [12].
Following, the nonlinearity parameteris derived for longitudinal waves following the

de nitions of Hamilton and Blackstoc[31] as well asTorello [29].

2.5.1 Nonlinearity Parameter for longitudinal waves

The one-dimensional particle motion of a longitudinal wave propagating through an isotropic,

homogeneous medium can be expressed by the one-dimensional wave equation

@: @xx .
@1 @x’

(2.39)

where 4 is the normal stress along the propagation direction of the longitudinal wave.

Considering up to a quadratic nonlinear stress-strain relationship

2
@u 1. @uT on) (2.40)

=E =
X @x 2 @x

with the second order elastic const&ntF denoting a function of third order elastic con-
stants, the partial derivati\%)‘jas the uniaxial strain an@H ) denoting higher order terms
that are neglected. Substitution of Equation 2.40 into Equation 2.39 yields the nonlinear

wave equation for the one-dimensional case of longitudinal wave propagation. [29]

@__, @uéu

@ C @x @% (2.41)

17



The material nonlinearity is dependent on the second- and third-order elastic constants

and can be written as
3C11 + Cig
1+ Cnp

F —
= o= (2.42)

with C;; andC,;; being material state and damage dependent material properties known as
Brugger elastic constants. Those material properties sensitive to microstructural changes
enable the measurement ofis a useful material state indicator in NDE [29].

A time harmonic solution of Equation 2.39 assuming a plane wave propagation with

frequency! , amplitudeA, and wavenumbet can be written as
Uout = Agsin(kx !t )+ Assin(2kx 2!t )+ (OH) (2.43)

Ignoring effects like attenuation and diffractioh,; can be expressed as a function of the

fundamental amplitudd,, , k, and the propagation distange

A 2xk?

A, = 3 (2.44)
or rearranged and solved foras
8A,
= —— 2.4
A2xk?2 (2.45)

This expression illustrates the necessary measurements for the determinatjoaofely

the amplitudes of the fundamental and second harmonic wayemd A, respectively,

the wave numbek and the propagation distange The apparent proportionality of

to the ratio of amplitudes of the fundamental and second harmonic waves motivates the
introduction of a relative nonlinearity parameter

A

0_ 2

=2 (2.46)
XA?2

that conveniently allows the measurement of changes without exact knowledge of
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system nonlinearities by comparison to a baseline measurement. [8]

2.5.2 Nonlinearity Parameter for Rayleigh Waves

The derivation of the nonlinearity parametefor Rayleigh wave propagation differs from
the case of the longitudinal wave propagation as a Rayleigh wave contains both longitudinal
and shear wave components. [29]

Recall the Rayleigh wave displacement eld of the fundamental wave given in Equa-
tion 2.33a and Equation 2.33b, whetgis the propagation directiomx, pointing into the
depth of the half space. According Zabolotskayd32] the displacement eld of the sec-
ond harmonic for a material exhibiting a weakly quadratic nonlinearity, at suf ciently large

distances can be approximated as

2b, by i
ur(2') A e e 2+ B 2oxz - glikr (1 e Ol (2.47a)
N P, k3, .
21) Ay X2 R _g X2 gkrla il 2.47b
u2( ) I sz e k%_l_ t%e ( )

with u; andu, being the longitudinal and shear contribution to the wave respectively. As
third order elastic constants do not exist for shear deformation of isotropic solids, the sec-
ond harmonic wave is generated solely due to longitudinal deformation and one can express
the nonlinearity parameter for Rayleigh waves, relating the amplitudes of the rst and
second harmonic components depending on the vertical displacement of the free surface

Usx(x, =0) = ujpas
_uy(2l) i8hy 2k2

T W) kKixke  KE+ B (2.48)

As with the case of nonlinear longitudinal wave propagation, a relative nonlinearity param-

eter can be de ned for Rayleigh wave propagation as

0_ U2(2') _ A2

R (2.49)
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CHAPTER 3
CARBON-CARBON COMPOSITE MATERIALS

Carbon-carbon composites (C-C composites) are a class of composites consisting of a usu-
ally brous carbon substrate and a carbonaceous matrix. Carbon-carbon composites were
initially developed in 1958 for aerospace applications and famously used as heat shielding

material in the Space Shuttle Program. [33]

Due to their generally high speci c strength and stiffness, high temperature resistance
combined with a low coef cient of thermal expansion and good impact resistance, they
present a suitable material for heat shielding and friction applications [34], the latter being
the focus of this research. High-performance brake applications for aircraft and high speed
ground applications, such as motorsports, demand a high speci ¢ heat and a high melting
point while maintaining suf cient mechanical properties at elevated operating temperatures
[35].

As with all composite materials, the properties of carbon-carbon composites can be tai-
lored to the speci ¢ application by selection of type, structure and orientation of the brous
substrate, matrix composition as well as manufacturing and heat treatment processes. [33]

Continuous ber substrates are used for the advantageous mechanical properties of the
carbon bers in the shape of unidirectional (UD) laments, or two-dimensional UD-plies
or weaves [33], while a three dimensional ber orientation can be achieved through com-
plex weaves or needling of non-woven cloth or felt layers [36, 37]. Figure 3.1 illustrates
different possible ber orientations within the carbon substrate. For friction components
such as brake rotors and pads, a two- or three-dimensional substrate is commonly used.

The manufacturing of carbon-carbon composites is a complicated process. Due to the
high thermal stability of graphite, the matrix material cannot be chemically manufactured

(e.g melting or sintering). Instead, elemental carbon is generated through thermal decom-
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Figure 3.1: Multiformity and substrate orientation of carbon- ber in carbon-matrix com-
posites. [33]

position of a suitable carbonaceous precursors of different kinds. Examples of suitable

precursors are:

Pure hydrocarbons: gaseous compounds or molten pitches

Oxygen-containing hydrocarbons: non-melting polymers, thermoplastics

Nitrogen-containing hydrocarbons

Sulfur- and halogen-containing compounds

Depending on the state and type of the precursor, a single or multi-step pyrolysis process is
employed, as illustrated in Figure 3.2, followed by a heat treatment process at temperatures
of up to 2750 °C. [35]

As with the reinforcement ber layout and type, the manufacturing process of the ma-
trix has a substantial in uence on the nal properties of the carbon-carbon composite. Vari-
ables include ber volume fraction, bulk density as well as mechanical properties. Current
research in the area of friction materials focuses on the densi cation of carbon-carbon
composites in order to yield desirable properties such as increased strength, increased heat
capacity and thermal conductivity. This can be achieved through the addition of carbon or

metallic powder and resin layers in the manufacturing of the substrate preform [38]. The
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Figure 3.2: Carbon-carbon composite processing. [35]

following section presents the mechanical properties of carbon-carbon composite materials

as well as their oxidation behavior.

3.1 Properties of Carbon-Carbon Composites

As the properties of carbon-carbon composites vary drastically depending on the speci cs
of the substrate and matrix, the following section will provide an overview of general-
ized properties applicable to most two- and three-dimensional carbon-carbon composites

as used in brake applications.
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3.1.1 Mechanical Properties of carbon-carbon composites

Table 3.1 below illustrates the general range of mechanical properties of common C-C
composites. As mentioned in chapter 3, noteworthy properties of C-C composites include
good tensile strength and stiffness comparable to that of aluminum alloys, a very high melt-
ing point and a very low linear thermal expansion, simplifying the use in high-temperature

environments [33].

Table 3.1: General mechanical properties of carbon-carbon composites [33]

Property metric units imperial units
Ultimate tensile strength >276 MPa > 40000 psi
Modulus of elasticity >69 GPa >1x10 psi
Melting point >4100°C >7412 °F
Thermal conductivity 11.5 % 6.64°1
Linear thermal expansion 1.1x10° °C 6.1x10" °F
Density <2900kgn?  <186.6%

The modulus of elasticity, or Young's modulus of the C-C composite is directed mainly
by the contributions of the substrate, as the Young's modulus of the matrix can usually be
neglected compared to the carbon bers. An exception to the aforementioned occurs with
highly crystalline matrices oriented parallel to the bers, where an additive contribution
of the matrix to the Young's modulus of the bers can be observed. This stiffening is
achieved by using mesophase pitch or intermediate stress graphitization, in which cases the
graphite-microstructure aligns with the orientations of the embedded bers. [35]

Heat treatment of the initial bers and the carbon-carbon composite has a stiffening
effect on both polyacrylonitrile (PAN) and pitch-based carbon bers, at the sacri ce of
compressive and tensile strength [39], [40]. Figure 3.3 below illustrates the effects of heat
treatment on the mechanical properties of carbon bers.

As with other ber-based composites, C-C composites consisting of non-woven, con-
tinuous ber substrates offer an increased modulus of elasticity compared to woven ber

substrates. This is caused by the creasing and de ection of the bers in the weave and the
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(a) Effect of heat treatment time on compres- (b) Effect of heat treatment temperature on
sive strength and Young's modulus of pitch- Young's modulus of PAN- and pitch-based
based ber [39] ber [40]

Figure 3.3: Effects of a) heat treatment time and b) heat treatment temperature on mechan-
ical properties of carbon bers

resulting undulation. [37, 35]

Three-dimensional reinforcements, also called through-thickness reinforcements aim to
improve the interlaminar shear strength and the out of plane strength of the composite [35],
[36]. Conicting results are published, however, willy-Hassan et. al.[37] reporting
a signi cantly reduced shear moduli for three different three-dimensional carbon carbon
composites, compared to woven and non-woven two-dimensional counterparts.

The exural, tensile and compressive strength of carbon-carbon composites, unlike duc-
tile matrix composites such as carbon-epoxy composites, is not fully dependent on the re-
inforcement bers. As the crack initiation occurs in the brittle carbon matrix, the ber
strength cannot be fully utilized. The fracture toughness and strength of otherwise brit-
tle carbon-carbon composites can be increased by applying the Cook-Gorden theory for
strengthening brittle solids that governs the ratio of adhesive interface strength to the cohe-

sive strength of the solids. [35]
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Figure 3.4: In uence of ber architecture on exural strength of C-C composites [35]

Aside from matrix interface conditions, the ber layup, orientation, and volume ratio
control the ultimate strength of the composite. Figure 3.4 illustrates the exural strength
of C-C composites of different ber architectures. It is apparent that non-woven bers like
unidirectional (UD) bers and rovings are stronger than woven (cloth) bers, which in turn
are stronger than short bers or randomly oriented bers (felt).

The second major contributing factor to the strength of any composite is the ber vol-
ume fraction, as illustrated in Figure 3.5. It is important to note that the composite strength
declines again after exceeding a ber volume content of approximately 60 %. This decrease
in strength can be attributed to the inter lament distance and the matrix thickness falling
short of their ideal values. [35]

Some of the major advantages of carbon-carbon composites over other engineering
materials like super-alloys or even ceramics are their excellent mechanical properties at el-
evated temperatures, well above 1000 °C, with the strength usually increasing with increas-
ing temperature, a relatively constant modulus and and increasing failure strain, resulting
in increased toughness at high temperatures [33], [35]. The mechanical properties of UD

C-C composites at elevated operating temperatures are compared in Figure 3.6 below.
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Figure 3.5: In uence of ber volume content on exural strength of C-C composites [35]

Figure 3.6: Mechanical properties of C-C composites as a function of temperature [35]

A key factor to the high-temperature use of C-C composites is the oxidation behavior
and the in uence of oxidation on the mechanical properties. This will be presented in the

following section.
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3.1.2 Oxidation behavior of carbon-carbon composites

While the mechanical properties would make carbon-carbon composites an ideal candidate
for ultra-high temperature applications, their susceptibility to oxidation in air or otherwise
oxidising environments necessitate the application of oxidation protecting mechanisms.
[35, 33]

C-C composites are known to oxidise in still air at temperatures exceeding 500 °C, and
oxidation can be further increased by compounds such as carbon dioxide, metallic parti-
cles or other oxidising agents [1]. C-C composite friction components, such as brake discs
however, commonly exceed this temperature level. Aircraft brake discs operate in a nor-
mal temperature range of 450-800 °C, while components can reach 1100 °C under severe
braking maneuvers [41]. In high level motorsports, such as Formula 1 or IndyCar, average
disc temperatures lie around 500 °C with peak temperatures reaching between 700 °C and
900°C [42, 43].

While con icting information is published on the oxidation ratios of the bers and the
matrix, depending on the microstructure and manufacturing method, the oxidation mecha-
nisms and rate controlling mechanisms have been identi ed. Fiber oxidation can occur on
exposed cross sections or on lateral surfaces, depending on the ber precursor and struc-
ture. PAN-based bers are more oxidation resistant than pitch based bers, while high-
modulus bers offer greater resistance than pitch-based bers. Carbonized matrix material
is shown to be more susceptible to oxidation than graphitized material. The matrix struc-
ture and the ber-matrix interface dictate the preferred location of oxidation. Fibers coated
in a concentric graphite matrix are more resistant to oxidation, prompting oxidation at the
matrix-matrix interface. [35]

The reaction rate of the carbon gasi cation that can occur on exposed edges of layer
planes as well as in vacancies and dislocations in the carbon lattice is controlled by different
mechanisms, depending on the temperature [35]. The structure of the graphite lattice is

illustrated in Figure 3.7 below.
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Figure 3.7: Hexagonal graphite lattice structure [35]

Chang and Rusndl84] performed an experimental study on the rate controlling mecha-
nisms and the oxidation rates of C-C composites. They found two different rate controlling
mechanisms depending on the temperature level between 450 °C and 650 °C and above
650 °C. Between 450 °C and 650 °C the controlling mechanism for oxidation is diffusion
through pores in the C-C composite. Above 650 °C, the rate controlling mechanism shifts
to the diffusion of oxygen through a stagnant gas Im to the surface of the C-C sample.
[34]

The oxidation rate of bulk C-C composite under different temperatures and air ow
rates was also observed through thermogravimetric analysis (TGA). The results of this
analysis are compiled in Table 3.2 below. These oxidation rates were used as a rough

estimate of the thermal aging times of the samples to be analysed in this work.

Table 3.2: Oxidation rates of bulk C-C composite at different temperatures and air ow [34]

Air ow rate (<) Rate at 650 °C%2%) Rate at 750 °C¥21o)

100 0.11 0.29
500 0.13 0.71
1000 0.15 0.97
1500 0.16 1.03
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The oxidation resistance of carbon-carbon composites can be drastically increased by
the application of protective coatings or oxidation inhibitors, that allow effective use of the
material in ultra-high temperature applications.

Inhibitors work by slowing down the rate of oxidation by decreasing porosity in the
material and poisoning oxidation sites. Porosities are reduced through the formation of a
glass like Im by some inhibitors. Possible inhibiting substances are boron, phosphorus,
silicon and halogens. Those inhibitors are usually impregnated into the carbon-carbon
composite material during the manufacturing process. Phosphorus and halogen inhibitors
are effective up to temperatures of 900 °C, while a combination of borates with phosphates
and other inhibitors can be effective up to 1500 °C. [35]

If permissible by the functional requirements of the component, protective coatings can
also be applied to C-C composites, e.g. on the non-friction surfaces of brake rotors [41].
Those coatings have to be of compatible thermophysical properties, as to not be susceptible
to stress cracking [35]. Suitable coating materials include silicon based ceramic coatings
such as silicon carbide and borosilicates, but also refractory metals and more complex
multilayer coatings. [35, 39, 41]

Protective coatings are commonly applied using chemical vapor deposition (CVD) or
through the application of ceramic precursors followed by a heat cycle for curing. Suitable
oxidation protection in the shape of inhibitors and protective coatings is proven to reduce

the oxidation rate of carbon-carbon composites by an order of magnitude [35, 41]
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3.2 Carbon-Carbon Samples

For the purpose of this research, two carbon-carbon composite motorsport brake discs were
purchased to be analysed. The rst sample is a Formula 1 brake disc as used by the Super-
Aguri Team in the 2007 race season. The disc was manufactured by HITCO Carbon Com-
posites Inc., now SGL Carbon SE, and was received in new, unused condition. The disc
has an outer diameter of 276.8 mm and a thickness of 28.0 mm. For brevity, samples man-
ufactured from this disc will be abbreviated &A” .

Figure 3.8 below shows the SA disc in both a top view on one of the friction surfaces, as
well as a close up of the thickness of the disc. The friction surface is of uniform appearance
showing a ne, plain weave of carbon bers, that appears to be oriented radially around
the circumference of the disc. Mounting holes are machined into a recessed lip on the
inner diameter of the disc. The side view shows the layered bers in the through-thickness
direction, as well as machines ventilation holes from the outer diameter towards the center
of the disc. Instead of plain holes, the ventilation holes are threaded to increase the surface

area of the ventilation in order to increase the rate of heat transfer.

Figure 3.8: Super-Aguri Formula 1 brake disc, as used in the 2007 Formula 1 season. a)
Top view on friction surface, b) view on cross section and ventilation structure
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The second sample is a Formula 1 brake disc as used by the Haas F1 Team in the 2019
race season. The manufacturer of the disc is unknown, and the sample was received in used
condition with signi cant wear on the friction surfaces. The total runtime or condition
is unknown. The disc has an outer diameter of 268.8 mm and a remaining thickness of
26.7 mm. The technical regulations of the 2019 season only prescribe a maximum thickness
of 32 mm, without mentioning a minimum thickness, the wear rate cannot be determined
[44]. For brevity, samples manufactured from this disc will be abbreviatéHAS .

Figure 3.9 below shows the HA disc in both a top view on one of the friction surfaces,
as well as a close up of the thickness of the disc. The friction surface appears non-uniform
with patches of layers of different ber orientations. The bers appear non-woven with
no particular orientation around the circumference. The inner diameter contains splines
to mount the disc to the brake bell. The side view shows distinct layers, as well as ma-
chines ventilation holes from the outer diameter towards the center of the disc. Compared
to the SA disc, this HA disc contains a signi cantly larger amount of ventilation holes,
signi cantly increasing the surface area and thus heat transfer.

The large number of 2.5 mm diameter ventilation holes, oriented in an alternating pat-
tern of 6 layers, leaves a approximately 4 mm thick layer of solid wear material on each
side around the ventilated core.

For the purpose of further analysis on the properties of the samples, a section of the
disc ring was cut into cubes with an edge length of 12 mm and sanded up to a 2500 grit
sandpaper in order to prepare the surfaces for macroscopic and microscopic analysis of the

composite structure as well as other properties, as presented on the following chapters.
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Figure 3.9: Haas Formula 1 brake disc, as used in the 2019 Formula 1 season. a) Top view
on friction surface, b) view on cross section and ventilation structure

3.2.1 Composite Structure

Visually, the composite structure of the two discs varies greatly. As mentioned in subsec-
tion 3.1.2, the Super-Aguri disc consists of plain weave bers layered in the plane of the
friction surfaces. Figure 3.10 below illustrates this two-dimensional weave. The individual

tows have a width of approximately 1.5 mm in the case of the SA specimen.

Figure 3.10: Two-dimensional plain weave reinforcement ber layup [35]

The Haas disc on the other hand is made up of layers of non-woven unidirectional bers
and randomly oriented felt. These felt layers are needled through the unidirectional layers
through the thickness of the disc to increase the interlaminar shear strength. Figure 3.11
shows a macroscopic image of the cross section of the HA disc, clearly showing the stacked

layers as well as the needled bers in the through-direction.
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Figure 3.11: Haas Formula 1 brake disc macrograph of the ring cross section. The needling
in the through-direction is clearly visible

Optical microscopic images of the friction surface and the cross section of both samples
were taken on &eica DVM6microscope, and are shown in Figure 3.12 below.

The composite structure of the SA sample appears relatively uniform and dense, but
shows occasional voids among matrix pockets where the woven bers warp. The optical
image does not offer usable contrast that would allow a clear distinction between matrix
and ber for the SA sample. In contrast to the SA sample, the HA sample appears very
heterogeneous on both the friction surface and the cross section. The cross section re-
veals ber bundles of different orientations and sizes, coated by a layer of matrix material.
Several voids and large pores are visible between the individual ber bundles. The friction
surface clearly shows ber bundles arranges in the through direction, warping the otherwise
unidirectional bers. Small voids around the needled bers are visible.

In order to gain a better understanding of the composite structure, and to track the oxida-
tive damage of the material throughout the thermal aging, Scanning Electron Microscope
(SEM) images of several areas of interest were taken for every stage of heat treatment. The
microscope used waszeiss Ultra 60 that also offers the capability of energy-dispersive
spectroscopy (EDS) in order to quantify the chemical composition of the samples, as de-

tailed in subsection 3.2.4.
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Figure 3.12: Optical micrograph of carbon-carbon samples. a) SA disc cross section, b)
SA disc friction surface, c) HA disc cross section, d) HA disc friction surface.

Figure 3.13 shows two SEM micrographs of the SA sample, illustrating a) a void at the
overlap of the ber weave as well as stray bers coated in matrix material of approximately
30 um diameter, and b) a view of a dense portion of bers running parallel to the friction
surface.

Compared to the SA sample, Figure 3.14 shows a needled ber bundle and bers run-
ning parallel to the friction surface of the HA sample. As a result of the needled bers, the
surface is less uniform, and pores are visible where the needled bers break through the
continuous layers of UD- bers. At the same time, the non-woven bers offer less structure
than the weave of the SA sample, resulting in more distorted bers along the surface. The

individual ber diameter was determined to be approximately 10 um for both samples.
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Figure 3.13: SEM images of SA sample friction surface in as-received condition. a) exem-
plary void from ber bundle overlap in 2D-weave b) dense and void free surface

Figure 3.14: SEM images of HA sample friction surface in as-received condition. a) nee-
dled ber bundle in the through direction b) porous surface perpendicular to ber bundle

3.2.2 Density

Table 3.3: Mass and density of C-C composite sample cubes

Sample Mass [g] Density [g/cth

Super-Aguri  2.175 1.876
Haas 2.334 1.661

The density of the C-C composite samples was measured using the Archimedes princi-

ple. Both samples exhibit complex ventilation geometries, the volume can not be easily
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