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ABSTRACT OF DISSERTATION

EXTENDING THE PERFORMANCE OF NET SHAPE MOLDED FIBER
REINFORCED POLYMER COMPOSITE VALVES FOR USE IN INTERNAL

COMBUSTION ENGINES
| Fiber Reinforced Composite (FR_C) materials offer.the possibility of

reduced mass and increased structural performance over conventional metals.
When used in reciprocating components of internal combustion engines, this may
enable increased power and mechanical efficiency. Previously published work
on FRC engine valves has both shown structural and thermal limitations.

A net-shape resin transfer molded intake valve has been developed, using
a single-piece carbon fiber preform and the high temperature polymer PETI-RFI.

Structural design issues have been overcome. Performance has been validated

thrbugh stétic tésting and dynémic testiﬁg. -'I_‘es-ting culmlnated wnth an_ inta.ke
valve operating for four hundred continuous minutes in an engine without failure.
High engine load conditions resulted in thermal failure of FRC valves.
Extensive thermal modeling was conducted to simulate the effect of fiber
orientation and coating oomt_)inations on transient thermal performance of FRCs.
One dimensional modeling has predicted FRC valve surface temperatures to be
120°C higher than that of a steel valve. Simply re-orienting conductive fiber

along the heat path may reduce the temperature rise to below that of steel.
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Two dimensional transient FRC and coatings thermal analysis has
resulted in a novel method of evaluating thermal performance. Using the unitless
ratio of thermal resistance at the coating surface and at the interface boundary,
designated Bb, an accurate prediction of the interface temperature can be
obtained. From this, relative temperature gradients in both the coating and core

materials can also be estimated. Analysis shows that for values of Bb <1,

interface temperature is high and heat is transmitted to the core. For values of
Bb>1, interface tem-p_eréture' is Iowér, a iérgé femperature gradient exists in th:
coating, and the core material is more thermally isolated. Testing of coupon
samples in the cylinder head of a running engine has verified the trends shown..
Using this methodology a fiber and coating structure is proposed that reduces
FRC core temperature by 80%. It has been shown through analysis and
experimentation that careful selection of fiber orientation and coating materials

can enable a polymer matrix composite material to withstand the structural and

thermal environment of an IC engine combustion chamber.

= Rlc_hard Theodoré Bljckle; _
Department of Mechanical Engineering
Colorado State University

Fort Collins, Co 80523
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Acronyms:
A
Bi
Bb
BMEP
BMI
BP
CAD
Cc-C
CMC
CVvD
CVI
DAQ
DSC

FD
e
FEA
FMEP

LIST OF ABBREVIATIONS

Area

Biot number

Interface resistance ratio = Bi/St
Brake Mean Effective Pressure
Bismaleimide

Brake Power

Computer Aided Design

Carbon carbon

Ceramic Matrix Composite
Chemical Vapor Deposition
Chemical Vapor Infiltration

Data Acquisition

Differential Scanning Calorimetry
Force

Finite Difference

Finite Element

Finite Element Analysis

Friction Mean Effective Pressure



LaRC
MMC
N2
PETI
PI
PMC
PR
RPM

RTM

Fourier number, unitless time
Fiber Reinforced Composite
Internal Combustion

Indicated Mean Effective Pressure
Indicated Power

Length

Langley Research Center

Metal Matrix Composite
Diatomic nitrogen

Phenyl Ethynyl Terminated Imide
Polyimide

Polymer Matrix Composite
Published Reduction
Revolutions per minute

Resin Transfer Molding

SCRIMP Seemann Composites Resin Infusion Molding Process

SiC
St

SWNT

TGA

DTMA

Silicon Carbide

Stanglmaier number

Single wall nanotube

Temperature

Thermo Gravimetric Analysis

Dynamic Thermal Mechanical Analysis

Glass transition temperature

Vi



Vv Shear Force
VARTM Vacuum Assisted Resin Transfer Molding

WOT  Wide Open Throttle

Symbols:
as= thermal diffusivity (m?/s)
f = coefficient of friction
h= convective heat transfer coefficient (W/m?K)
k conductive heat transfer coefficient (W/mK)
g rate of heat generation per unit volume (W/m?®)
m mass
n= rotating speed (revolutions/second)
Nii indicated thermal efficiency
Ne combustion efficiency
Nm mechanical efficiency
Nv volumetric efficiency
P density (kg/m*3)
P= bearing load
q heat flux
Q heat flux
R* = unitless length, percentage of length in the radial direction
T = shear stress

7, [s] phase lag in the heat flux vector

7, [s] phase lag in the temperature gradient

Vii



T

friction torque

0= ratio of temperature rise relative to the boundary conditions

v fluid viscosity

w natural frequency

X* unitless length, percentage of length in the axial direction
Other terms:

Core: refers to the primary material the solid is made of

Coating: refers to the thin coating material on the surface of the core
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1 Introduction and Background

Engineering fiber reinforced composite (FRC) materials offer, when
properly designed, the opportunity to reduce component mass and in many
cases, increase material strength and stiffness. State of the art for FRC
materials has steadily advanced over the past 50 years to the point that FRC
applications are no longer exotic, and can be found in everyday items from cell
phones to personal transportation. However, many applications still challenge
engineers, including the use of composites at elevated temperatures and in
harsh environments.

Internal combustion engine performance and efficiency can be
significantly improved by reducing the mass of reciprocating components.
Despite the apparent benefits, FRC materials have found only very limited use in
internal combustion engines. The severe environmental requirements inside the
engine, and in particular the combustion chamber of a running engine are part of
this challenge. Advances in thermal management of FRC materials may open
the door to operation in the challenging thermal oxidative environment of the

combustion chamber

1.1 Fiber Reinforced Composite (FRC) Materials

In general, reinforced composite materials refer to any two or more

materials combined together. Engineered composite materials typically result in

1



the composite system having superior performance, in some required area, than
the individual constituent materials. Fiber reinforced composite materials refer to
the subset of engineering composite materials which use some type of fibrous
reinforcement in a non-fibrous matrix material or binder. Alternative
reinforcements exist in the form or particle reinforced composites (PRCs).
Engineered FRC materials inhabit a broad spectrum and may be as diverse as
straw reinforced mud bricks used for housing, re-bar reinforced concrete used for
heavy construction, glass fiber reinforced nylon used in boat hulls, or carbon fiber
reinforced graphite used in high performance aircraft and spacecraft. For the
application to engine components and specifically engine valves, the FRCs
discussed are typically on the more exotic end of the spectrum and fall into the
category of Advanced Composite Materials. Fibers discussed are high strength,
light weight engineered fibers such as carbon. Matrix materials are also highly

engineered, typically polymers.

1.1.1 General classification of FRCs

For the purpose of this discussion, fiber reinforced composites are divided
into three very broad categories; polymer-matrix composites, metal-matrix
composites and ceramic-matrix composites. In addition, each of these categories
can contain long (continuous) fibers or short (less than 1 cm) fibers. Fiber length
is typically a good indicator of manufacturing process, with short fiber composite
manufacturing dominated by the formation of the matrix (injection molding or
casting), and long fiber composite manufacturing dominated by fiber placement

(filament winding or pre-preg layup).



1.1.2 Polymer Matrix Composites

Polymer-matrix composites (PMCs) typically use glass, carbon and/or
aramid fibers embedded in a thermoset or thermoplastic matrix. Perhaps the
most common PMCs seen in internal combustion engine research applications
are carbon-fiber/epoxy combinations. PMCs are characterized by extremely high
strength and stiffness combined with low densities. They can also be designed
to have a “graceful,” rather than catastrophic failure. Historically, PMCs were
temperature limited to about 300°C, however, new resins are pushing this limit to
higher temperatures'. PMCs using continuous fiber seem to be the material of

choice for composite connecting rods?.

1.1.3 Metal Matrix Composites

Metal-Matrix composites (MMCs) most commonly use short or continuous
ceramic fibers in a metal matrix. The most frequently seen combination is
crystalline alumina and/or silicon carbide fibers embedded in an aluminum matrix
to increase stiffness and improve high temperature creep resistance of the metal.
MMCs are typically performance limited by the operating temperature of the
metal matrix. MMCs have been used extensively in piston crowns for diesel
engines and have found some high performance racing applications. Both

continuous fiber preforms and short-fiber reinforcement have been used>*.

1.1.4 Ceramic Matrix Composites

Ceramic-matrix composites are typically a ceramic fiber embedded in a

ceramic matrix. This aids in slowing crack growth and improving the toughness



of the ceramic matrix. Common combinations are silicon carbide or alumina
fibers in a silicon carbide matrix. The most common high temperature composite
seen in engines research is carbon-carbon. Carbon-carbon (C-C) is a carbon
fiber embedded in a relatively isotropic graphitic carbon matrix. C-C composites
are characterized by extremely high strengths, low density (1.8 g/cc) and
extremely high temperature operation (2000° C - 3000°C). Unfortunately, the
temperature capability is much more limited in an oxidizing environment. Both

continuous and chopped fiber carbon-carbon pistons have been fabricated®®,

1.1.5 Why Choose Composite Materials?

Fiber reinforced composites (FRCs) are attractive to the design engineer
for a number of reasons. FRC materials have the unique ability to provide a
specific strength (strength per unit density) and specific stiffness (modulus per
unit density) significantly higher than those of conventional materials. Figure 1 is
a graphical comparison of specific strength of some composite materials and
conventional metals. In addition, the anisotropic nature of FRC behavior allows
the designer to tailor these properties so that there is a high strength or stiffness
where it is needed along a component load path and lower strength or stiffness
where it is not needed. It is also possible to take advantage of this same
anisotropy to tailor thermal properties of a FRC. These and other properties of
FRCs offer a flexibility in design which has traditionally been used to reduce
mass, to reduce part count, and to provide performance not possible with

traditional metal design.
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Figure 1. Specific modulus of metals and composite materials’.

FRCs have demonstrated the properties needed for operation in harsh
environments such as those found in the internal combustion engine. Single
cycle and fatigue strengths are far superior to metals. A comparison of relative
strength and moduli of FRC materials and metals is shown in Table 1. It should
be noted that FRC material properties listed in Table 1 are in the fiber direction
and that properties will be reduced if loaded in a different direction. Chemical
resistance can be comparable or superior to that of metals®. It has been shown
that composites are significantly better than metals in damping® and that FRC
materials can be used as bearing materials'® FRC materials also enable

reduced friction on bearing surfaces'"?.




Table 1. Properties of selected metals and composites (Matweb)

MODULUS | FAILURE | DENSITY | SPECIFIC | SPECIFIC
(GPA) STRENGTH | (G/CC) | MODULUS | STRENGTH
(MPA)
Steel 200 415 7.9 25 53
(1040)
Aluminum 69 255 2.7 26 94
(6061-T6)
Titanium 116 140 45 26 31
E-Glass 30 550 2.1 14 264
lepoxy™*
SiC/Al** 203 1560 3.2 63 488
Carbon 590 1600 1.9 311 842
/Carbon***

Composite Properties are in the fiber direction. Properties in other

directions will be different.

*Owens Corning Glass Fiber reinforced Epoxy (Filament Wound)

80 wt %

**3M Nextel TM 720 Composite Ceramic Fiber with 6061-T6

matrix

*** 70% P-120 with pyrolitic graphite matrix

FRC materials are rarely used in modern internal combustion engines.

The few exceptions are lightly reinforced metal matrix components and some

ancillary parts and covers. The most probable reason for this is the historically

high cost of composite fabrication. While this is a significant challenge to the use

of FRCs, it will not be addressed.




A number of more exotic composites also offer superior high temperature
performance compared to metals. For this reason, FRCs have been embraced
in the space industry. Composites like carbon-carbon are the norm for rocket
nozzles, radiators and structural applications in rockets and satellites'.

The benefits of using FRCs for weight reduction are well documented.
Mass reduction of over 50% over a traditional steel or aluminum part is the norm.

Engineers have long recognized the potential benefit for using FRCs in
internal combustion engines. Reduced reciprocating mass enables lower inertial
loads. This results in lower stresses on all components and a reduction in cross-
section of components. Reduced reciprocating mass also enables higher
operating speeds which typically lead to higher power output, with reduced

t'*. A more detailed discussion of the effects or reducing reciprocating

weigh
mass is presented in chapter 2.

In addition, the use of FRCs for engine components enables
improvements in several other areas of vehicle performance. Several items of

significant importance are:

Reduced manufacturing and lifecycle cost, including recycling

e Increased fuel economy. A common rule of thumb is that a 50kg vehicle
weight reduction yields 0.3mpg increase for small cars, 0.15mpg for a mid
size car'’®.

e Increased power output/ higher power density.

¢ Noise and comfort. A 60% reduction in reciprocating mass yields a 6dBa

reduction in passenger compartment noise'®.



e Increased service life.
¢ Reduced emissions during processing/manufacture.

The automotive industry has seen a consistent growth in the size,
expected performance and luxury of passenger vehicles. At the same time
Corporate Average Fuel Economy (CAFE) standards have increased. As a
result, there has been an increase in the use of alternate materials and reducing
mass components. FRCs offer an attractive alternative and the opportunity to

continue “lightweighting” into the engine itself.

1.1.6 Resin Transfer Molding

Resin Transfer Molding is a process for manufacture of FRC components
where a preform of fiber (dry or partially wetted) is placed in a mold and liquid
resin is pumped into the mold under pressure. The resin is allowed to cure in the
mold to form a solid composite'’. In practice, RTM is similar to injection molding.
Variations on the process depend on the particular part being molded. Some
variations use an open mold and a vacuum bagged part (SCRIMP) or vacuum
assisted resin transfer (VARTM) in a mold, Advantages of RTM include:

e Ability to mold complex shapes

e High level of automation possible enabling high volume production
e Ease of fiber lay-up (using preforms)

e Reduced process time

e High fiber volume-fractions are possible

e Reduced emissions'’
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Figure 2. Schematic of resin transfer molding apparatus.

Some of the apparent advantages over traditional valve manufacturing

techniques (discussed later in this chapter) are:

e Molded parts are near-net shape directly out of the mold, reducing

the need for additional finish machining.



e Surface finish of a molded part is excellent, again reducing
additional finish machining.

e The process is well suited to mass-production and production can
be highly automated.

A more detailed description of the method used for this study is described

in chapter 3.

1.2 Background - Internal Combustion Engines

The performance of internal combustion engines can be summarized

using the following equation for Brake Power (BP)'®:

BP=1,-, M, 1, Py D.(J%). (IZI )-LHY, Equation 1
Where:

Pur = density of air

D= displacement of the engine

N = engine speed

FIA = fuel/air ratio

LHVE = lower heating value of the fuel

and the efficiencies listed in Table 2.

Any improvement in the power output of an engine must therefore be
encompassed by one of the terms above. Modern engines benefit from over one
hundred years of research into all of these areas, yet still have what may appear
to be relatively low overall efficiencies. As an example: “the most powerful and
most efficient prime-mover in the world today”'® has a thermal efficiency of 50%.

Typical automotive engines have thermal efficiencies in the range of 30%'. In
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the engines industry, gains in overall efficiency of 1% are huge. Large amounts

of energy are expended to make small efficiency gains. For example, in 1991,

Toyota redesigned the cooling system in their 4A-GE engine and added piston-

cooling oil jets in order to increase compression ratio (affecting thermal

efficiency) from 10.3:1 to 10.5:1. This resulted in a BSFC improvement of 1%%.

Toyota also developed a resin coating for a piston skirt that improves fuel

efficiency 0.5%2".

Table 2. Engine Efficiencies and typical values.

EFFICIENCY NAME EXPLANATION TYPICAL
VALUE
Nt Indicated From the thermal indicator (P-V) 0.3
thermal diagram: Wout/Qin
efficiency
Ne Combustion the ratio of chemical energy in the 0.7
Efficiency fuel to heat energy released by the
combustion process
Nm Mechanical the ratio of work produced at the 0.8
Efficiency piston to work available at the
engine output shaft
Ny Volumetric The ratio of air volume brought into 0.9
Efficiency the engine to the theoretical max air

volume for an adiabatic, reversible
engine. Volumetric efficiencies can
be greater than 1.

Entire fields of research are devoted to the improvement of each of the

efficiencies listed above. Implementing FRC engine components would likely
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have little or no effect in increasing thermal, combustion, or volumetric
efficiencies of an engine. However the possibility reducing mass and increasing
stiffness and strength of using FRCs components has the potential for significant
improvements in the mechanical efficiency of the engine. In order to gain a

better understanding of this,

1.2.1 Mechanical Efficiency

Mechanical Efficiency is defined as the ratio of power (or work) produced
at the piston to power (or work) available at the engine output (typically the
crankshaft).

_IP _ IMEP
"~ BP BMEP

Equation 2

where:
IP = indicated power (power produced at the piston)
BP = brake power (power available at the crankshaft output)
IMEP = indicated mean effective pressure
BMEP = brake mean effective pressure
The primary sources of reductions in mechanical efficiency are:
o friction losses (sliding friction)
o inertial losses
A common way of quantifying friction losses is through the use of friction
mean effective pressure (FMEP).

FMEP = IMEP — BMEP Equation 3
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In an engine friction forces are generally the result of sliding contact
between lubricated bearing surfaces. Extensive work has been done to quantify
the contribution to FMEP of different engine components or groups of
components. Figure 3 shows the percent of total engine power consumed by
different engine subsystems. From the figure above, we can calculate the
percentage contribution to total FMEP from each system. These results are

shown in Table 3.

Engine = Pision Group
Power

B Cankshatt
Bearings

O Valve system

@ Engine
Auxillaries

m Brake Power

Figure 3. Power losses in a typical engine, adapted from Mistry®.

Table 3. Percent contribution of engine systems to FMEP.

SYSTEM % OF FMEP
Piston Group 17-19
Crankshaft bearings 35-45
Valve System 20-30
Engine Auxillaries 7-10
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Each of these contributions is a function of many variables such as mass,
engine speed, geometry and engine design and the values given above should
be taken as estimates. Other authors estimate piston friction at 30% of total

FMEP? (Xu, 2004).

1.2.1.1 Bearing Friction

Nearly all sliding surfaces in the reciprocating are lubricated. Typical
friction between sliding, lubricated surfaces is described by the Stribeck curve
shown in Figure 4. The vertical axis is the coefficient of friction, the horizontal
axis is a dimensionless load factor®*, where:

M = viscosity of the fluid
n = rotating speed (revolutions per second)

P = Bearing unit load (bearing load divided by projected bearing area)

Boundary lubrication
=

Mixed-film lubrication

Hydrodynamic
lubrication

un/P
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Figure 4. Generic Stribeck curve, adapted from Juvinall and Marshek?:.

The overall objective of bearing design is to, whenever possible, design
the operating condition of the component to be at or near the “knee” of the
Stribeck curve and thus minimize coefficient of friction and friction load. In
addition, friction torque defined by the Petroff equation is:

T, = fWR Equation 4

Where:

F = coefficient of friction
W = Radial load
R = Radius of the shaft

Thus, both the coefficient of friction and the friction torque are functions of
the load on the rotating shaft. The use of composite materials allows the drastic
reduction of inertial loads, effectively decreasing W, and reducing the friction

torque in the rotating components of the engine.

1.2.1.2 Additive nature of mass reduction to reciprocating mass

Reducing the reciprocating mass of an engine has an additive effect on
the loading of reciprocating components, and on the overall engine structure.
Inertial forces caused by the reciprocating assembly are less than forces due to
combustion. However, inertial forces increase with the square of engine speed

to the point that they are of the same magnitude as forces due to combustion.

15



Piston Velocity
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Figure 5. Piston velocity vs.. crank angle degrees (CAD).

Figure 5 and Figure 6 show the velocity and acceleration of a piston with
the same dimensions as the baseline aircraft engine (described in more detail in
the next section). 720 degrees of rotation represent the 4 strokes of the Otto
cycle. This was developed using the equations for a classic 4-bar linkage®® and
is consistent for engines with a large stroke. It should be noted that the piston

velocity and acceleration is not purely sinusoidal.
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Piston Acceleration
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Figure 6. Piston acceleration vs. crank angle degrees (CAD)

For this example, Top Dead Center (TDC) of the compression stroke is at
the point corresponding to 360 crank angle degrees (CAD) on both plots. This
point will correspond to the highest magnitude forces the piston will see as a
result of combustion pressure and inertial forces.

Although the forces due to combustion remain relatively constant with
increasing engine speed, inertial forces increase significantly. Figure 7 illustrates
how the magnitude of the maximum inertial acceleration on the piston increases
as a function of engine speed, and how decreasing piston mass dramatically

decreases the force experienced by the entire mechanism.
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Piston inertial force vs RPM
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Figure 7. Piston inertial force vs. engine speed for varying piston mass.

The inertial forces created by the motion of the piston are transmitted to
the connecting rod, which must be designed to handle this load as well as the
load generated by its own mass. Figure 8 shows the maximum inertial force on a
connecting rod for varying connecting rod masses and engine speeds.

This additional load must then be transmitted to the crankshaft, which
must be designed to handle the loading for all the reciprocating components. As
a result, the crankshatft is typically a very heavy, monolithic piece of steel. An
illustration of these additive effects of reciprocating component mass on the

remainder of the system is shown Figure 9.
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Connecting Rod Inertial Force vs
RPM
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Figure 8. Connecting rod load vs. RPM for varying connecting rod mass.

With published mass reductions of at least 50% for each of the
reciprocating components in an engine, it is clear that using FRCs for
reciprocating components in the engine has the ability to greatly reduce the
loading on many engine components. This will have a cascading effect that will

enable further mass reduction.

1.2.2 Valve Dynamics

Katz, writing for Race Engine Technology wrote, “Like it or not, the top end
of a racing engine’s rpom range remains a direct function of the speed with which
it’s reciprocating valves can be pushed open and sprung closed-reliably, at least

for the duration of the race”®.
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Figure 9. Additive effects of reducing component mass
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With a few exceptions, the RPM limit of most modern high-performance
engines is governed by the speed at which the valve train becomes unstable.
Valve jump and bounce are governed by the mass and stiffness of the valve train
components. Using a very simplistic view, the natural frequency of the valve

train, w, is defined as;

W= x 4 Equation 5
m

where k = the stiffness of the system, and m = the mass of the system.
Decreasing the mass of the valve train should increase the operating speed of
the engine. Likewise, increasing the stiffness of the valve train will have the
same effect. Although the actual dynamics of the system are much more
complex, this basic premise has been shown to be true. A number of workers
have developed dynamic models of valve train systems that predict valve jump
and bounce based on the mass and stiffness of the components®="#"_ |t has
been shown using multi-mass and stiffness models that the onset of valve
bounce and jump occurs at higher engine speed for a stiffer system®.

In the quest for greater power, racers and engine builders have always
pushed the limits of technology, using new, lighter and stronger materials
throughout the engine. For valve materials, steel is still the most predominant
material used. However, stainless steel is not uncommon, providing increased
wear resistance and heat transfer with nearly the same valve mass. Titanium
valves are becoming more common in racing and high performance applications,
and offer a mass reduction of roughly 40% over steel valves®'. A potential

drawback is that titanium does not have the high-cycle fatigue performance of
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steel and wear surfaces require surface hardening treatments?®. Ceramic and
ceramic-head valves have been demonstrated and offer a mass reduction of
roughly 60% over steel®®. However, the brittle failure mode of a ceramic valve
can have devastating consequences for the rest of the engine. Formula one race
teams have, in previous seasons, almost exclusively use a specially developed
intermetallic compound called titanium aluminide, developed specifically for valve
applications®®. Titanium Aluminide compounds enable a mass reduction of 15%
from Titanium, or 42-45% from steel®'. FRC valves offer the opportunity for an
80% mass reduction over steel, while potentially increasing reliability.

Racers are not the only ones concerned with valve mass and reductions in
valve train losses. Using Toyota as an example again, engineers have published
several papers detailing reductions in mass and the accompanying efficiency

improvements for production car engines?®?'

. Toyota has spent a significant
amount researching lightweight valves. Titanium Boron valves were developed
for the specific purpose of mass reduction. The result was a 40% mass
reduction, which resulted in an increase in power of 6% and reduced engine
noise by 3dB. This work was done on the Toyota 4AGE engine, used in the ever
popular MR2 model and contributed to then highest power-density for a
production automotive engine®. In addition, reduced mass valve train
components have been demonstrated to reduce the sliding friction in the valve

train by 40% and increase fuel economy by 2.5%%. The benefit of lightening the

valve train seems to be common knowledge in the race community. The stated
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objective of race engine valve manufacturers is to “reduce reciprocating mass

and increase stiffness™.

1.2.2.1 Valve Train Friction

As shown previously in Figure 3, in an average engine, friction power is
roughly 17-19% of total horsepower. The valve system represents 7-10% of this
power??. Although sliding friction is present in the valve system, the primary
source of power loss is in the acceleration of the valve and the compression of
the valve spring. Reduction of valve mass reduces the power consumed by the
valve train in accelerating the valve open. In addition, lighter valves enable the
use of softer valve springs. This again results in reduced power consumption by
the valve train and more power available at the crankshaft.

Friction in the valve train is complex and highly dependent on the
configuration of the valve actuation mechanism. Common practice is to measure
the contribution of the valve train to engine friction in terms of camshaft torque.
Contributions to camshaft torque can be divided into two distinct sources™?:

o Sliding friction losses due to the contact between the cam and follower.
¢ Inertial losses from accelerating the valve and compressing the valve

spring.
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For most valve mechanisms, the dominant friction losses are in the camshaft-
follower interface. In general, work exerted in compressing the valve springs is
largely regained when the valve closes and the springs “return” torque to the
camshaft. Error! Reference source not found. shows a plot of camshaft torque

versus camshaft angle for a single cylinder automotive production-based engine.

{b) Temperature 95°C (SAE OW20 without friction modifier)

Measured drive torque (Nm)

"12 T T T T T T T T T T T T T T L T T | T | T 1
0 30 60 90 120 150 180 210 240 270 300 330 360

Cam angle (degrees)
Figure 10. Camshaft Torque vs.. camshaft angle, from Mufti**.

(—— 800 rpm, — — —1500 rpm, - - - - 2500 rpm)

1.2.2.2 Benefits of Reduced Mass Valve Train Components

Reducing the mass of the valve, and other valve train components, affects
both sources of losses outlined above in the following ways. Figure 11 is a
graphic representation of the different ways in which reducing valve mass affects

mechanical efficiency and engine performance.
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Figure 11. Effects of reduced valve mass on engine performance.

Essentially there are two benefits of using reduced mass valves. They
are: 1) The reduced valve mass reduces the inertial loading during valve
opening, and thus reduces camshaft torque. 2a) If the designer chooses to
maintain peak engine peak rpm, reduced valve mass enables this while the using
softer valve springs. The result is reduced normal force at the follower and thus
reduced sliding friction. 2b) Alternately, the designer may choose to use stiffer
springs, increasing the peak RPM of the engine and (typically) increasing power.
This topic is discussed in more detail in the next section.

As mentioned earlier in section 1.2.2.1, there are a number of potential
advantages to using reduced mass valves. Figure 12 shows these advantages in
the form of a flow chart. The primary advantages in high performance engines

are:
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¢ Reduced valve mass enables the use of softer springs, reducing the
camshaft torque required and increasing the mechanical efficiency of the
engine.

e Reducing valve mass while maintaining or slightly reducing spring
stiffness enables higher operating speeds and more “aggressive” cam

profiles, enabling greater engine power.

Reduced

valve
mass

I |
chrease Higher Raducad
in max efficiency - e
engine modified RRg
load
speed cam profile
I | 1
Increased Increased Redqced Reduceq Reduced
: : spring valve train
engine engine . e camshaft
il o stiffness friction Sroud
P P and mass torque 9
Reduced Improved Improved
engine acceleration fuel
mass performance economy

Figure 12. Advantages of lightweight valves, adapted from Tominaga®.
A kinematic model of a single cylinder race engine was developed by

Jason Miwa during M.S. research®

to quantify the potential benefits of reduced
mass valves. This model was validated using a motored engine test rig equipped

with a laser displacement sensor and crankshaft position encoder in order
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measure valve displacements and the onset of abnormal valve behavior (bounce
and jump). Valve jump is a condition when the valve actuation mechanism loses
contact with the valve, essentially “launching” the valve during high speed
operation. In many cases this causes the valve to slam against the valve seat
and open again. This is referred to as bounce®’. Details of the model, test rig,
and tests conducted are documented in a separate paper’® and M.S. thesis by
Jason Miwa™.

Using the model, maximum engine speed was calculated for the test
engine with varying combinations of valve mass and spring stiffness. The results
of these simulations are shown in Figure 13. In the figure, the downward sloping
lines represent constant spring stiffness. From the model, reducing valve mass
by 50% (roughly that of a titanium valve) and maintaining stock spring stiffness
allows a maximum RPM increase from 10,000 RPM to about 12,500 RPM.
Reducing the valve mass by 75% (attainable through the use of composite
valves), and reducing the spring stiffness by 50% will still give an increased

maximum engine speed of roughly 1,000 RPM,
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Figure 13. Maximum engine RPM for varying valve mass and spring
stiffness, adapted from Miwa®.

Reduced mass valves and reduced spring stiffness also reduces the
loading on the valve train. Figure 14 is a plot of the torque required to drive the
camshaft versus camshaft angle for the same spring stiffness values. Reducing
the spring stiffness by 75% reduces peak camshaft torque by about 63%.
However, this has a minimal effect on engine brake power since the negative

portion of the curve represents torque returned to the engine®.
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Figure 14. Camshaft torque vs.. position for varying spring stiffness®.

1.2.3 Traditional Metal Poppet Valves

At first glance, the poppet valve is a fairly simple design. However, closer
inspection reveals a very specialized device that has evolved dramatically in just
over a century since adoption for use in internal combustion engines.

Rather than a homogeneous piece of metal from tip to head, the physical
properties of the valve must change along its length. The tip of the valve must be
hardened to resist the high contact stress associated with the actuating
mechanism. The head of the valve must be tougher, to withstand the fatigue

associated with closing, yet must also have a high surface hardness to resist
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wear against the seat. Surface finish of the stem must be extremely fine to
reduce sliding friction. In addition tolerances must be extremely tight since a
small eccentricity of the stem and head will cause improper sealing and
potentially lead to bending of the valve®. Thermal stresses cannot be neglected
either. High temperature performance is necessary since combustion gasses
regularly reach 2000 to 3000 . Sustained operati ng temperatures for an
exhaust valve can be as high as 760C *°.

Given these facts, it seems incredible that one of the many valve

manufacturers makes over 300 million reliable valves per year*'.

1.2.3.1 History of Poppet Valve Manufacture

The dawn of the automotive era saw the basic form of the valve take
shape. Cone shaped valve seats began appearing in 1912 to reduce pitting and
produce a better seal. The importance of material properties was beginning to
be recognized. Built-up valves were made using two different materials, one for
the head and another for the stem which were then welded together in a heated
die. The brittle behavior of steel was a significant issue. Observations showed
that valve deformation and shape could cause improper seating and blow-by. At
this early stage, manufacturing was crude. Valves were heated and stamped in a
multi-step process. Slots were cut in the valve face to allow holding and locating
for later grinding. The head was ground and the seat was cut on a lathe to rough
finish. Heat treating the ends and seat was done with an oxy-acetylene torch.
The manufacturing process produced internal stresses that bent the valve stem.

In many cases a hammer was used to straighten it again®.
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By the 1930s, the problem had changed. "The problem today is not one of
design, but is one of production, for motor valves must be made accurately in
very large lots"*®. Manufacture was done on specialized machinery, but was
largely very operator dependent. Most valves were forged, rolled, and heat
treated. Final machining was done in a centerless grinder. End hardening by
heating electrically or by oxy-acetylene torch while valves were held in a cooling
tank®,

The 1940s saw a reduction in processing time by using drop forging.
"This method is claimed to be superior to any other because it enables the fibres
to be placed in the strongest orientation™**. (Note: in this context, fibres refer to
the metal grain boundaries created by the forging process, not to any engineered
fiber). Hardened tips were welded to austenitic stems to reduce tappet wear**.
More specialized materials began to appear as well. "Tranco" valves made
outside London in Farnborough used five basic materials for different
applications ranging from light duty gasoline and diesel valves, to more
specialized materials for continuous high temperature operation. Manufacturing
still averaged 15 operations per valve and as many as 25 or 30 for complex
shapes®.

By the 1960s, valve manufacture was completely automated and made of
different materials were flash welded together. Two-angle diamond grinding of
seats became common. Visual and automated mechanical inspection also

became the norm®.
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1.2.3.2 Modern Metal Valve Manufacture

Modern poppet valves are typically made from a variety of steels and
contain some portion of iron, nickel, manganese, and many other metals.
Composition is tailored based on the environment encountered, strength and
fatigue requirements, and desired heat transfer characteristics.

A typical valve manufacture process flow might follow a process similar to
this42.61 ,31,45

e Rod stock is forged to shape in a number of steps.

e The stem is rough ground to size, typically on a centerless grinder.

e The stem is straightened by rolling through a press.

e Rough facing of head is accomplished, centered on the previously ground
stem.

e The valve head is ground concentric with the stem, again centered on the
previously ground stem.

e The valve stem is cut to final length.

e The stem is finish ground to final size and finish.

e The valve seat is ground, typically using a 2-angle or 3-angle grinder.

» The collet/keeper notch is ground into the stem.

e Bevel/chamfer is ground onto the end.

In some high-heat applications, sodium filled valves may be used to
increase heat transfer away from the valve face. These particular designs take
advantage of the high temperature phase transformation of sodium and

convective heat transfer within the valve stem to draw heat away from the valve
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seat and to the cooling passages around the valve stem. While this is an
advantage, manufacturing is complex*® and this type of valve is atypical for most

common IC engine applications.

Table 4. 1973 cost per pound of valve material based on temperature range,
adapted from Danis*’.

TEMPERATURE COST PER POUND
RANGE
-40 to 600F 10 - 20 cents
(-5 to 300C)
600 to 1000F 20 — 45 cents
(300 to 550C)
1000 to 1200F 50 - $1.00
(550 to 650C)
1200 to 1400F 70 - $3.00
(650 to 750C)
1400 to 1650F $1.00 - $8.00
(750 to 900C)
Above 1650F ?
(above 900C)

Material costs are not insignificant. As one might expect, the cost of a
material increases with operating temperature. Table 4 shows the cost per
pound of metals as a function of temperature range. Although the numbers may
be dated, this trend still exists.

Poppet valve production is a high-volume, low margin business. The
number of valves manufactured for new vehicles every year is in the hundreds of
millions. In the highly cost-competitive automotive industry, profit margins on

individual valves are very low. Thus, any cost savings in the manufacturing
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process from reduced machining operations should be a benefit. Manufacturer
costs for individual valves are in order of the pennies per valve. Aftermarket cost
for valves is a slightly higher profit margin. “High Performance” titanium racing

valves cost on the order of $100 or more per valve®*’.

1.3 History of FRC Research in Internal Combustion Engines

As discussed above, FRC materials have been demonstrated to both
reduce mass and increase performance of components in the aerospace
industry. The advantage of reduced mass reciprocating components in an
internal combustion engine has the potential for improved mechanical efficiency
and increased performance. It appears then, that FRC materials and internal
combustion engines would be a logical match. Based on this revelation an
extensive literature review of previous work on development of FRC engine
components was undertaken. The results of that literature review are
documented below.

The oil crisis of the 1970's produced a renewed interest in FRCs because
of the increased fuel economy made possible by reducing vehicle mass. A
number of experimental vehicles and vehicle components were produced. Many,
including the 1979 Ford “Carbon Car” and the Daimler Benz C111 used
extensive use of FRCs for structural applications, but avoided the challenge of
producing engine components from FRCs*®,

Perhaps the most famous effort to produce a composite engine was the
Polimotor engine. Polimotor was the first to produce an “entire” engine out of

composites. Owner/designer Matthew Holtzberg used a combination of carbon
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fiber, Torlon®, epoxy, ceramic and metal. The first version of his engine was
based on the Ford 2.3L Mustang engine. The engine block, cylinder head, valve
spring retainers, timing gears intake valves with ceramic heads, and several
other parts were made of FRCs. Hand lay-up of epoxy pre-preg for the engine
block and cylinder head made production of an engine/head very time
consuming. A single engine took over one week to fabricate*®. However the
reciprocating mass of the engine was still entirely metal®.

The second iteration of the Polimotor project was more extensive. A large
number of injection-molded and carbon fiber prepreg parts were used. The
engine produced was a 237 kW (318 HP) @ 9200rpm. Holtzberg produced the
engine block, cylinder head, intake manifold, valve spring retainers, timing gears,
piston skirts, rings connecting rods, intake valve stems, push rods, rocker arms,
wrist pins, cam followers, turbo casings & impellers, out of FRCs, and plastics®’.
Metals were used for components that were exposed to temperatures above
260°C*.

Holtzberg was fairly successful with this engine. It was campaigned in a
Lola Il chassis and run in several Grand Prix races in the 1980’s. The engine
weighed 168Ibs (76kg) compared to the 350 Ib metal engine it was based on.
Holtzberg claimed a 60% valve train mass reduction 25% higher speed (14,000
RPM race), 50% reduction in reciprocating mass and 40% reduction in noise
from piston slap. The engine even used Polyacrylonitrile (PAN) carbon-fiber
based spark plug wires®2. Figure 15 is a picture of the Polimotor car racing at the

Road America 500 in August of 1985, where it finished in 17th place®.
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Figure 15. Polimotor Lola Il at Road America 500, August 1984°°,

The early 1980s also saw a Japanese push towards the use of Metal

Matrix composites (MMCs). A combined government/industry research effort
was established and produced notable results. Honda produced the first MMC
connecting rod using continuous stainless steel fibers in an aluminum matrix.
This used 12-15% volume fraction of fibers and produced a 20% weight savings.
Toyota was the first to mass-produce MMC diesel pistons beginning in 1982. A
continuous fiber perform of 3.5% to 8% volume fraction alumina and carbon fiber
was used to reinforce the aluminum piston crown. This enabled an aluminum

piston to be used instead of steel and reduced the piston mass by 30%. Honda
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was also the first to use Alumina/Carbon reinforced aluminum in cylinder sleeves
in 1989, claiming a 20% weight reduction by using 12-15 volume % fibers. In
1991, Toyota also produced a crankshaft damper claiming 20% weight savings
using short fiber reinforcement®.

In the late 1980s, Western Michigan University did extensive work with its
polymer engine project. An injection molded piston with chopped graphite fibers
was produced for use in a 5 HP Jacobsen 2-stroke engine. This was coated with
a ceramic for thermal protection. A connecting rod was made using similar
means and a crankshaft was made from pultruded vinylester and glass fiber™,
The existing aluminum engine block, cylinder sleeve and head were used.
Weight savings was claimed at 40% '°.

In the early 1990’s the NASA Langley began the carbon-carbon engine
project. This focused on the use of carbon-carbon composites in internal
combustion engines. Extensive work was done on pistons and cylinder sleeves.
A number of working prototypes were developed and an even greater number of
patents were issued for things from carbon-carbon pistons to engine blocks. One
of the primary focuses of the NASA project was to find a viable manufacturing
process and bring down the cost of carbon-carbon pistons. Though initial costs
were over $200 per piston, estimates for mass produced chopped carbon fiber
pistons were as low as $20 per piston®. With improvements in processing and
matrix precursors, estimates for mass-produced pistons were eventually less
than $5 per piston, which is comparable to production aluminum pistons®®. This

was achieved using Langley Research Center Soluble-Imide (LaRC-SI) as a
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carbon matrix precursor and a hot isostatic-press manufacturing technique which
greatly reduced manufacturing time®.

The NASA project also produced carbon-carbon cylinder liners with the
intent of investigating the possibility of ring-less operation. This project was
transferred to the Department of Energy (DOE) in 1999 where subsequent
research focused on using carbon-carbon pistons to reduce emissions in diesel
engines through a contractor in Hampton, Virginia®’.

In the early 1990s, Volkswagen experimented with carbon fiber/epoxy
connecting rods and successfully demonstrated at least two versions. Rods
consisted of a titanium eye and compression plate with a continuous carbon fiber
perimeter wrap to carry tensile loads. These connecting rods underwent
extensive testing with satisfactory results. Results showed a 70% weight
reduction from steel, a 3dBA noise reduction, and a 15% reduction in mechanical
losses. However it was deemed that the manufacturing challenges were too
large at the time to pursue production®®%*

Toyota has continued the use of short-fiber Alumina reinforced aluminum
cylinder liners in the Celica model and claims small gains in fuel efficiency as a
result®. Reinforced aluminum pistons and filament wound carbon-fiber wrist pins
have been used in F-1 racing engines, though details are difficult to come by®".

Figure 16, Figure 17, and Figure 18 illustrate a timeline of the work cited in
the literature, broken down into the large categories of metal matrix, carbon-

carbon, and polymer matrix composites. The numbers in the figure correspond

to references cited in Appendix 1: references for Figure 16, Figure 17, Figure 18,
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and Table 5. From these figures it can be seen that metal matrix composites
have met with the most success. Research began in the late 1970s and many
MMC components have been adopted for use in production vehicles. In contrast,
research on carbon-carbon composites engine components did not begin until
the mid 1980s. To date there are no production engine applications for carbon-
carbon. Polymer matrix composites show a more interesting story. A flurry of
work was done to develop many PMC engine components in the late 1970s and
early 1980s, yet the only production application of PMCs is for intake manifolds.
While it is interesting to see these patterns, speculation on why FRC components
have or have not been adopted is beyond the scope of this paper. Table 5 is a
tabulation of the published weight savings achieved by these researchers,
according to component and material. It should be noted that mass reductions
range from 20% to 83% depending on the component and material used.

However, reductions of over 50% are the norm.

(14) (15)

9 (20) [ (18) (19) — (21)

(45)

Vaive
seat (24)

Rocker arm
(47)

1979 1984 1989 1994 1999 2004
Year

Figure 16. Timeline of Metal Matrix composite research.
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Despite the vast amount of work that has been done producing FRC

engine components, there has been only one attempt to construct a complete

engine using FRCs, (the Polimotor project). The question then arises, “what

could be done if FRCs were used from the onset in the design an engine.” The

answer to this question will be addressed in the next chapter on modeling.

1.3.1 Previous FRC Poppet Valves

As mentioned in the section on valve train, there are a number of

advantages to reduced mass valves. Modern racing applications typically reduce

valve mass by using smaller diameter steel and stainless steel valves, or

titanium. Titanium nitride valves offer even greater mass reduction. Figure 19

shows the typical mass of valves made of high-performance materials relative to

steel.

Table 5. Summary of published mass reductions by component and

material.
PART MMC PMC WT % C-CWT % REFERENCE
WT % REDUCTION/ | REDUCTION/ (SEE
REDUCTION/| ORIGINAL ORIGINAL APPENDIX 1)
ORIGINAL MATERIAL MATERIAL
MATERIAL
Camshaft 75/ steel 1
Connecting | 25-55/ steel | 30-70/ steel 10, 13,14 15,
Rod 27, 28, 30, 31,
36, 37
Crankshaft 40/ steel 25
Cylinder 20/ 13
Sleeve steel
Cylinder 70/ steel 37
Head
Damper 20/steel 13
Drive Shaft 40-50/ steel 28, 40
Engine 60-70/ steel 37,42
Block/case
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Piston 5/Al — 70/ steel 45-60/ Al 44, 27
18/Cast iron
Pushrod 60/steel 23
Rocker 70/ steel 37
Arms
Timing 70/ steel 37
Gears
Valves 70/ steel 83/ steel 2,37
Valve 60/ steel 70/ steel 23, 37
Retainers
Wrist Pins 70 /steel 37

A number of candidate FRC materials offer the performance necessary for
in-engine operation. Metal matrix composites such as Silica fibers in aluminum
offer nearly twice the performance of conventional metals with improvements in
creep resistance. More exotic materials such as carbon-carbon offer an order of
magnitude improvement over metals as well as superior high-temperature

performance when an oxidative barrier is used®?.

Valve Mass Compared to
Conventional Steel

-+

FRC 2

Ceramics _
TIAIN
Titanium -
Steel
0 20 40 60 80 100

Percent of Steel Mass

60 100

Figure 19. Relative mass for valves made of high-performance materials
compared to steel.
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There have been several attempts to design a FRC poppet valve for

automotive engines. These are briefly summarized below.

1.3.1.1 Polimotor Research, Inc.

Polimotor Research, Inc., mentioned in section 1.3, developed a
“composite” engine. Valves were made of “Torlon” which is a trade name for a
high temperature thermoplastic, polyamide-imide (PAIl). Intake vales were made
from extruded Torlon with carbon fiber reinforcement, bonded to a ceramic valve
head. This contributed to an inline 4-cylinder engine weighing 168 Ib. The
comparable metal production engine weighed in at 412 Ib. The authors also
claimed the engine was 30% quieter. The limiting factor in the performance of
these valves was adhesive technology of the time>. Plastics were not used in
components that saw temperatures above 2607, howev er at lower
temperatures, the composite valves showed higher fatigue life than metal
valves*. More significant was the fact that valve train mass was reduced by
60% and operating speed was increased by 25%22. A picture of the Polimotor 3-

piece valve is shown in Figure 20.
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1.3.1.2 Langley Research Center (LaRC)

During the late 1980s, the NASA Langley Research Center began a
carbon-carbon engine project in which they produced a piston and cylinder
sleeve for a small engine. The purpose of the project was to develop a
manufacturing process for low-cost carbon-carbon. Two attempts were made
create a carbon-carbon poppet valve. The first used a unidirectional carbon fiber
in a valve for a small single cylinder engine. Testing showed failure transverse to
the fiber direction at the junction between the stem and head®®. A second
attempt used a 2-D weave of carbon fiber and produced valves for a small-block
Chevrolet V-8. The resulting carbon-carbon valves weighed a mere 15 grams
versus 90 grams for the stock steel valves. No performance details were
available for these valves but it was noted that a coating would be required to

prevent oxidation at temperatures above 400TC *°.
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Based on this literature review, it appears a vast amount of work has been
done demonstrating nearly every engine component made from FRC materials.
The exception appears to be in those components that are exposed to the
extreme environment of the combustion chamber. Those that have been
demonstrated in the combustion chamber have had marginal success.
Recognized improvements were required to operate for prolonged periods in the

demanding thermal oxidative environment found in the combustion chamber.

1.4 Thermal Analysis of Composite Materials

FRCs often have a limited service temperature. This is especially true for
polymer matrix composites. Table 6 lists some common fibrous materials, matrix
materials, and coatings and their maximum service temperature in air. Typically,
high temperature fiber and matrix materials are more exotic, often brittle, and
also more expensive. Trends have shown that, as these materials are adopted,
prices come down. As an example, carbon fiber sold for $500/kg in the 1970s,
now it sells for roughly $4/kg® and is a commodity item.

The orthotropic nature of FRCs has long been recognized as being
advantageous in the design of thermal management systems for numerous
applications. While early work focused on aerospace applications, using FRCs
for thermal management has become more mainstream every day. By 1992 the
US Navy had developed numerous FRC applications for thermal management,
ranging from electronics to missiles and satellite applications®. A brief summary

of some of the published work is described later in this document.
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Table 6. Maximum service temperature of common fiber and matrix

materials®®
Fiber Type Maximum service
temperature
(deg C)
Boron 2300 (melt)
E-Glass 1800 (melt)
SiC (Nicalon) 1400
Carbon (T-300) 600
Matrix Type
Ceramic (SiC) 1350
Bismaleimide 350%°
Epoxy 240
Polyester 120
Nylon 6 40-230

In general, the advances in understanding of thermal performance of
FRCs can be divided into three generic areas:
e modeling FRCs as multilayer and orthotropic solids
e material development for thermal management
e specific designs that use multi-layers with orthotropic materials
A summary of the notable achievements in these three categories is
discussed below.
Methods for coating FRCs have been developed and are in production;
however the focus of the majority of the published research has been on other

functions for the coatings such as friction, wear, or aesthetics®'.
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1.4.1 Thermal Modeling of Composite Materials

The late growth of FRC use in the 1970s and early 1980s, combined with
the relatively small amount of computing power available led to a number of
fundamental studies on transient thermal performance of composite materials. In
many of these cases, the term “composite” refers to a solid made of two
materials with different properties. Modeling of FRCs are typically described as
orthotropic materials.

In many of these cases, the analysis was based on the transient
performance of fundamental shapes. Focus of most of this work was in
determining the temperature induced stress created by a thermal transient.
Some significant examples of these studies are:

e a multi-layer slab with contact resistance®’

e acomposite band heater with heat source®®

e acomposite slab with variable conductivity®®

e a graphite-epoxy plate using Mindlin Plate theory, developed FE
and FD process™

e 3-D carbon-carbon composites’’

e 2 perfectly bonded cylinders’

e an orthotropic circular cylinder™

e an axisymmetric multilayer composite cylinder”

e a multilayer hollow cylinder’

e a rotating orthotropic circular cylinder™
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Many of the studies above developed the underlying mathematics for, or
employed simple Finite Difference Method (FDM) or Finite Element Method
(FEM) simulations and laid the groundwork for the more complex modeling used

today.

1.4.2 Material Developments for Thermal Management

Traditional thermal management materials are characterized by high
thermal conductivities. As a result, materials like copper, aluminum, and
tungsten were the materials of choice. In general, materials used for heat sinks
have conductivities less than 180W/mK®2. Figure 21 shows the relative
conductivities of conventional metals used for thermal management, as well as

that of several grades of fibrous reinforcement materials.

Thermal conductivity of metals and fibers (W/mK)

E-glass
Stainless Steel
Ti

P-25 |

Fe
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Mo

P-75

Al
W (tungsten)
Au
SiC (Nicalon)
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K500
K800
K1100

0 200 400 600 800 1000 1200 1400
Thermal Conductivity (W/mK)

Figure 21. Thermal conductivities of metals and fibers, adapted from
Bertram.

Carbon fiber and carbon-fiber composites have gained considerable
attention since the mid 1980s for use as thermal management materials. Carbon
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fiber has a maximum theoretical conductivity of 2000 W/mK®*, however different
grades of carbon fibers have different thermal properties, based on processing
methods, but all display highly orthotropic behavior. Table 7 lists the thermal
properties of a number of different grades of carbon fiber.

As a result of the superior thermal and structural properties of carbon
fibers, numerous carbon fiber composites have been have been developed and
demonstrated with highly varying thermal properties. At one end of the
spectrum, highly orthotropic, aligned carbon-carbon composites with axial
conductivities between 400 W/mK and 1500 W/mK have been demonstrated. On
the other end of the spectrum, nearly isotropic carbon-carbon composites have
been developed with a highly tailorable coefficient of thermal expansion (CTE).
CTE tailoring was done by impregnating the carbon composite with varying
amounts of copper’’. In another example a 3-D carbon fiber preform in an Al-Si
alloy matrix was developed as a replacement for tungsten. The result was a
conductivity of 245 W/mK, higher than tungsten, with significantly lower mass’®.

Table 7. Thermal properties of different grades of carbon fibers.

Axial Radial

Conductivity |Conductivity
Carbon Fibers |(W/mK) (W/mK)
Single Wall
Nanotubes 6000 50
IK1100 1150 50
K800 600 50
|I3_—100 520 not available
P-75 150 not available

Of special interest in the area of new materials for thermal management is
the use of carbon nanotubes and nanofibers. Single wall carbon nanotubes,

(SWNTs) are much more effective at increasing conductivity than larger carbon
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fibers’®. This is in part because SWNTSs have a theoretical maximum
conductivity of 6600 W/mK®’. Published, measured conductivities for SWNTs are
between 1100 and 1900 W/mK'®. Thus, creating a composite with even small
volume fractions of nanotubes can bring a marked increase in conductivity of the
bulk material. Using SWNTSs in an epoxy matrix, a sharp increase in conductivity
was measured with weight fractions between 0.1 and 0.2 wt% indicating
formation of a percolation network™. A composite consisting of 1% by weight
SWNTs yielded a 70% increase in conductivity at 40°K, and a 125% in
conductivity increase at 250K ’°. Additional work has shown that aligned carbon
nanotube films increase conductivity dramatically at 0.5 wt%®. As a result of
these stellar properties, carbon nanotube composites have been developed for
applications such as semiconductor chip cooling where high conductivity, low
CTE and low mass are of extreme importance®'. Powder metal copper reinforced
with carbon fiber has been demonstrated with conductivity of 454 W/mK using a
K640 carbon fiber at 81% Vf. The authors claimed this novel metal matrix
composite has the potential for a conductivity of up to 800 W/mK when using
K1100 fiber. Similar bi-directional composites were demonstrated with
conductivities of 321 W/mK and 158 W/mK in the primary and secondary
directions respectively®2.

Diamond is yet another form of carbon that has extremely high thermal
conductivity (2300W/mK) 8 and yet is an electrical insulator. A diamond film
manufactured through chemical vapor deposition (CVD) has been demonstrated

with an estimated 1100W/mK thermally conductivity®”. Commercial diamond
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coated carbon fibers with k = 2000W/mK have been developed for thermal
management of electronic packaging where high thermal conductivity and
electrical insulation is required®.

Combining even more possibilities, squeeze cast diamond-aluminum
composites have been demonstrated. Isotropic conductivities from 450 W/mK at
50% Vf of diamond have been achieved. CVD coated low-cost diamonds are
coated to produce high conductivity. Higher volume fractions of diamond have

produced isotropic conductivities up to 650 W/mK®®.

1.4.3 Applications

In the electronics packaging industry especially, thermal management has
been of increasingly significant importance. The combination of conventional
materials and heat pipes have been applied in designs to take advantage of the
energy released during phase change from liquid to gaseous state®. However in
many cases FRCs can be more efficient than heat pipes. For mounting
semiconductors, coefficient of thermal expansion (CTE) is also of extreme
importance to avoid thermal contact stresses and cracking. For electronic
packaging the desired range of CTEs is 4-7 ppm/K, matched to silicon based
semiconductors. The ability to tailor both CTE and thermal conductivity of carbon
FRCs has led to numerous demonstrations. Orthotropic FRC materials designed
for semiconductor mounting have been developed using both continuous and
discontinuous fiber reinforcement. Continuously reinforced products have
achieved axial conductivities of 890W/mK. Discontinuous reinforced composites

have lower conductivity than continuous of same volume fraction®.

51



Spacecraft applications have seen an increase in the use of carbon-
carbon laminated plates for thermal and structural solutions. Production samples
have achieved conductivities of 500 and 125 W/mK in the (laminate) x and y
directions respectively. Additional applications for the same product included
aircraft, nuclear reactors, electronic packaging, and chemical heat exchangers®’.
In another spacecraft application, a carbon fiber face sheets with aluminum heat
pipes embedded in an aluminum honeycomb core were developed to replace an
older all aluminum design. The heat pipes use ammonia as the working fluid.
The new design improved thermal performance significantly as well as reduced
overall mass®.

In the material processing industry, carbon fiber reinforcement has been
used for thermal management during solidification of aluminum. Aluminum
microstructure is a function of cooling and the formation of alpha aluminum forms
on the freeze front. The carbon fiber was used to achieve higher dispersion of
alpha aluminum than normally possible. A high fiber volume fraction was used to
produce a uniform temperature distribution across the part, cooling the part
uniformly®®.

In the automotive industry, SiC reinforcement of Al, Mg alloys have been
used for diesel piston reinforcement for years. Due to the extreme environment
seen by these parts, extensive thermal analysis has been done on these alloys.
While conductivity is improved using SiC fibers, accelerated aging due to CTE

mismatch between metal and fiber limits the component lifetime®.
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1.4.4 Coatings for Composites

Although numerous coatings are available for conventional metals and for
plastics, the technology to coat FRCs is only now becoming commercially
available. Typically, this is due to the difficulty in bonding to both the exposed
fiber and matrix material. Thermal spray coatings have been demonstrated for
FRCs which focus on increasing wear resistance. These coatings are typically
metals such as nickel, chromium carbide, tungsten-carbide-cobalt®'. The thermal
spray process is flexible enough that just about any material can be thermal
spray coated onto just about anything else®?. Published performance of these
materials has not addressed thermal performance other than peak operating
temperatures.

A few specific applications of FRCs coated for thermal management have
been published. A carbon fiber reinforced piston was developed at the Western
Michigan University. For thermal protection the piston was coated with a 0.003
inch stainless steel layer followed by 0.1 in magnesium oxide zirconium oxide
coating®®. For a satellite application, aluminum doublers were replaced with
aluminum clad carbon-carbon composite resulting in a 19% mass reduction over
aluminum®. While this example is not strictly a coated FRC, it is functionally
equivalent. Ceramic thermal barrier coatings have been used in Rolls-Royce jet
engine combustion chamber and turbine stator blades. Fiber reinforced, coated
blades outperformed metallic and monolithic ceramic blades under transient

thermal conditions®.
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From the literature, it appears that the technical ability to tailor the thermal
properties of FRCs has been established. The ability to coat FRCs with
numerous materials has also been demonstrated. A handful of applications have
been published that use the combination of tailored FRCs with coatings for

thermal management.

1.5 Hypothesis

FRC materials offer the possibility to reduce mass and increase strength
of reciprocating components in the internal combustion engine. The most
challenging conditions seen are for those components exposed to the high
temperature, pressure and oxidative environment inside of the combustion
chamber. To date, the FRC materials chosen for in combustion chamber
applications have been either ceramic matrix composites or carbon-carbon
composites. These are energy intensive and time consuming to produce, can be
very expensive, and are characterized by brittle failure modes which does not
bode well for the rest of the engine. There is an opportunity to extend the
performance of “lower performance” FRC materials that are more easily
processed and have a more graceful failure mode. The hypothesis of this
research then becomes;

“Structurally sound, one-piece, near net shape molded fiber reinforced
polymer matrix composite IC engine valves can overcome the manufacturing
complexities seen in previous attempts to reduce valve train reciprocating mass
by using composite materials. Further, it is possible to extend the useable range

of one-piece net shape resin transfer molded polymer matrix, fiber reinforced
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composite materials by using a combination of coatings and tailored fiber
placement to withstand the structural and thermal conditions in extreme thermal
oxidative environments such as the combustion chamber of an engine.”

As a case study for much of the work presented, an engine intake valve
was chosen. However, when this was not appropriate or prudent, alternate
methods were used. Intake valves were chosen because:

e FRC valves are easily inserted into an existing engine.

e Net-shape FRC valves not have been (successfully) demonstrated
to date.

e Validating FRC valve design is synergistic with existing valve
dynamics and valve seat design work going on within the engines
research group at the MERC.

e Potential research sponsor(s) are interested in applications of FRC

valves in racing engines.
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2 Modeling and Analysis

2.1 Introduction

In support of the hypothesis described in the previous chapter, both initial
and detailed modeling and analysis has been accomplished. Initial structural
modeling was used calculate the mass reduction enabled by the use of FRC
engine components via direct substitution and if the components were
redesigned with reduced inertial loads taken into account. In addition, an attempt
was made to quantify the additional effects of reducing reciprocating mass. This
work is detailed in section 2.2, “Prediction of Mass Reduction.”

Detailed design of FRC components is possible with commercially
available Computer Aided Design (CAD) software. A detailed structural design of
a FRC intake valve was accomplished with the goal of meeting or exceeding the
performance of the stock steel valve. This structural design work is documented
in section 2.3 "Structural .”

Initial transient thermal analysis was conducted to determine the
difference in surface temperature between a steel component and an FRC
component exposed to the combustion chamber environment. Simple
assumptions were made to determine the effect of fiber orientations on thermal
performance. This work is detailed in section 2.4.1 “Initial Transient Thermal

Analysis.”
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As a result of the initial thermal analysis, a much more in depth study on
the response of uncoated and coated FRC materials under transient thermal
loading was undertaken. This is detailed in section 2.5 “Detailed Analysis of
FRCs and Coatings,” is by far the most in depth of the modeling undertaken and
sheds insight into the performance of FRCs exposed to the combustion chamber-
like environment. Although the modeling in this section is generic, a

recommendation for an initial thermal design for an FRC intake valve is made.

2.2 Prediction of Mass Reduction

By necessity, the majority of the work done in developing FRC engine
components to date has involved producing a component that will directly
substitute for a metal part. Using this methodology, nearly all the reciprocating
components in an engine have been produced. However, they have not been
adopted for a host of reasons. One potential reason is that the benefit of
replacing a single component in an engine system already designed for metal
components has little advantage. The full advantage of using FRCs can only be
realized through the additive effects of combining these components to maximize
mass reduction.

In this section, a prediction of engine weight reduction is made for direct
substitution of FRCs. An additional prediction is made to quantify the additive
effects of mass reduction on component mass, and power. It is estimated that
engine mass might be reduced by as much as 70% using FRCs and

reciprocating mass might be reduced by as much as 90%. In addition, increased
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mechanical efficiency on the order of 2% may be possible from reduced inertial

and frictional loads.

2.2.1 Potential Mass Reduction by direct substitution

An exercise was undertaken to predict how much mass reduction would
be possible if an entire engine were made using FRC components. The
objective was to determine how much weight savings would be possible using
direct substitution of FRCs for as many components as possible. It was
assumed that component shapes remained unchanged and were not optimized
for FRC use. An estimate of mass reduction for each component, and mass

reduction for the entire engine was determined.

2.2.1.1 Methodology for determining weight savings:

A baseline engine, chosen to use as a reference, was a Lycoming 540
cubic inch (8.8L) series engine. General specifications for this engine are shown
in Table 8.

This engine is fairly common for use in light civil aviation. Using the data
discussed above, an estimate of weight reduction was made using FRCs for all
the components of a modern aircraft engine.

Each component of the engine was weighed and its material noted.
Based on engineering judgment, an appropriate composite material was chosen
for substitution. For a component where existing published experimental data
was available, that data was used to determine mass reduction values. Using

the existing mass data, and experimental results from previous researchers,
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mass reduction was calculated for each component and tabulated. The values
shown in Table 5 were used in this step.

Table 8. Lycoming 540 series baseline engine data

MANUFACTURER LYCOMING
Configuration Horizontally Opposed
6 cylinder
Displacement 540 cubic 8849 cubic
inch cm
Bore 5.41 inches 137 mm
Stroke 3.9inch 99 mm
Power 235-360 HP | 175-268 kW
Operating speed 2400-2600 RPM
Compression 7.2:1t08.7:1
Ratio
Fuel Delivery Carbureted or
Throttle Body Injection
Turbocharger Optional
Dry weight 364-536 Ibs | 165-243 kg

For example, the mass of an FRC piston or the baseline engine was

calculated using the equation:

mFRC_pfs:aﬁ = mmem!_piﬂon X (1 = PR) Equa‘tion 6

Where:

Mege naon - Predicted piston mass

m :mass of the original metal piston

metal _ piston

PR: Published mass reduction
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The piston of the baseline engine weighed 3 Ibs and was made of
aluminum. Table 5 shows a 60% reduction using Carbon-carbon composite.
Using equation (1) results in a single FRC piston weighing 1.2 Ibs and six FRC
pistons weighing 7.2 Ibs.

Where published experimental data was not available, a ratio of densities
of the materials was used to calculate the mass of the replacement part. Density
calculations were made using the following calculation:

Mege pison = Mmeiat_pision X Density _Ratio  Equation 7

Where:

Prrc

metal

Density _Ratio = Equation 8

P =density of the composite material
P.... =density of the metal

Table 9 shows the values used for the density ratio substitution.

Table 9. Density ratios for metals to FRC substitution.

TO: ALUMINA/ | GLASS/ | CARBON/ | CARBON/
FROM: | ALUMINUM | EPOXY | EPOXY | CARBON
Steel 0.45 0.22 0.17 0.22
Cast iron 0.49 0.24 0.19 0.24
Aluminum 1.3 0.63 0.51 0.63
6061-T6
Cast 1.25 0.60 0.49 0.61
Aluminum
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For example, there is no experimental data for replacing steel pushrods
with composites. The original steel pushrods weighed 0.25Ib each. Based on the
density ratios in Table 9, substituting the steel pushrods with a filament wound
carbon/epoxy pushrod with 80% volume fraction carbon fiber would result in an
83% mass reduction. The resulting 12 pushrods would then have a total weight
of 0.51 Ibs. This methodology was repeated for all the engine components
measured. Weights and materials of the original components, as well as the
substitution details are shown in Appendix 2: tabulated mass reduction by

material substitution.

2.2.2 Quantifying Mass reduction using the “additive effect”

An attempt was made to quantify how this “additive effect” would reduce
the overall mass of the reciprocating components of an engine. The objective of
this exercise was to determine how much weight savings could be achieved if
each component were redesigned to take into account the reduced inertial load
resulting from using FRCs for the other system components. The same baseline

Lycoming engine was used as a reference.

2.2.2.1 Assumptions:

For the purpose of this exercise, the connecting rod was assumed to have
50% of its mass at the piston and 50% of its mass at the crankshaft. Thus, its
motion was evenly divided between rotational and translational. While this is not

completely accurate, it does give a reasonable approximation.
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For all reciprocating components, the most extreme loads are experienced
immediately after Top Dead Center when both combustion and inertial forces are
accelerating the components downward.

Because fiber-reinforced composites have highly isentropic material
properties, the maximum strength of the fibers (Table 1) were not used in these
calculations. It was assumed that a “more isotropic” lay-up was used. A value of
70% of actual fiber strength was used for the composite strength. This is typical
for a roughly 70% fiber volume fraction with pseudo-isotropic, [0,+-45,90]s layup.

Because loading on structural components of the engine (crankcase,
cylinder head, engine mounts) is a function of the engine application and difficult
to quantify, an estimate of mass reduction for these components was not

attempted.

2.2.2.2 Methodology

Based on the engine dimensions and assumed combustion pressures,
estimates of the dynamic loading of the piston, wrist pin, connecting rod and
crankshaft were all calculated.

For each component, the major failure modes were determined. For
example, potential failure modes for the piston wrist pin were; 1) material failure
due to direct shear, 2) material failure bending, 3) excessive deflection due to
bending. For each failure mode examined a potential mass reduction of the
component was determined. For example, in direct shear, the stress on the wrist

pin can be represented as:
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e Equation 9
Where:

F = Force on the piston due to combustion and inertia
A = the cross-sectional area of the wrist pin

Solving for the required cross sectional area of the wrist pin:

A =

pin

L i
T 27 Equation 10
The ratio of areas for the new and old pin can be found:

A

pin,new — Fnewrofd

Apinota Trewoa Equation 11
Solving for the cross-sectional area of the “new” pin:

F.t.
Apr'rr,mw = Apfn.o.*d —
A

new’ old Equation 12

Knowing the cross-sectional area of the new pin and using the definition of

mass as the product of density and volume, and assuming length remains

constant, the mass of the wrist pin can be calculated. Substituting and solving

for the mass of the new wrist pin yields:

s (pAP"" )new
mpfn.new -mpin,ofd ( : i i
Pinlold

A similar set of calculations was repeated for each possible failure mode.

Equation 13

Based on these calculations, the most conservative estimate for mass reduction

was chosen. This mass reduction was then rolled into the calculations for the

next component (using Figure 9 as a guide). So reducing piston and wrist pin
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mass reduced the inertial loading on the connecting rod and eventually the
crankshaft. Using this methodology, and the same materials as in example 1, a

total potential mass reduction was determined for the reciprocating components.

2.2.3 Prediction results

2.2.3.1 Results of mass reduction by direct substitution

Using the simple substitution method described above based on the work
of previous researchers, an overall mass reduction was estimated. For the
purpose of simplification, components were divided into sub categories based on
function. The results of this exercise are summarized in Table 10. It can be
seen that an overall mass reduction of 55% is predicted. More significant
reductions in the reciprocating mass of 72% and in the structural mass of 68%
are also predicted.

An examination of the component weights reveals that the crankshaft and
engine block/cylinders and cylinder head combine for over 50% of the engine
mass. Reducing these by 50% alone could decrease the mass by 25% and
increase the power density of an engine. For the baseline engine, this results in
an increase in power density from roughly 1 kW/kg to 2.2 kW/kg, an increase of
over 100%. But, as illustrated above, the real improvements related to mass
reduction come when the entire engine is considered as a system.

The method described above assumes a substitution with a pseudo-
isotropic composite material, i.e. replacing the part with “black aluminum.” In

reality, fiber orientation can typically be optimized, and further mass reduction
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can be achieved. This is especially true of components under relatively simple,
directional loading such as connecting rods and push rods. For components
under more complex loads, such as an engine block or crankshaft, these
predictions should be relatively accurate. These predictions are in-line with
results that have been achieved using FRC materials for individual components
in the aerospace industry as well.

Table 10. Summary of weight reduction using direct substitution

MASS MASS | PRIMARY %
BEFORE | AFTER | MATERIAL | REDUCTION
(KG) | (KG)
Starter/ 30.0 30.0 None 0%
Alternator
Accessories 24.5 125 PMC 49%
Intake/ 69.5 26.5 | PMC/MMC 62%
Exhaust
Covers 30.5 8.6 PMC 72%
Miscellaneous 48.0 459 None 4%
Reciprocating | 53.35 14.91 | C-C/PMC 72%
Mass
Rotating 91.0 50.2 MMC 45%
Mass
Structure 257.4 82.3 MMC 68%
Total: 604.25 | 271.0 55%

65



2.2.3.2 Results of “Additive Effects” Mass reduction

The results of these calculations are summarized in Table 11. Results are
based on the baseline engine data running at 2500 RPM. Predicted reduction in
total reciprocating mass is on the order of 90%.

Table 11. Predicted Reduction of reciprocating mass

ORIG ORIG FRC END MASS
MASS (KG) | MATERIAL MASS RED.
(KG)
Piston 1.36 Al Carbon | 0.41 70%
-carbon
Wrist Pin 0.40 Steel Carbon | 0.08 79%
-epoxy
Connecting 1.36 Al Carbon 0.45 67%
Rod -epoxy
Crank shaft 30.62 Stainless | Carbon 2.65 91%
Steel -epoxy

Reduction in structural mass was not evaluated due to the complex
loading of the engine block and cylinder heads. However the same type of
reasoning can be used. Because of the nature of designing engine components
with FRCs will involve some tradeoffs, it is reasonable to expect slightly different
results. Even so, it is probably realistic to expect a 70-80% reduction in overall

engine mass using FRC components.

2.2.4 Inertial and frictional power losses

In any engine, power is required to keep the mass of the reciprocating
components in motion. In reducing the reciprocating mass of the engine, we can
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expect to gain some increase in brake power due to decreased power to
maintain the inertia of these components. This inertial power can be thought of
as having two sources, reciprocating mass and rotating mass. Reciprocating
mass includes the piston, wrist pin and some percentage of the connecting rod
(assumed to be 50% for this exercise). Rotating mass includes the crankshaft,
part of the connecting rod (again, 50%), flywheel and/or propeller in an aircraft.
An attempt was made to quantify the power gains due to reduced reciprocating

mass at constant engine speed.

2.2.5 Reciprocating power losses

Power required to move the reciprocating mass is fairly straightforward.
For linear motion, power is defined as the product of force and speed. Force can
be determined from the mass and acceleration of the components. Piston speed
is easily determined knowing engine speed. For a balanced engine at constant
velocity, the net acceleration of the components through one cycle is zero, thus

there is no power loss. This will not be true for an accelerating engine.

2.2.5.1 Frictional Power Losses

Frictional losses in engines are a widely studied topic. Frictional power
losses have been estimated at 17-19% of total engine power. Of that, 35-45% of
friction is from the piston ring assembly. The crankshaft bearing system
represents 20-30% of friction losses, the valve system 7-10%, and engine

auxiliaries 20-25%%.

2.2.5.1.1 Piston Friction
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The frictional force caused by the piston rings is proportional to the normal
load, which is in turn proportional to lateral acceleration and piston mass. Thus,
reducing piston mass will have a direct effect on reducing frictional force and
frictional power lossError! Bookmark not defined.. For the baseline 6-cylinder
engine this would translate to between 12.5 and 20 kW. The reduction in piston
mass would correspond to 2.4kW or between 1% and 1.5 percent of BHP.

Friction Mean Effective Pressure (FMEP) is a function of piston mass and
operating speed. Using previously tabulated data and extrapolating, at 2000 rpm
a piston mass reduction of 70% (from Table 11) may yield a roughly 5%
decrease in FMEP®.

Using this information, reducing reciprocating mass by 70% we can

reasonably expect an increase in output of about 0.3% or 0.5 to 1 kW.

2.2.5.1.2 Bearing Friction

Power loss in journal bearings is proportional to the loading factor and
bearing speed. For a constant speed, reciprocating mass is proportional to the
load. Reducing loading on the bearings by 70% will reduce power loss by 70%2*.
This would correspond to roughly a 1% improvement in power transmitted. For
the baseline engine this corresponds to 1.75 to 2.7 kW. Overall efficiency
increases by about 1%.

If bearings are resized to have a smaller diameter, this can be reduced
even further. Perhaps 1.5% less power lost. The results of the frictional and

inertial power calculations are summarized in Table 12.
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Table 12. Increased efficiency attainable as a result of reduced
reciprocating mass.

EFFICIENCY INCREASE

Ring Friction 0-1%
Bearing Friction 0-1%
Total 0-2%

Increasing the role of FRCs in major engine components has the potential

to significantly increase the power density of the engine. The baseline engine is

not state-of-the-art in engine design but a much more traditional design. If the

same type of analysis were applied to a more modern engine, the results would

be similar with higher numbers for power density. Figure 22 shows the change in

specific power as a function of the percent reduction in overall engine mass.
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Figure 22. Specific power vs. percent mass reduction.
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2.2.6 Limits to engine performance

The power benefit of reducing the mass of reciprocating components does
eventually reach a limit. At some point, the limits to engine power are no longer
governed by the ability to accelerate engine components, but by the ability to fill,
burn and expel the fuel/air mixture in the combustion chamber. Extremely high
speed, high performance engines such as those used in F-1 racing are reaching
this limit above 20,000 RPM. However, the reduced mass made possible using
FRCs will have more beneficial effects on overall vehicle acceleration, fuel
efficiency and performance. These same concepts apply to “normal” passenger

vehicles as well.

2.2.7 Other possibilities not quantified

FRCs enable other potential improvements to engine performance that are
mentioned in the literature, but that have not been thoroughly explored. Some of
these are:

The low coefficient of thermal expansion (CTE) available using carbon
composites allows the possibility of extremely tight tolerances between the piston
and cylinder wall. It is well documented that a portion of hydrocarbon emissions
from spark ignition engines is a result of fuel/air mixture trapped in the top-land
crevice. The tighter tolerances possible with FRCs may help in reducing the
volume of this crevice, and thus reducing hydrocarbon emissions.

Currently, the fit of the piston/cylinder assembly is dominated by the CTE
between the aluminum piston and steel cylinder wall. Constructing both of these

components from low CTE composite materials has the possibility of reducing
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piston friction, piston slap, and reducing the required ring tension. This,
combined with the increasing popularity of low-friction coatings and/or self-
lubricating composites opens the possibility of producing ring-less pistons. This
has been explored as part of the NASA Langley effort’.

Tailoring thermal conductivity of composite materials in the combustion
chamber, cylinder head and exhaust manifold offer the possibility of delivering
more energy to a turbocharger. In a purpose-built composite engine, as much as
a 20% improvement in thermal efficiency has been achieved using this method®’.

Less reciprocating mass in the engine compartment will mean greater life
for those components. In addition to the benefits mentioned earlier, reducing the
reciprocating mass reduces the magnitude of cyclic loading on all the
components connected to the engine. This will help to increase fatigue life and
durability, and reduce noise and vibration. Workers developing FRC engine
components almost invariably mention reduced noise and vibration, though no
work has been done to date to quantify this.

This discussion was based in the idea of substitution and redesign of
existing components using FRCs. An engine designed from scratch, with the
intent of using FRCs for the major components, may be able to make even larger

steps in weight reduction.

2.3 Structural Design of an FRC Intake Valve

As mentioned in the previous chapter, an FRC intake valve for in an
internal combustion engine was chosen to demonstrate the capability to

withstand operation in the combustion chamber environment. Although a valve
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may appear to be a trivial device, significant structural loading occurs during
normal operation and extreme conditions. The design requirements and the
process used for development of the FRC valve prototypes is discussed in this
section, as well as material selection criteria for the fiber and matrix.

Resin transfer molding was chosen for the valve manufacture process for
a number of reasons. The RTM process produces a one-piece net-shape part,
requiring very little machining. The process is easily adaptable to prototype

development and is scalable to high volume production.

2.3.1 Valve Requirements

The operating requirements for both an intake and exhaust valve were
determined based on three target engines. These engines were:
1. 206 cc, single cylinder, 2-valve flat head utility engine
2. 2.0 liter, 45 degree V-twin, 2-valve/cylinder overhead valve motorcycle
engine
3. A24liter, inline 4 cylinder, 4 valve/cylinder automotive engine
Of these three engines, engine #1, the flat head utility engine has the
smallest diameter valve stem and most “square” valve profile. The load seen at
valve bounce (discussed in the next section) is fairly constant over the three
engines. As a result the state of stress seen in the valves in engine #1
represents the most severe loading condition in all three engines. For this
reason, this valve was chosen as the focus of the design study. The
presumption was that extending the design to a larger, less severely loaded

valve would be a relatively simple exercise once the initial design was done.
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2.3.1.1 Design Process

Structural design of the FRC intake valve was using the familiar steps in

the engineering design process. The steps used in the design process were:

Determine requirements, including loading, temperature, fatigue,
corrosion, manufacturability requirements.

Fiber Selection using evaluation of alternatives / Pugh Chart

Matrix Selection using evaluation of alternatives / Pugh Chart
Analysis and detailed design of fiber volume fraction and placement

Validation of design

Methodology and results for each of these steps are presented in the

following sections.

2.3.1.2 Valve Requirements: Loads

From the camshaft profile and valve train geometry, the position/velocity

and acceleration profiles of the valve can be determined. Using this

methodology and published peak engine speed, the worst case loading on the

valve was determined. For engine #1, the valve acceleration profiles are shown

below.
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Figure 23. Valve position and acceleration plots versus crankshaft angle for
engine #1, 7200 rpm (redline).

It can be seen from Figure 23 that the inertial loads on the valve are very
high. Peaks in the acceleration occur at 380Gs and -337Gs.

Valve springs from the engine were also tested to characterize the spring
stiffness. Knowing the spring stiffness, camshaft position (valve lift), valve
acceleration and combustion pressure, it is possible to draw a dynamic free body
diagram and determine the required rocker force to produce the force on the
valve. Figure 24 is an example free body diagram of the valve.

From this free-body diagram, the equilibrium equation can be written by
summing forces in the axial (y) direction.

+P,

Combustion ‘4th\‘

i

Actuator

o) 2

Spring + Fi'..\] it

= My * Aogy Equation 14

Where:
Facwator = force exerted by the rocker on the valve tip

Fsping = force exerted by the valve spring on the retainer
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F,seat = the axial component of the force on the valve seat
Pcombustion = the in cylinder combustion pressure

Avave = valve head surface area

Mvave = the mass of the valve

asody = the acceleration of the valve

F
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aBody
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Figure 24. Free body diagram of the valve.

Combustion

This was done at five points to determine the worst case load on the
valve. These five load scenarios were:
1. Valve closed, combustion

2. Max positive acceleration
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3. Max negative acceleration

4. Max valve lift

5. Valve Bounce

The loading in scenario #5 (bounce) was determined from previously

published work which measured the force on the valve seat for a similar engine.
Valve seat force was measured at between 2.5 and 3.0 kN at the start and end of
bounce®. An illustration of valve bounce is shown in Figure 25. A summary of
forces on the valve for the five loading scenarios is shown in Table 13. It can be
seen from the table that load scenario #5 (Bounce) is by far the most severe load

the valve experiences.
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Figure 25. Plot of valve displacement and valve seat force vs. camshaft
angle illustrating valve bounce®.
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Since the most severe loading was found to occur in load scenario #5

(valve bounce), all design work was done to this scenario.

Table 13. Summary of valve Load scenarios

LOAD VALVE | F-rocker | F spring | Fysear | Pcomsust Agopy
SCENARIO (KN) (KN) (KN) (MPA) (M:‘S2 X
1000)
1 Intake 0.0 0.6 -0.6 10.1 0
1 Exhaust 0.0 0.6 -0.6 101 0
2 Intake -1.6 0.7 0.0 0 -3.7
Exhaust -2.2 0.6 0.0 1.01 3.7
Intake -1.6 1.0 0.0 0 3.7
Exhaust -1.6 0.9 0.0 3.7
Intake -2.5 1:1 0.0 2.7
4 Exhaust -2.2 1.0 0.0 0 2.7
Intake 0.0 0.6 -6.0 0 -29.3
5 Exhaust 0.0 0.6 -6.0 0 -32.3

2.3.1.3 Valve Requirements: Temperature

Temperature requirements, especially on exhaust valves, are extremely

severe. Previous work by Danis was done to characterize the temperature

profile of a metal exhaust valve®’. Figure 26 shows the temperature and heat

flow for a solid metal exhaust valve.
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Figure 26. Temperature and heat flow for a metal exhaust valve in a
gasoline engine®.
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It can be seen from Figure 26 that the surface temperature of a metal
exhaust valve is in the range of 660°C in the combustion chamber and 95°C at
the stem. This results in an internal valve temperature of up to 760°C. Intake
valve temperatures are significantly lower due to the flow of the fresh air charge
around the valve and on the backside. The only example found in the literature
of intake valve temperatures in a gasoline engine measured temperatures at
370°C (700°F)%. In designing a FRC valve, exhaust gas temperatures, and
therefore valve surface temperatures may be similar, but internal temperatures
will be different based on the thermal conductivity of the material chosen. Also,
the primary path for cooling the valve is through the seat, and not through the
stem as might be expected™®’.

It will be seen later in this chapter and in subsequent chapters that this

estimate of valve temperature was particularly low.

2.3.1.4 Fatigue strength

A calculation was done to determine the required fatigue life of a modern
poppet valve. A valve in a modern passenger engine must last for 200,000 miles
without replacement. For an engine running at 5000 rpm, this represents roughly
1 billion cycles over the valve lifetime. As a result, infinite fatigue life was chosen
as a primary design requirement. In addition, the high temperature operation
over this period makes resistance to creep a high priority as well. Certain

composites, such as carbon-carbon, perform very well under these conditions.
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2.3.1.5 Chemical environment

Typical valves are exposed to motor oil, gasoline, air and combustion
products. High temperatures can make these very corrosive. The valve face is
exposed to an oxidative environment. Resistance to these chemicals and to

oxidation will be a requirement for the FRC valve.

2.3.1.6 Manufacturability

As previously mentioned, valve manufacture is a very slim margin
industry. In order to be economically viable, manufacture of a FRC valve must
offer significant performance advantage and/or cost reduction over a metal valve.
This implies a near-net shape molded part with little machining required after

removing the valve from the mold.

2.3.1.7 Validation of FEA for metal valve

A finite element model of the exhaust valve from engine #1 was
constructed. The “bounce” loading scenario was examined and displacement
versus load was plotted for the FEA model. A static test rig was constructed to
perform tensile tests on the valve in a load frame. Figure 27 shows a picture of
the valve static test apparatus. Load was applied to the valve as in the FEA
model, with the keeper constrained and load applied to the valve seat.
Displacement of a section of the valve was measured using a clip gage
extensometer. A schematic of the test setup is shown in Figure 28. Testing
showed that the load-displacement curves for the FEA model corresponded well

to the test data for the same valve.
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Figure 27. Valve static tensile test apparatus.
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Figure 28. Schematic of the valve static tensile test setup.
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2.3.2 Material Selection and Fiber Placement

Once the design requirements for the FRC valve were understood, the

design process and tools were used to find suitable solutions to meet the

requirements for fiber and matrix selection. That process and solutions are

detailed below.

2.3.2.1 Fiber selection

There are a many potential fibers that can be used for reinforcement in a

composite material. The fibers considered for reinforcement of the RTM valve

were:

Glass

Carbon

Metal

Kevlar

Alumina/Silica

Evaluation of fiber alternatives was first done by comparing fiber

performance to valve operating conditions. The two primary concerns in this

area were:

1. The fiber must have the ability to withstand the high operating

temperatures associated with operation in an internal combustion engine.

2. The fiber must have a specific modulus and specific strength higher than

that of conventional metals. Choosing a fiber that does not meet this

requirement would result in a valve inherently weaker than a metal valve.
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Since the fibers are embedded in a polymer matrix material, corrosion and
oxidation requirements were not considered. Requirement #1 for temperature
immediately eliminated glass and Kevlar fibers. Kevlar fibers maximum service
temperature is 149°-177°C, well below the temperature requirement for a valve.
Glass fibers typically melt at around 1725°C, however the glass transition
temperature (the point at which viscosity decreases) is significantly lower
typically below 300C and as low as 140C .

Hence, the two possible candidates for fiber reinforcement became carbon
fiber and Alumina/Silica fiber. Since both are ceramics, they have high
temperature resistance and very high specific strength/specific modulus. Table
14 shows the ranking of fibers based on performance and the significant
performance criterion used.

Table 14. Fiber selection results.

FIBER RANK | FAILURE MAX SERVICE
STRENGTH | TEMPERATURE
(MPA) (C)

CARBON 1 1600 1900
ALUMINA/ 2 1560 1175

SILICA
E-GLASS* 3 550 140
KEVLAR- 4 300 149 - 177

49*
* DO NOT MEET TEMPERATURE REQUIREMENTS
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2.3.2.2 Matrix Selection

For the purpose of this discussion, matrix materials refer to the material
used to bond fibers together and fill the mold. Evaluation of matrix alternatives
was first done by comparing matrix performance to valve operating conditions.
The three primary concerns in this area were:

1. The matrix must be capable of withstanding the normal valve operating
temperature

2. The matrix must be compatible with the fiber chosen

3. The matrix must have a working viscosity low enough to enable Resin

Transfer Molding and complete fiber wetting

Corrosion and oxidation resistance were considered, but with lower
importance. For matrix selection, the temperature requirement is different for the
intake and exhaust valve. Metal exhaust valves regularly see temperatures
above 7007, far above the range of traditional pol ymers. However, intake
valves are subjected to far lower temperatures. High-temperature polymers are
capable of sustained performance at 350T, which is above the requirements for
an intake valve.

The matrix materials considered were:

o Aluminum

o Bismaleimide (BMls) — a cross-linked thermoset

o Polyimide (PI) — a high temperature thermoplastic
o Langley Research Center Soluble-imide (LARC-Si)

o PMR-15 (a high-temperature polyimide)
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o PMR-II (similar to PMR-15 but with reduced carcinogens)

o LaRC PETI-RFI (a high-temperature polyimide viscosity modified
for resin transfer molding)

o Silicon Carbide (SiC)

Of the matrix materials considered, PMR-15 has been shown to be
capable of operation at 350°C and at 371°C for 100 hours'®. However, other
sources report that it withstands sustained use at 288°C'". In addition, PMR-15
contains known carcinogens, a definite drawback.

BMIs and PI have achieved glass transition temperatures of 300°C"%.
Condensation Polyimides have achieved operating temperatures in the 343" to
371°C range, but processing requires high temperature and high pressure cures
such as in a hydroclave, thermoclave or compression molding. PMR-II is similar
to PMR-15 and is good for operating temperatures from 288°-343°C. However,
inert-environment high temperature (5007C) post-cur es of both PMR-15 and
PMR-Il have resulted in glass transition temperatures of 427<C ''. BMI matrix
materials also have strengths higher than high-strength epoxies and moduli
comparable to epoxies at high temperature'®.

Property data of matrix materials can be difficult to compare. Table 5 is a
summary of high-temperature thermoplastics compiled by Mangalgiri'®. It can
be seen that glass transition temperatures (T4) peak at 290T for PAI, and
service temperatures peak at 270T for PAI ' This is significant in that typical
service temperatures for polymers are 20°-30T belo w the glass transition

temperature.
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Although aluminum has been used successfully in metal-matrix composite
components for engines, including connecting rods and pistons, the high loading
and high temperature combination seen in a valve was deemed too severe.
Aluminum melts at 660T, and significant creep occu rs at lower temperatures.

SiC offers outstanding matrix properties, however it was eliminated
because it requires a Chemical Vapor Deposition (CVD) or Infiltration (CVI)

process to produce. This is time consuming and is not compatible with the RTM

process.
TYPICAL Ty MELT
PRODUCT () POINT ()
Polysulphone (PSU) Udel P1700 (Amoco) | 190 --
Polyethersulphone (PES) Victrex 4100G (ICl) 220 -
Polyamideimide (PAI) Torlon (Amoco) 290 --
Polyetherimide (PEI) Ultem (GE) 217 --
Thermoplastic Polyimide (TPE) | Avimid KIlII (DuPont) 250 .-
Thermoplastic Polyimide Aurora (Mitsui) 260 388
(LaRC-TPI)
Polyketone Victrex-HTX (ICI) 205 285
PEKEKK Ultrapek (BASF) 175 375
Polyetherether-ketone Victrex-PEEK (ICl) 143 343

Table 5, Thermoplastic matrices for high-temperature applications,
adapted from Mangalgiri'®.
After considering the vast amount of data on high-temperature polymers it

was decided that, for the intake valve, LaRC-PETI-RFI, should be used because
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of the high operating temperature, ability to be resin transfer molded and local
experience with the material'%.

The exhaust valve sees a much more severe environment, one that no
current thermoset or thermoplastic can withstand. However, it is possible to
create a carbon matrix from a polymer precursor. For this reason, it was decided
that the matrix material for the exhaust valve should be graphitic carbon, made
from an injection molded LARC-Si precursor. This will require high-temperature
pyrolization and later Chemical Vapor Infiltration (CVI) to densify the matrix. The
carbon matrix will also require coating for oxidation protection. Final matrix

material selections are shown in Table 15.

Table 15. Material selection for the intake and exhaust valves.

Valve Fiber Matrix

Intake Carbon LaRC-
PETI-RFI

Exhaust Carbon Carbon
(LaRC-Si
precursor)

2.3.2.3 Fiber Placement Analysis Using FEA

A finite element model was used to design the composite valve based on
the worst case loading scenario (bounce) and the required fatigue life. Material
used in the model was carbon fiber in an epoxy matrix. This should produce a
conservative result, since the strength and modulus of the PETI-RFI| matrix

material is higher than that of epoxy.

2.3.2.3.1 Methodology
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The methodology was to start with a minimum of fiber and place additional
fiber layers based on where and how the fiber was predicted to fail by the FEA
model. For each, the failure index was plotted along the length of the valve. The
Tsai-Wu failure criterion was used for this problem. This gave an indication of
where the fiber/matrix would be expected to fail first. From this data, ply-by-ply
analysis was conducted to determine the failure mode or modes that were most
likely to occur. For all the models, the peak stress occurred at the base of the
valve stem and the dominant failure modes were transverse normal stress in
each ply and in-plane shear stress for plies oriented at an angle to the valve axis.
An example of this process is shown for model 1 below. A summary of the

model progression and failure modes is shown in Table 16.

2.3.2.3.2 Structural Design Example - Model 1

Model 1 consists of a single layer of unidirectional carbon fiber, 0.125mm
thick on the valve surface, with epoxy filler for the remaining volume of the valve.
For the purpose of simplifying the analysis and reducing computation time, one
half of the valve was modeled with a mirror constraint on the mid-valve cut
surface. The valve keeper groove was constrained and a load of 3000N was
placed on the valve seat, along the axis of the valve, placing the valve in tension.

From this model, the failure index was plotted for each ply in the model

where:

. actual _ stress
Fuailure Index = [ = ]

Jailure _stress

Equation 15
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Table 16. Fiber model progression, configuration and failure mode(s)

Model # Fiber and Failure Failure Peak Failure
Orientation Location Mode(s) Index
1 Single Uniaxial | Stem Base Transverse 8.7
Fiber layer fiber failure
3 Single Braid +/- | Stem Base Transverse 5.24
30 fiber failure
and in-plane
shear
4 Single braid +/- | Stem Base Transverse 4.96
30 and single fiber failure
uniaxial sleeve and in-plane
shear
6 Two braids +/- Stem Base Transverse 3.99
30, fiber failure
One braid and in-plane
+/-45 in stem shear
base, fabric face
8 Stem: Two Stem Base Transverse 1.49
braids of +/-30, fiber failure
Base, [+-
30/0/90]s
12 Stem: Two Stem Base Transverse 0.56
braids of +/-30 fiber failure
and 1.5mm
uniaxial tow
Base: 0,[-
60/60/-60/60/-
30/30]s
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Figure 29 shows a plot of peak failure index of all plies in the model. Itis
clear that the area with the highest stress is at the base of the valve stem where
the stem transitions to the valve head. Figure 30 shows an X-Y plot of failure
index along the length of the valve stem. The left hand side of the plot
represents the valve head; the right hand side represents the tip of the valve.
This plot allows pin-pointing the ply in which failure occurs. Because this model

consists of a single unidirectional ply, ply 1 represents the carbon fiber layer, and

ply 2 represents the epoxy filler.

Figure 29. Peak failure index for all plies in the valve, model 1.
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Figure 30. Failure Index for each ply, model 1.
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From Figure 30 it is clear that failure occurs in the fiber layer, although the
mode of failure is still unknown. The next step was to look at the specific
stresses in each fiber layer. All plots of stress are done relative to fiber direction
so that they can be compared to the Tsai-Wu failure criterion. Figure 31, Figure
32 and Figure 33 are plots of the stress in the fiber direction (o), in-plane

transverse shear stress (oyy), and transverse normal stress (gyy) respectively.
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Figure 31. Stress in Fiber Direction (oxx) for each ply,
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Figure 32. In-plane transverse shear stress (oy,) for all plies, model 1
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Figure 33. In-plane transverse normal stress (oy,) for all plies, model 1
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It can be seen from these figures that, for model #1, failure is predicted to
occur in the fiber layer, as a result of transverse normal stress, at the base of the
stem. As expected from a laminated plate model, through-ply normal and shear
stresses were insignificant.

This methodology was used for each model developed. A summary of the
model progression, failure modes and peak failure index for some of the models
is presented in Table 16. Braided sleeves were used in the model because of
the ease of fiber placement and orientation in the mold. The table clearly shows
the progressive reduction in the failure index as more fiber was added. Plots of
Failure Index, and appropriate stresses for all 12 models are shown in 0,
Appendix 3: Stress Plots for FRC valve structural design.

From the FEA analysis described above and progression shown in Table
16, the fiber orientation decided on for the current design was determined to be:

e Stem: [+-30/+-30/0]

e Stem base and seat: [+-60/+-60/+-30]s/0.

The CAD model of the valve predicts a mass of 18.3 grams. This
represents a mass reduction of 50% over the stock steel valve.

In practical terms for assembly of the fiber preform, the final fiber design

In the stem:
e 2 x1/4 in braided sleeves
e 120k axial UD tow [£30/ £30/ 0]

In the transition area:
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e 3 layers of braided sleeve

e 120k axial UD tow [+60/+60/+30/ O]s

2.3.2.4 Fatigue Strength

Carbon fiber has been shown to have effectively infinite fatigue life when
loaded to 95% of failure strength in the axial direction'®. Since the failure index
for the fibers in the axial direction in all plies of the laminate is theoretically well
below 95% of failure strength, fatigue life is expected to be infinite. Based on the
loads seen under normal operating conditions, transverse shear and normal
stresses are also sufficiently low to ensure infinite fatigue life. However,
continued operation at the “bounce” loading condition will produce failure after

several hundred thousand cycles.

2.4 Thermal Modeling

Because the FRC material chosen for the valve has different thermal
conductivity than the steel valve, thermal performance will be different. The goal
of the analysis presented was to understand the thermal behavior of FRCs, and
to understand the failure mode observed in the running engine. This should
enable design of a solution that will allow performance of FRC valves under the
thermal and structural loading experienced in a running engine. Thermal failures
of the carbon PETI-RFI intake valve, discussed in chapter 4 also drove the need
for a more in-depth thermal analysis. The analysis presented consists of two
parts; 1) an initial transient thermal analysis using a basic one-dimensional model

and simple tools and, 2) an in depth analysis of FRC materials and coatings to
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understand the fundamental relationship and design criteria necessary for
designing a generic composite material for thermal management and for
operation in the extreme conditions of the combustion chamber. In addition, an

initial thermal design for a FRC valve is presented.

2.4.1 |Initial Transient Thermal Analysis

A simple transient, flat plate analysis was conducted to determine the
approximate temperature of the valve face and the temperature profile through
the valve. The purpose was to compare the thermal conductivity and resulting
temperature distribution of the FRC valve to a standard steel valve. The valve

was modeled as a plane wall with convective heat transfer as shown in Figure

34.
T(x,0)=T.
:
-
-
:
:
!
k,a 1
! .
Tor B ! T..h
1
[ ]
'
x*=x/L
Figure 34. Plane wall with convective heat transfer, adapted from Incropera
& DeWitt'",
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In the diagram above, the variables described are:

T. [K] Ambient fluid temperature

Ti [K] Mid-plane temperature

h [W/m?K] Convective heat transfer coefficient

k[W/mK] Conductive heat transfer coefficient

L[m] distance to the midplane

a[m?/s] thermal diffusivity

In this analysis, the temperature distribution at any instant and position in
the plate is defined by the equation:

O T T,
A Equation 16

o =
©*, the non-dimensional temperature distribution is defined as:

0 = Z exp(-¢, )LOS( ")

n=l Equation 17

This produces a series solution that is the product of the Fourier number,
Fo, (a non-dimensional time constant) and a cosine term that is a function of
distance from the mid-plane and §,. &, terms are a function of the ratio of
conductive to convective heat transfer at the plate surface'®’

A simple analysis was conducted comparing the steel valve and two FRC
valves, one with carbon fiber oriented parallel to the valve face and another with
the fiber oriented perpendicular to the valve face. The values used for this

analysis are shown in Table 17.
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Table 17. Values used for transient heat transfer analysis.

VARIABLE VALUE
h 490 W/m°K
Le 3.175 mm
Ta 600 K
Ti 0K
t 0.06 sec

The time, t of 0.06 seconds, corresponds to longest time the valve would
be exposed to combustion and exhaust gasses. This represents 180 crank angle
degrees at idle speed.

The material properties used are shown in Table 18. The two values of
conductivity and diffusivity for the carbon/epoxy composites vary greatly because
carbon fiber has an extremely high thermal conductivity along the fiber axis, but a
much lower conductivity perpendicular to the fiber axis. The values used
correspond to a 30% volume fraction of carbon fiber. Epoxy was used because
appropriate data was not available for PETI-RFI.

Table 18. Material properties used for transient thermal analysis.

STAINLESS CARBON/EPOXY | CARBON/EPOXY
STEEL PARALLEL PERPENDICULAR
K [W/mK] 50 0.456 24.5
a [m?/s] 1.88x10™ 3.30x107 1.76x107

2.4.2 |Initial Transient Thermal Analysis Results

The results of the transient thermal analysis for steel and for the two

carbon/epoxy composites are shown in Figure 35. In this figure, the left side of
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the plot represents the face of the valve, exposed to the combustion chamber.
The right side of the plot represents the mid-plane temperature of the valve, at a
depth equal to the thickness of the valve seat. This can be assumed to be the

steady-state temperature of the valve.

Temperature Rise above Midplane
160.0
+——Ts = 150.1 t= 0.06 sec

140.0 = — —

1200 }H——— ———
< —g— Steel
4 100.0 - =8 Carbon/Epoxy Parallel
& 80.0 [—t—Carbom’Epoxy Perpendicular
£ Ts = 37.9 = '
s 600 & - — — .
2 Ts = 22.78
g 40.0 —— ———
2

20.0 i . . P—

0.0 1
200 ) 0.5 1 1.5 2 25 3 3(5
Distance from Valve Face (mm)

Figure 35. Calculated temperature distribution across the valve face for
three different materials.

It becomes immediately apparent from this plot that the decreased thermal
conductivity of the FRC valve in the configuration used (with fibers parallel to the
face) does not allow heat transfer back through the valve seat. The resultis a
much higher surface temperature than the steel valve. This simplified analysis
shows that the temperature at the face of the steel valve rises a mere 38T
above the steady-state valve temperature, whereas the carbon/epoxy with fibers
parallel to the face experiences a temperature rise of 150T. It is also interesting
note that, by changing the fiber orientation in the valve face so that the fibers run

perpendicular to the valve face, the axial conductivity of the valve increases and
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the result predicted is a valve face temperature slightly higher (23C temperature
rise) than that of the steel valve.

It should be noted that these values represent a temperature rise above
the steady-state temperature of the valve. It is still not clear from analysis how
the steady state temperature of the FRC valve will compare to that of a steel

valve.

2.5 Detailed Analysis of FRCs and Coatings

2.5.1 Purpose of this Study

The research presented in this section is two fold; 1) gain a fundamental
understanding of the steady state and transient thermal behavior of orthotropic
composite materials with and without coatings and, 2) apply this knowledge to
the design of an FRC valve that will withstand operation in the extreme thermal
environment of the combustion chamber. From the literature review, presented
in section 1.4, there does not appear to be a comprehensive study on the
performance of tailored FRCs with coatings for thermal management. This work

attempts to fill that void.

2.5.1.1 Choosing the Model

Three fundamental transient heat transfer models were considered for the
basis of the analysis. The models were the classical Fourier model, the
Hyperbolic model and the Dual Phase Lag (DPL) model. Each of these is

discussed briefly below.
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2.5.1.1.1 The Fourier Model

The classical Fourier based model is well understood and forms the basis
for most modern thermal analysis. The Classical Fourier equation for conduction

can be expressed as:

Qi’ aT H
== —f— Equation 18
E 5 quation

n

n

Where:

an [W/m?] is the rate of heat flow per unit area normal to the n direction
Q, [W] s the rate of heat flow across the normal area A,

A, [m?] is the cross-sectional area

k [W/mK] is the thermal conductivity of the material

oT ; o Py

> [K/m] is the temperature gradient in the n direction
n

For an orthotropic composite material, the generalized form of the Fourier

equation in Cartesian coordinates becomes'®®:

a.) Tk, k, k,]|ox x
" ' . " |)aT oT .
4g=19, (=—1kn ks kn<a—>=—[K]~E—)—~ Equation 19
4 'V
‘II ki ki ks ll9r aT
o= | 0z

The Fourier model is the basis for thermal simulation in most Finite
Element Method (FEM) and Finite Difference Method (FDM) codes. It has been
verified as appropriate for calculating transient temperature distributions in 2-D

and 3-D composite plates'®. An alternative approach to multi-dimensional
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problems involves using a separation of variables approach. This essentially
solves three one-dimensional problems. The resulting temperature distribution is
then product of solution functions in three directions'®.

For transient heat conduction with generation and constant conductivity,
the Fourier model can be written as:

VT + f = i%_?‘ Equation 20
c a ot

Where:

a [mzls] is the thermal diffusivity of the material

g [W/m?] rate of heat generation per unit volume

t [sec] time

This is referred to as the Fourier-Biot Equation®. The Fourier model
assumes infinite speed of propagation, and that heat flux and temperature

change occur at the same time'"°.

2.5.1.1.2 The Hyperbolic Model

The Hyperbolic conduction model suggests that heat flux and temperature
change do not occur simultaneously and introduces a phase lag between the two

terms. The hyperbolic heat equation can be written as'"’:

T 2 4 4 T
la—T+ .9 T:V"T+‘{"—+£a—g-

L Equation 21
o ot « ot k k or e

Where:

T [s] Iisthe thermal relaxation time of the solid
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2.5.1.1.3 The Dual Phase Lag Model

The Dual Phase Lag (DPL) model does goes a step further and suggests
that there is a phase lag associated with both temperature change and heat

flux'"": The Dual phase lag heat conduction equation can be written as:

1 oT ¢, ., 7; 0
. r,r]+-—
(24

o Ot

(.F)=V°T(0.7 —a[v;r ]-i-kI:g f%(m)]

P
Equation 22

Where:

7, [s] is phase lag in the heat flux vector
7, [s] is phase lag in the temperature gradient

Notice that, in the absence of a temperature gradient phase lag, this
equation collapses to the hyperbolic heat equation. In the absence of both phase
lags, the equation collapses to the Fourier equation.

Extensive simulations of the dual-phase lag model have been conducted
by Hader et al. Simulations of heat transfer through a single thin layer''’, a dual
layer slab similar to a solid with a coating''?, and a homogeneous composite with
heat generation'' have all been conducted. Results show that deviations
between the Fourier model and the DPL model appear at very fast heating rate
and very thin layers. Examples provided of high heating rate are laser and

microwave heating of semiconductors and films. The effect becomes significant

when the heating frequency @ > L_ For thin metal films, #=10" andL=10"

Therefore it becomes necessary to use the DPL model at frequencies larger than
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10'?Hz. Recalling the purpose of this study was to understand coatings and
FRC performance in the thermal environment of an engine combustion chamber,
this would imply that, for phase lag effects to be significant the engine would
have to run at 10" RPM. Peak speed of even the most high performance
engines is in the order of 2x10* RPM.

Based on the previously published work described above it was decided
that a Hyperbolic model or Dual-phase lag model was not necessary. Using a
Fourier based FE model with bulk material properties will introduce only a small

amount of error which is acceptable to this analysis.

2.5.1.2 Modeling Material Properties

Testing, modeling and analysis of spacecraft designs have shown that 1-D
circuit analysis and FEA are appropriate tools when using an equivalent thermal
conductivity for FRC panels®. That is, it is not necessary to model fiber-matrix
interface conditions, bulk thermal properties based on constituent material
properties and volume fractions are appropriate for design.

Balageas conducted a fundamental study to measure the apparent
diffusivity of fiber reinforced composites under transient heating conditions.
Results showed that, apparent flash diffusivity of the composite can range from
0.5 to 1.5 of steady state diffusivity. Limits of homogeneous property model were
shown and proposed changes in techniques were discussed. The ratio of fiber
size and spacing to part thickness is of particular importance. As the thickness of
the part becomes large relative to the fiber spacing, apparent diffusivity

approaches steady-state diffusivity''®>. Additional studies have also shown that
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inter-constituent temperature gradients are considerable within distance of yarn
spacing from the surface’".

The analysis conducted deals with FRCs with a thickness of 2mm and
200mm respectively. Typical fiber diameters range from 7um for carbon fiber to
200um for CVD Boron fibers''®. Assuming moderate volume fractions of fiber
and fiber consolidation, there are still several orders of magnitude difference
between the fiber spacing and part thickness. Thus it was deemed that use of

steady state material properties was appropriate.

2.5.2 Analysis

2.5.2.1 Model Setup

In order to quantify the affect of coatings and fiber orientation on transient
heat transfer, two generic axisymmetric models were built. Two basic models
were used, a thin plate and a thick plate. Each had a diameter of 1 meter. The
thin plate had a thickness of 2mm yielding an aspect ratio of 500:1. The thick
plate had a thickness of 20mm, yielding an aspect ratio of 5:1. These two
combinations were chosen to represent a generic “thin” and “thick” composite.
For all cases with a coating, a coating thickness of 0.1mm was used. Figure 36

is a representation of both the thick and thin models.
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Figure 36, Thin and Thick model geometry and surface definitions.

2.5.2.1.1 Boundary Conditions

For all analyses, there are only two sets of boundary conditions. The first
set of boundary conditions represents an axial heat path, in which the only path
for heat conduction through the composite is through the thickness of the solid.
The second represents a radial heat path in which the only path for heat transfer
is radially through the edge of the solid. Figure 37 is a graphic representation of
the axial and radial heat transfer cases. For all cases, boundary conditions were
modeled as convective heat transfer with matched heat flux into and out of the
solid. To accomplish this, the convective heat transfer coefficient of the sink was
changed so that the product /- 4 was equal for the source and sink. Table 19 is

a summary of the boundary conditions used for the model.

Source Source
' Sink

Figure 37. Axial and radial heat paths.

Sink
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Table 19. Boundary conditions for the model.

Axial cases Radial cases
Source Surface 1 Surface 1
h (W/m*°K) 500 500
T« (°K) 1300 1300
Sink Surface 2 Surface 3
(bottom face) (edge)
h (W/m*K) 500 62500 (thin)
625 (thick)
T« (°K) 300 300
Insulated Surface 3 Surface 2
(h=0) (edge) (bottom face)

2.5.2.1.2 Material Properties

For each model and set of boundary conditions, a set of generic isotropic

material properties and orthotropic material properties were chosen that span the

known range of typical material properties. Table 20 lists the properties of

common engineering materials spanning the range of material thermal

properties. Table 21 lists the material properties used to model isotropic

materials, and Table 22 lists the material properties used for orthotropic

materials. In each case, density and specific heat were held constant and only

thermal conductivity was changed with the differing materials. For orthotropic

materials, both axial and radial conductivity were varied such that the ratio of

conductivities in the principal directions was changed such that the ratio of axial

to radial conductivity varied from 1:1000 to 1000:1. This spans the ranges

typically seen in all composite materials.
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Table 20. Thermal properties of common engineering materials.

Maximum inimum
Material Material Ratio Ratio
Min Name Max Name (Max/Min) (Min/Max)
Evacuated
|k (W/mK) 0.0017]Silica Powder 2300|Diamond 1.4E+06 7.4E-07]
Polystyrene,
density molded rigid
16|beads 21450(Platinum 1.3E+03 7.5E-04
116/Uranium 2010|Soft Rubber 1.7E+01 5.8E-02]
1.41E-07|sulfur 1.74E-04silver 1.2E+03 8.1E-04
Table 21. Material properties for isotropic materials.
density, thermal thermal
|Material Name - rho, Specific heat, conductivity |diffusivity,
Isotropic Materials (kg/m”3) |Cp (J/kgK) k (W/mK) |alpha (m"2/s)
liso 1 10 1000 0.001 1.00E-07
liso 2 10 1000 0.01 1.00E-06
fiso 3 10 1000 0.1 1.00E-05
liso 4 10 1000 1 1.00E-04
liso 5 10 1000 10 1.00E-03
liso 6 10 1000 100 1.00E-02
liso 7 10 1000 1000 1.00E-01

Table 22. Material properties for orthotropic materials.

axial radial

axial radial thermal |thermal

thermal thermal diffusivity, |diffusivity,
|Material Name - Specific heat, |conductivity |conductivity |alpha_a |alpha_r |conductivity |diffusivity ratio
(Orthotropic Materials |(kg/m*3) |Cp (J/kgK) k_a (WimK) [k _r (W/mK) |(m*2/s) [(m"2/s) |ratiok a/k _r |alpha alalpha_r
lortho 1 10 1000 1.0E+02 1.0E-01] 1.0E-02] 1.0E-05 1.0E+03 1.0E+03
lortho 2 10 1000 1.0E+01 1.0E+00] 1.0E-03] 1.0E-04 1.0E+01 1.0E+01
lortho 3 10 1000 1.0E+00 1.0E+01 1.05—04 1.0E-03 1.0E-01 1.0E-01
ortho 4 10 1000 1.0E-01 1.0E+02] 1.0E-05] 1.0E-02 1.0E-03 ‘l.GEAClj]

2.5.2.1.3 Coating Properties

For isotropic coated materials, the coating conductivity was also varied in

decades in the opposite direction as the core material properties. This enabled a
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set of analysis that spanned the range from a conductive coating on an insulating
core to an insulating coating on a conductive core. Table 23 is an example of the
material properties used for isotropic, coated models.

Table 23. Coated isotropic materials.

core
density Specific Heat, thermal
Coating Core (kg/m*3) [lcp (J/kgK) coating thermal  |diffusivity,
material Material |k-coating |k-core core and ||coating and diffusivity, alpha |alpha
Test Name name name (WimK)  |[(W/imK) coating] _|core] (m"2/s) (m"2/s)
ick_iso_coat a 1 |iso 7 iso_1 1000 0.001 10} 1000] 1.E-01 1.E-07]
Jthick_iso_coat a 2 |iso 6 is0_2 100, 0.01 10} 1000 1.E-02 1.E-0q
iso_coat iso i 10
iso_coat i i ; 1 | )
Hick iso_coat a 6 liso 2 iso_6 0.01 100 10) 1000 1.E-08) 1.E-02
ick_iso_coat_a_7 [iso_1 150_7 0.001 1000 10 1000 1E 1.E-01

In order to limit the number of analysis cases required for orthotropic
materials, the four generic orthotropic materials described in Table 22 were used
each with either a conductive or insulating coating. Table 24 is an example of
the material properties used for the orthotropic, coated cases.

Table 24. Coated orthotropic material properties.

ratio
[Material: Core k_coating /
hick_ortho_coat_a_ |material k-axial k-radial _|coating k coating [k _axial Bi-coat
1]ortho 1 100 0.1}iso_2 1.00E-02 1.00E-D4 5.00E+00
2|ortho 2 10 1]iso_2 1.00E-02 1.00E-03 5.00E+00
3lortho 3 1 10]iso_2 1.00E-02 1.00E-02 5.00E+00
4|ortho_4 0.1 100}iso_2 1.00E-02 1.00E-01 5.00E+00
5]ortho_1 100 0.1]iso_6 1.00E+02 1.00E+00 5.00E-04
6lortho 2 10 1liso_6 1.00E+02 1.00E+01 5.00E-04
7]ortho 3 1 10]iso_6 1.00E+02 1.00E+02 5.00E-04
8lortho 4 0.1 100}iso_6 1.00E+02 1.00E+03 5.00E-04

2.5.2.2 Steady State Analysis

Simple steady state analysis was conducted for each of the axial cases to
gain an understanding of how material properties change the performance of the
material, as well as to understand the equilibrium condition that the transient
cases are approaching. It was also used for verification of the transient

analyses. Figure 38 is the diagram and thermal circuit used for the uncoated,
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steady state temperature calculations. Figure 39 is the diagram and thermal
circuit used for the coated, steady state calculations. Results from each model

and material were calculated, normalized and plotted for comparison.

S, S,
core
T., hy K, To, Dy
. »
1/h, L./k, 1/h,

Figure 38. Steady state thermal circuit for uncoated, axial cases.
In transient heat transfer analysis, Biot number, or the dimensionless heat

transfer coefficient, is defined as:
Bi=— Equation 23

This represents the ratio of convective heat transfer at the surface of the
body to conduction within the body®®. Typically, Biot numbers greater than 0.1
imply conduction is greater than convection at the boundary and temperature
gradients inside the body are negligible. The Biot number enables calculation of

the transient temperature distribution through the thickness of the plate. For the
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purpose of this analysis, a modified Biot number, referred to as the Stanglmaier
number, St, is defined as:

L/
/ ki

Sy S Equation 24
L/ ybf
/h Sk,

S, |B S,
coating
i
et core
Te, D K, K, T
Lz’: L,
1/h, L,/k, L,/K, 1/h,

Figure 39. Steady state thermal circuit for coated, axial cases.

At the boundary between two materials, this unitless number represents
the ratio of heat transfer into the boundary to the heat transfer out of the
boundary. Similarly, a high Stangimaier number would imply uniform

temperature distribution in the core material. Using the same methodology as in
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the Biot analysis, the Stangimaier number enables calculation of the transient
temperature distribution through the thickness of the coated plate.
The ratio of the surface coating Biot number to the core material

Stangimaier is defined as Bb, where:

Bi
Bb = ;—”— Equation 25
St

oore

Simplifying yields:

Bb =[i—')(i—}(l+h&] Equation 26

| 2 2

This ratio, Bb, represents the ratio of the heat carrying capacity of the
coating to the heat carrying capacity of the core material under convective heat
transfer conditions. Thus, if the Biot number enables calculation of the transient
temperature distribution in an uncoated plate, and the Stanglmaier number
enables calculation of the transient temperature distribution in the coated plate,
the ratio of the two numbers, Bb, should provide some understanding of the
relative temperature profiles in both the core and coating materials.

Using the steady state-circuit diagram temperatures at the surfaces and
interface were calculated for each set case described in the previous section.
Using the dimensionless parameters described, plots of normalized temperature

distribution were generated.

2.5.2.3 Transient Analysis

The Finite Element and Computational Fluid Dynamics software, Fluent™,

was used to conduct transient analysis for the cases described above. For each
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case described in 2.5.2.1, a transient analysis was run using the time step

scheme presented in Table 25. Results were collected, normalized and plotted.

Table 25. Transient analysis time steps.

Run # Time step (sec) # of time steps | Total Elapsed time
(sec)
1 10-5 1000 10-2
2 10-4 900 10-1
3 10-3 900 1.0
4 (thick cases 10-2 900 101
only)
5 (thick cases 10-1 900 102
only)

For complete details of all the analysis cases, please refer to Appendix 4:

Complete Thermal Analysis Plans.

2.5.3 Results and Discussion

2.5.3.1 Results - Axial Heat Path

In an orthotropic material with a linear, axial heat path, the orthotropic

composite material behaves as an isotropic material. Material performance is

only affected by materials in the direction of the heat path. Properties

perpendicular to the heat path do not affect the result. As a result the case

collapses to a 1-D solution with no differences between isotropic and orthotropic

cases. Figure 40 illustrates this fact. The plot on the left is of an orthotropic

composite material with axial conductivity of 0.1 W/mK and radial conductivity of

100 W/mK. The plot on the right is the corresponding isotropic material with k =

113




0.1 W/mK. The plots are identical. As a result of this, orthotropic materials are

not discussed in the context of an axial heat path.

Case 9: Thin-ortho-a-4 Case 1: Thin_iso_a_3
k-axial = 0.1 WimK k= 0.1 WimK
k-radial = 100 WimK
]
f = 1200 w —~— 00
b < :?n t. s
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Figure 40. Orthotropic vs. Isotropic material response for axial heat path.

2.5.3.1.1 Steady State Analysis

Simple steady state analysis was conducted for each of the axial cases to
gain a better understanding of how material properties change the performance
of the material, as well as to understand the equilibrium condition that the
transient cases are approaching. It was also used for verification of equilibrium
for the transient analyses. Results were normalized and plotted in terms of Biot
number, unitless length, x* and unitless temperature 6. Data was combined for
the thick and thin models. Figure 41 is a plot of the steady state temperature
distribution for uncoated, isotropic materials.

Figure 41 shows that under steady state conditions, for increasing Bi, the
surface temperature of the material increases until it is equal to that of the
ambient air temperature while back side temperature decreases until it is equal to
that of the ambient air of the sink. As Bi decreases, the steady state temperature
approaches © = 0.5. That is, the temperature of the solid is exactly midway

between that of the source and sink. Thus, if the design goal is to lower the
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surface temperature in a material, we have three options. Recalling that Bi =
hL/k, these three options are; 1) decrease the heat transfer coefficient h, 2)
decrease the thickness of the material, L, or 3) increase the conductivity of the

material k.

Normalized Temperature Distribution
Steady State Isotropic, Uncoated
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Figure 41. Normalized temperature distribution for uncoated, isotropic
materials under steady state conditions.

2.5.3.1.1.1.1 Effect of Bb on Temperature Profile

Normalizing the data for the thick and thin cases results in two sets of
plots which overlap; this data was combined and is presented in Figure 42. A
clear trend is apparent from this figure. The demarcation line where the core
material and coating behave as one is at Bb = 1. For values of Bb < 1, the
temperature distribution in the coating is essentially uniform, with the peak core
temperature being equal to the surface temperature. This represents a
combination where the coating material has a thermal conductivity greater than
that of the core. For values of Bb > 1, there is a larger temperature gradient in

the coating, with the peak core temperature dropping as Bb increases. These
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cases represent a combination where the coating material has a thermal
conductivity less than that of the core. Thus, if the goal of the designer is to

“protect” the core, increasing the value of Bb will have the desired effect.

Normalized Temperature Distribution
Steady State Coated Isotropic materials
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Figure 42. Normalized temperature distribution for coated, isotropic
materials under steady state conditions.

2.5.3.1.1.1.2 Effect of Thickness Ratio on Interface Temperature

| core

For steady state analysis only, the thickness ratio, defined as i‘ -

coating

was varied in decades from 2 to 2000. Dimensionless interface temperature (at
the boundary between the core and coating) was plotted for varying Bb. Results
are presented in Figure 43.

From this plot, it is apparent that increasing the thickness ratio increases
the interface temperature for a given Bb<1, and decreases the interface
temperature for Bb>1. If the design goal is to lower interface temperature and
“protect” the core, for a larger thickness ratio, a Bb closer to one will work well.

For the range of materials and thickness ratios, a Bb>100 will result in interface
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temperature ©5<0.15. If the design goal is to transmit heat to the core, for the
range of materials and thickness ratios, Bb<0.1 will result in interface

temperature ©g>0.85 and for Bb<0.01 will result in interface temperature

©g>0.90.
Steady State Interface Temperature vs Bb
for varying thickness ratio
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Figure 43. Steady state interface temperature for varying Bb and thickness
ratio.

2.5.3.1.2 Results - Transient Analysis

In steady state situations, material performance is dependent only on
conductivity, k, and specific heat, c,. During transients, thermal diffusivity, a, and
effusivity, B dominate material response'’®. Referring to the material properties
used for this analysis in Table 21 and Table 22, material density, p, and specific
heat, c, are held constant across all the materials used. This has the simplifying

effect of constraining changes in material performance to changes in thermal
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conductivity only. For transient material performance, data is presented in terms
of the unitless time measure, the Fourier number, Fo defined as:

Fo= QT'( Equation 27

2.5.3.1.2.1Uncoated Material Response

Figure 44 is a series of plots for an uncoated, isotropic solid representing
the temperature distribution through the thickness of the solid. In each sub-plot,
Bi is constant, that is the material properties do not change. Each series in the
sub-plot represents an increment in time, or an increasing Fo. As in the steady
state plots, increasing the Bi number of the material results in increased
temperature gradient and increased surface temperature in the solid. This data
was verified with against a 1-D finite difference model as well as a traditional Biot
model used to model transient temperature distribution in a flat plate with
convection.

Figure 45 is the same data presented slightly differently. Here each sub-
plot can be thought of as a snapshot in time. Each series on the sub-plot can be
thought of as a set different of materials or boundary conditions that change the
Biot number. Thus, for the same time, a material with a larger Biot number will
have a larger temperature gradient, and a higher peak temperature. Lower
Fourier numbers yield lower temperatures. Lower Bi numbers also yield lower

temperatures.
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Figure 45. Transient Temperature Distribution for uncoated, isotropic

materials.
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2.5.3.1.2.2Coated Material Response — Effect of Bb on Temperature Profile

For presenting transient response, it may seem logical to compare the
Fourier numbers of the coating and core material. If we introduce yet another
ratio of unitiess numbers, called Ff, defined as:

L Equation 28

. F I
Ff = O cour = ﬂ. S %
2 1 2

T WPo. L, ot

R

1

Recall that @ = —— , substituting yields }«_*f:[ k J(*" "'ﬂ""]
2 I

2-e, pic,L k

For the materials modeled in this study p, =p,and ¢, =c¢,,. Thus the

ratio of Fourier numbers, Ff simplifies to:
Ff = z_ cal Equation 29

This is the inverse of the first two terms in Bb and neglects the change in
convective heat transfer coefficient. As a result, transient data will be presented
in terms of Bb. For all of the data presented below, the time increment chosen
was the Fourier number for the coating, Fo-coat. This was chosen because the
thickness of the coating, and therefore Fo, was the same for the thin and thick
models. Figure 46 is a series of plots of the temperature distribution through the
thickness of the coated solid. Bb is increasing from top left to bottom right. In
each plot, the successive series are decade increments of Fo-coat. Notice the
drastic change in temperature profile that occurs from Bb = 1 (top right plot) to Bb
= 6 (bottom left plot). For Bb<1 the temperature distribution in the coating is
essentially uniform and peak core temperature is equal to the surface
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temperature. For Bb>1, there is gradient in the coating and peak core
temperature is less than the surface temperature. This gradient increases with
increasing Bb.

Figure 47 is the top left plot from Figure 46. Here Bb<1 and the result is
that the temperature distribution at all Fourier numbers is essentially constant in
the coating and equal to the surface temperature. The coating material transmits
heat to the core material very effectively.

Around Bb = 1, things there is a continuous transition from one
temperature profile to the other that is also a function of Fo (time). Figure 48 is a
similar plot where Bb is roughly one for all plots. Fourier number is increasing
from the bottom to top curve. From this plot it can be seen that, for Bb=1, low
Fourier numbers result in a gradilent in the coating, that is, a temperature
distribution similar to Bb>1. High Fourier numbers result in a uniform coating
temperature, with a gradient in the core material, that is, a temperature

distribution similar to Bb<1.
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Figure 46. Transient temperature distribution for coated, isotropic solid.

Figure 49 is the bottom right plot from Figure 46. In this plot Bb>1, thus,
for all Fo, there is a steep temperature gradient in the coating, and peak core

temperature is significantly less than the surface temperature.
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Figure 47. Temperature profile for Bb <1 showing uniform coating

temperature.

Normalized Temperature Distribution

Coated, Isotropic Solid
Bb~1

N " _
R ~
b AT AL AT AT AW A ORGP GO W) GRS

—&— Fo-coat =
—&— Fo-coat =

Fo-coat =

Fo-coat =
—*— Fo-coat =
—e— Fo-coat =
e Inl_elfgt:e'_

1.E+01
1.E+02
1.E+03
1.E+04 |
1.E+05
1.E+06

0 0.2 04 06

Figure 48. For Bb=1, coating and core temperature rise together.
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Figure 49. For Bb>1, Surface temperature rises quickly, core temperature
stays low and a large temperature gradient exists in the coating.

As the ratio Bb increases, gradient increases and peak core temperature
decreases. This looks remarkably like the steady state diagram because it is a

high Fo number for the core.

2.5.3.1.3 Effect of Bb on Interface Temperature

For nearly all composite coating designs with an axial heat path, the peak
temperature in the core material will be at the interface between the core and
coating material. Figure 50 is a plot of peak interface temperature vs.. Bb for
successive time steps. From this plot the progression of temperature at the
interface becomes clearer. As stated earlier, Bb<1 results in a high peak core
temperature roughly equal to the surface temperature and heat is transmitted to
the core. For Bb>1, interface temperature is lower than the surface temperature

and heat is not transmitted to the core.
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Figure 50. Peak Interface temperature vs. Bb for varying time.

2.5.3.1.4 Discussion — Axial heat path

In designing the combination of a FRC with a coating for thermal
management, an initial engineering assessment might be to choose a coating
and core material based solely on the conductivities of the materials. However,
the data has shown that a better approach is slightly more refined. By comparing
the ratio of heat transfer into and out of the material interface, Bb, a more
accurate assessment of performance can be obtained. If the goal of the designer
is to protect the core material, increasing Bb above unity will more effectively
reduce the interface temperature. Looking at the definition of Bb, this involves

several options:

Bb = k)L 1+hL3 Equation 26
L \k, k,

e |Increase ki — make the core more conductive
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Decrease Ly — make the core thinner

Decrease k; — make the coating less conductive

Increase L, — make the coating thinner

Increase h - increase the convective heat transfer coefficient

The last suggestion, increasing the convective heat transfer coefficient,
may be initially counterintuitive. This approach will only work under the specific
circumstances where Bb >1 and hgource < hsink.  If the inverse is true, that is Bb <1,
and/or hsource 2 hsink, then increasing the convective heat transfer coefficient will
have the opposite effect of raising the interface temperature. [f the goal of the
designer is to increase heat transfer to the core, then the inverse applies for all

conditions.

2.5.3.2 Results - Radial Heat Path

For the radial heat path case, isotropic and orthotropic materials behave
differently. Presentation of the results for isotropic materials will be covered only
briefly. The discussion will focus on the effect of the orthotropic nature of FRCs
and the effect of coatings on material response be spent on orthotropic material

response.

2.5.3.2.1 Reading the plots

Recall from the model description section that the simulation conducted
was a transient, axisymmetric model with “thin” and “thick” configurations. Refer
to Figure 36 for the model geometry and boundaries. For the purpose of

presenting the temperature profile data in the radial heat path cases, the model is
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rotated 90 degrees and a cross section is taken. See Figure 51 for a
representation. The two dimensional temperature data is then plotted as an
elevation change from this base plane. The aspect ratio of the plots is varied for
the thin and thick cases see Figure 52, although these are not the actual aspect

ratios of the model.

Axisymmetric model

Surface 1
(heat source)
L Symmetry axis Fluent Model
;__/ Symmetry axis
Surface 1 = -
Surface 2 (heat source)
(insulator) YT~ Surface 2
(insulator)
surace 3 ; Surface 3
(edge- heat sink) Axisymmetric et Tk GRS
cross-seclion
Figure 51. Axisymmetric model layout.
Temperature Temperature
Surface 1 Surface 1 Symmetry axis
Symmetry axis h
(heat source) (heat souroi‘ -
Surface 2
'\ Surface 3 — _
(insulator)

Surface 3 Surface 2 (edge- heat sink)

(edge- heatl sink) (insulator)

Figure 52. Thick and thin 3-D plot layout.
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As shown in Figure 52, all plots are displayed with the heat source
(surface 1) on the left rear face of the base plane, the sink (surface 3) on the left
front face, the symmetry axis on the right rear face and the insulated surface
(surface 2) on the right front plane. For clarity, a single example plot is shown in

Figure 53.
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Figure 53. Example 2-D temperature profile plot.

2.5.3.2.2 Results — Temperature Distribution in Uncoated Isotropic Materials

For presentation f results, all data was normalized in terms of
dimensionless temperature change ©, axial distance x*, and radial distance R*.
Figure 54 and Figure 55 are a subset of the results plotted for thin and thick
cases respectively. In each plot, Biot number increases with each vertical row,

and Fourier number increases with each column from the left. The same trends
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that were shown in previous section with an axial heat path are apparent with a
radial heat path as well, only now there are two temperature gradients present,
one each in the axial and radial directions. From Figure 54 and Figure 55, it can
be seen that temperature gradient away from the source in the axial direction and
away from the sink in the radial direction increases with increasing Biot number.
At higher Fourier numbers, temperature distribution across the solid is nearly
uniform, and this effect is exacerbated at higher Biot numbers. There exists what
one might label a “taper distance” from the sink surface. This is the distance in
the radial direction necessary for the solid to reach nearly uniform temperature
distribution through the axial thickness. This taper distance appears to be a
function of both Biot number and aspect ratio. Attempts were made to quantify

this distance, but were unsuccessful.

a

Figure 54. 2-D temperature distribution for a thin isotropic solid.
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Fo : o

Figure 55. 2-D temperature distribution for a thick isotropic solid.

2.5.3.2.2.1.1 Temperature Distribution in Coated Isotropic Materials

Similar normalized 2-D plots were generated for the coated isotropic
material cases. As in the 1-D axial heat flow cases, the unitless ratio of heat flow
into and out of the interface boundary, Bb is used as a unit of comparison. Itis
possible to generate two values for Bb for each case, on each in the radial and
axial directions. However, because the critical length of the core and coating is
equal in the radial direction this ratio becomes less useful. As a result, the ratio
Bb in the axial direction is used for comparison on all of the coated radial heat

path cases. In the name of simplicity and space, only a subset of the results
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from the thick aspect ratio cases is presented here. For the plots in Figure 56,
the material properties for the core material are the same as those in Figure 54
and Figure 21 however on the plots the thermal properties of the coating are

varied in the opposite direction of the core. Refer to Table 23 for details.

2932212
Bb=5E-6 [l i
Bb | '
Bb = 7.5E-2 ‘ Ii
| Bb=26E4 /g i‘

4

Fo
Figure 56. Coated isotropic materials, radial heat path.

Notice that the same trends are apparent as in the axial heat path. For
Bb<1 the temperature distribution in the coating is essentially uniform and peak
core temperature is equal to the surface temperature. At higher Fourier
numbers, the temperature distribution appears to be almost identical to that in the
uncoated cases. For Bb>1, there is a large gradient in the coating and peak core

temperature is less than the surface temperature. This gradient increases with

131



increasing Bb and the core temperature stays lower than the uncoated cases
even at higher Fourier number. Aspect ratio of the part still plays a role in
lowering the temperature near the sink, but for at some point the temperature
distribution through the part in the axial direction becomes uniform. Thus, for
isotropic coated materials with a radial heat path, the same guidelines that were

described in the previous section still apply.

2.5.3.2.3 Results - Orthotropic materials

2.5.3.2.3.1Transient Temperature Distribution in Uncoated Orthotropic Materials

o o
| M
i
¥

4 T (K)
kalkr =1E3

Jr

T (K)

-
kalkr =1E1 ‘
‘

he

kr T(K)
kafkr =1E-1

r

T(K)
kalkr =1E-3 o

Jr

Fo >
Figure 57. Orthotropic uncoated materials, radial heat path.
Figure 57 is a series of plots showing the temperature distribution in
orthotropic materials with a radial heat path. As in the previous plots, Fourier
number increases from left to right. For the orthotropic materials modeled,
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thermal conductivity was varied in decades from 0.1 to 100 in the radial direction
and 1000 to 0.1 in the axial direction. (refer to Table 22). The resulting plots are
presented in the same order. The far left column shows the ratio of axial to radial
conductivities ka/k,. Thus the top row in Figure 57 is of a material with a high
axial conductivity and a low radial conductivity. The bottom row is of a material
with a low axial conductivity and a high radial conductivity. From this figure we
see that as ku/k; increases, the through thickness gradient decreases and the
radial temperature gradient increases. As ki/k: decreases, the through thickness
temperature gradient increases while the radial temperature gradient decreases.
For all radial cases, there is a distance from the sink in which temperature
distribution through thickness is essentially uniform. This distance increases with
increasing radial conductivity, or decreasing ka/k;. As in the isotropic material
cases, an attempt was made to quantify this distance, but was not successful.

Looking at the far right column (highest Fo) in Figure 57 we see what is
essentially the steady state temperature distribution for the solid. For kai/k; > 1
this steady state temperature through thickness is essentially constant (top right
plot). For ka/k, <1 steady state temperature distribution consists of a sharp

gradient through the thickness of the composite.

2.5.3.2.3.2Transient Temperature Distribution in Coated Orthotropic Materials

For ease of presenting data, the coated orthotropic cases are presented in
two series of plots. In each case, the core material has the same properties as
those shown in Figure 57. This was done to enable a direct visual comparison.

Figure 58 is the same set of core materials with an insulating coating resulting in
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Bb>1. Figure 59 is the same set of core materials with a conducting coating

resulting in Bb>1. Refer to Table 24 for specific material properties.

Bb = 3E3 i

Bb = 3E2
Bb

Bb = 3E1

Bb =3 '

v

Fo
Figure 58. Thick Orthotropic composite with insulating coating, Bb >1.

Compare Figure 57 to Figure 58. For all cases at low Fourier number (left
column), the surface temperature is higher in the coated cases than in the
uncoated cases. The core temperature is relatively low in all of these cases.
However, at intermediate Fo (middle column), the surface temperature remains
high, while the core temperature is significantly lower in the coated cases. Thus
the insulating coating has the effect of reducing the temperature in the core at all

Fourier numbers, yet raises the surface temperature in all cases.
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Figure 59. Thick orthotropic composite with conductive coating, Bb<1.

Compare Figure 57 to Figure 59. For kJ/k; >1 (top two rows), the
temperature distributions in both sets of plots appear almost identical, indicating
that the conductive coating transmits heat to the core. Because the coating is
thin relative to the thickness of the entire part, it is difficult to see this small
change in profile. For ka/k; <1 (bottom two rows), the surface temperatures
actually drop from the uncoated to coated cases and the core temperature
actually remains lower. It appears that in these cases the coating is acting as a
heat path to the sink. The high radial conductivity and low axial conductivity of

the core material contribute to keeping this heat path near the surface of the part.
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The heat path is more effective at lower Fo, and penetration into the core
increases with increasing Fo.

Additional data analysis was conducted to more thoroughly quantify these
trends. Figure 60 is a plot of peak core temperature at the symmetry axis vs.
Fourier number for the uncoated and two coated cases. This plot represents a
composite with high conductivity parallel to the heat path. These data points

were taken from the plots on the bottom rows of Figure 57, Figure 58, and Figure

59.
Peak Interface Temperature vs Fo
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Figure 60. Peak core temperature vs.. Fo for uncoated, insulated and
conducting coatings.

The dominant trend is this figure is that the insulating coating reduces the
core temperature and delays the temperature rise in the core at Fourier numbers
above roughly 0.15. However, at low Fourier numbers, the insulating coating
actually increases the peak core temperature. This might be referred to as a

“sweet spot” for sing a conductive coating on a FRC to reduce core temperature.
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This result also agrees with experimental data published by Roberts in
which a flat plate with a surface mounted heat source on one end, and a source
on the other observed that, by locating high conductivity fibers near the surface
and the source, heat spreading could be accomplished'".

Figure 61 presents the same data, but for the composite with opposite
orientation, that is, the high conductivity perpendicular to the heat path. These

data points were taken from the top rows of Figure 57, Figure 58, and Figure 59.
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Figure 61. Peak core temperature vs. Fo for uncoated, insulated and
conductive coating.

In Figure 61 there is no point where the insulating coating curve crosses
the conducting coating curve. Thus there is no sweet spot. In all cases, the
insulating coating reduces the core temperature and delays heat transfer to the
core. Atextremely low Fourier numbers, the conductive coating dose a fair job of

reducing temperature as well, however at Fo>1E-3, this ability is lost.
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2.5.3.2.4 Recommendations — Radial heat path

As in the axial heat path cases, by comparing the ratio of heat transfer into
and out of the material interface, Bb, a more accurate assessment of
performance can be obtained. Again, if the goal of the designer is to protect the
core material, increasing Bb above unity will more effectively reduce the interface
temperature. However, in the radial heat path cases there is more flexibility. At
low Fourier numbers (Fo<10®) a conducting heat path may reduce interface
temperature enough to within satisfactory limits and may provide superior
properties in other than thermal areas such as wear.

In all cases, increasing the axial conductivity of the core decreases peak
temperature. This is not easily accomplished with traditional fiber polymer
laminates, however small additions of high conductivity materials such as carbon
nanotubes can have a dramatic effect on thermal performance of the material.
This may also be counterintuitive. One would think that conductivity along the
direction of the heat path is most critical. This is true; however a large mismatch
(i.e. lower) in conductivity in the orthogonal direction to the heat path creates a
large temperature gradient in that material direction. Thus, simply in creasing the
heat carrying capacity in the direction of the heat path may result in thermal

stresses perpendicular to the heat path.

2.5.4 Example — In the Combustion Chamber

As an example, a FRC and coating combination was designed for an
intake valve running in an internal combustion engine. The operating conditions

for a reciprocating engine valve are a make for a difficult design problem. The
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structural and thermal operating conditions are extreme. Table 26 is a summary
of the thermal operating conditions that the intake valve is exposed to. This data
is based on peak load conditions and corresponds to an engine speed of 5000
RPM. The convective heat transfer coefficient is an average across the entire
engine cycle.

Table 26. Intake valve operating conditions.

|Intake Valve operating conditions
T-gas (deg C) 1000
T-ambient (deg C) 30
[T-sink (deg C) 250

|h (W/mK) 500
|cycle time (sec) 0.024

Heat transfer in a valve face is a combination of axial and radial heat flow.
The heat source is on the face of the valve, as in the model. The valve seat,
back side and stem all act as heat sinks. Depending on operating conditions and
valve geometry, roughly 30-40% of heat transfer is through the valve seat when
the valve is closed, 40-60% is through convection on the back surface, and 10%
is via conduction through the stem.*® Thus the results of both the axial and radial
analysis must be considered equally.

The initial structural design of the valve consists of T-300 carbon fiber in a
high-temperature polyimide (PETI-RFI) matrix. Details of the material properties

are shown in Table 27.
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Table 27. Material properties for the uncoated FRC intake valve.

[Uncoated Valve properties
|Radius (mm) 15)
Thickness (mm) 3
Aspect ratio 5
|Core Material Properties

|Fiber type T300

k1 (W/mK) 200}
k2 (W/mK) 50}
vf 0.3
[Matrix Properties

IName PETI-RFI
[k (W/mK) 0.7
[diffusuvity (mA2/s) 0.000583
|[Peak Service

Temperature (deg C) 400}
[ka/kr 0.04
|Bi (axial) 0.66}
|Fo (axial) 1.56)

From this initial calculation of ki/k,, Bi and Fo for the uncoated valve, it is
possible to get an understanding of the temperature profile in the valve under
operating conditions. Referring to Figure 57, the operating conditions for the
valve fall between the bottom two rows at the highest Fourier number. That is,
there is a surface temperature roughly equal to the gas temperature and a large
temperature gradient through the thickness of the valve. Alternately, one can
look at the axial heat path temperature profiles. In Figure 44, the top right
temperature profile at the highest Fourier number is closest to the operating
conditions of the valve.

Based on the design goal of reducing the operating temperature of the
core composite material, there are several options to pursue. Recall that, to
reduce the temperature of the core material coatings should be chosen such that

Bb>1 and that this protection increases with increasing Bb. There are several
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other design constraints for the valve as well. For design reasons that have to do
with stability of running the engine, we would like to keep the face temperature of
the valve as low as possible. High surface temperatures in the combustion
chamber lead to auto-ignition of the fuel, known as knocking. Also, any material
that contacts the valve seat should have a high toughness and wear resistance
dues to the mechanical loading of the valve.

The changes in design are shown in Table 28. Design #1 added a nickel
coating to the FRC valve. This was chosen based on the logic that this might act
as a heat path to the valve seat. However, inspection of the Fourier number
reveals that this is far to high to be in the “sweet spot” described earlier. The
goal of design change #2 was to increase the core conductivity by increasing
fiber content and changing to a more conductive carbon fiber. This has the effect
of bringing Bb closer to 1. Design change #3 changes the coating to a stainless
steel, with a lower conductivity than Nickel. This increases Bb above 1. From
Figure 50 we see that a value for Bb greater than 10 is necessary to drop core
temperature significantly. Design change #4 does this by adding carbon
nanofibers to the matrix material. This increases the core conductivity in all
directions and increase Bb above 25. According to Figure 50, this should lower
the interface temperature by roughly 80%. This should bring the core material
temperature down to below 400°C, the maximum service temperature of the

polymer.

141



Table 28. FRC valve design changes for thermal management.

ﬁesign #1 |Design #2 [-)esign #3 _ |Design #4
Carbon

|Fiber type |T300 K-1100 K-1100] Nanotube
[Fiber Vf 0.3 0.8 0.8 0.8
Coating Stainless|  Stainlesq
Itype Nickel Nickel Steel| Steel
Coating
thickness
(mm) 1.00E-04 0.1 0.1 0.2
Fo 4.86E+04 4.86E+04 9.60E+03] 2.40E+03
Ibb 0.07 0.41 2.30 251

2.6 Discussion of Modeling Results

Using basic mechanics, a prediction of mass reduction was made for a
small aircraft engine. Using direct substitution of FRC materials for existing
components, it is predicted that engine mass can be reduced by roughly 55%. A
72% mass reduction for the reciprocating mechanism is possible. Redesigning
the system to take advantage of the reduced inertial loads enabled by FRC
components may enable even furt.her mass reduction. A conservative estimate
using this shows 90% mass reduction of reciprocating mass may be possible.

A viable structural model for a FRC valve has been designed. While the
structural design of FRCs using FEA is not new, this process was not trivial.
Dynamic loading seen by the valve under normal operating conditions and under
valve bounce conditions are severe. In addition, several new, novel ideas have
been incorporated into this design to aid in manufacture with the goal of high-
volume production. Recall that the two previous attempts at FRC valves were

multi-part components bonded together. These new designs are:
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e The fiber is designed to be a one-piece continuous fiber preform

e The valve will be a net-shape resin transfer molded valve, minimum
machining will be required once removed from the mold.

e From the analysis, the structural design should equal or surpass
that of a steel valve.

Initial transient thermal analysis using a one-dimensional flat plate with
convective heat transfer showed that the decreased conductivity of the FRC
matrix material causes a sharp temperature gradient near the exposed surface,
increasing surface temperature. Initial results suggest that orienting conductive
fibers along the heat path will help to alleviate this problem and that a
temperature distribution similar to that in the steel component is attainable using
FRC materials.

A comprehensive analysis has been undertaken to quantify the effects of
coating and core material combinations on the thermal performance of FRCs with
axial and radial heat paths. Specific emphasis has been placed on reducing the
core temperature of the FRC material.

A novel method of quantifying performance of core/coating combinations
has been developed which compares the ratio the heat carrying capacity of the
coating to the heat carrying capacity of the core material under convective heat

transfer conditions. This ratio is referred to as Bb and is defined as:

I i
Bb = L 3 1+h—= Equation 30
L, \ k, k,

Analysis results have shown that for combinations of coating and core

material, Bb<1 will result in a higher interface temperature and Bb<0.1, interface
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temperature is effectively equal to surface temperature. In these cases, the
coating material effectively transmits heat to the core. For Bb>1, a large
temperature gradient occurs in the coating material, effectively insulating the core
material from the heat source. In addition, the highly orthotropic nature of FRCs
greatly affects the thermal response of the material. While orienting fibers along
the heat path reduces the temperature gradient in that direction, a FRC with a
large ratio of conductivities in the orthogonal directions will experience a steep
temperature gradient in the direction of the lowest conductivity, typically
orthogonal to the fiber direction. This can again lead to high surface
temperatures and high internal thermal stresses.

The methodology described allows the designer to more quickly focus the
hone the design than by running numerous complex simulations of specific
materials. This design methodology has been applied to the thermal design of a
FRC intake valve. Initial estimates shown that, by changing fiber type and
volume fraction, and by adding a metallic coating, the temperature experienced
by the matrix material can be reduced by several hundred degrees, making the
FRC valve thermally viable.

An initial thermal management for the FRC valve face has been presented
which should reduce surface temperature and reduce coating interface
temperatures by roughly 80%. This solution involves increasing the conductivity
of the FRC in the face, as well as adding a stainless steel barrier coating on the

face.
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3 Process Development

A mentioned in the introduction, resin transfer molding was chosen to for
the valve manufacture process. A significant amount of process development
was required to make this process work. Process parameters such as injection
temperatures and pressures, fiber holding strategies and mold development were
all required. Details of the process development, as well as several innovations
in the RTM process are covered in this chapter. The majority of this work
involved experimentation with process parameters and adjustment of the process
to achieve the desired results. Although presented separately, development of
the fiber holding strategy, mold design and process parameters were conducted
in parallel. Detailed development of process parameters for PETI-RFI is covered

as well.

3.1 Resin Transfer Molding (RTM)

Many of the high-temperature capable FRC materials mentioned
previously, such as ceramics matrix composites, and carbon-carbon are time and
energy intensive and difficult to produce. For that reason polymer matrix
composites were chosen because they are relatively easy to work with.

Resin Transfer Molding is a process where a preform of fiber (dry or
partially wetted) is placed in a mold and liquid resin is pumped into the mold.

115

The resin is allowed to cure in the mold to form a solid composite’ . In practice,
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RTM is similar to injection molding. A schematic of an RTM apparatus is shown
in Figure 62. Variations on the process depend on the particular part being
molded. Some variations use an open mold and a vacuum bagged part
(SCRIMP) or vacuum assisted resin transfer (VARTM) in a mold, Advantages of
RTM include:
e Ability to mold complex shapes
« High level of automation possible
e Ease of fiber lay-up (using preforms)
e Reduced process time
* High fiber volume-fractions are possible
e Reduced emissions during manufr;lc:turing115
Some of the apparent advantages over traditional valve manufacturing
techniques are:
e Molded parts are near-net shape directly out of the mold, reducing the
need for additional finish machining.
e Surface finish of a molded part is excellent, again reducing additional
finish machining.
e The process is well suited to mass-production and production can be

highly automated.
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Figure 62. Schematic of resin transfer molding apparatus.
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3.2 RTM Process Development

3.2.1 Fiber holding strategies

Even though the desired fiber orientations were now determined, it was
unclear how the fibers would be placed in the mold and how fiber orientation
would be maintained during the injection process. An evaluation of alternatives
was performed to decide which method was most desirable from a manufacturing
point of view. The results are tabulated in Table 29. Fiber holding strategies
ranked. Most preferable was using a fiber/matrix preform which would then be
inserted into the final mold and matrix injected to mold the valve to final shape.
However, this effectively requires two molds, one for the preform and one for the
final molded shape.

Table 29. Fiber holding strategies ranked

Concept Rank Primary Challenge
Fiber/ Matrix Preform 1 Preform Manufacture and wetting
Floating Fiber 1 Fiber Movement during injection
Fiber Ends Clamped 3 | Sealing and Flash during injection
Very High Volume Fraction | 4 Fiber Wetting and orientation

Equally appealing from a manufacturing point of view was having the
fibers floating in the mold and injecting the matrix around and through the floating
fibers. However, it was unclear if this method would be satisfactory in
maintaining the fiber orientation.

A number of experiments were undertaken to evaluate the fiber placement

options In Table 29. Because a limited supply of the chosen matrix material,
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PETI-RFI, was available, these experiments were conducted using polystyrene

and acrylic as the polymer.

3.2.1.1 Injection and Fiber Placement Experiments

To answer the question of whether a preform or floating fibers would be
necessary, a series of trials was undertaken. Thermoplastics typically have a
high viscosity. Therefore, the objective of these tests was to determine if fibers
would maintain their orientation inside the mold and if fibers could be sufficiently
“‘wetted” inside the mold.

Over twenty tests were performed. Each used a single braided fiber
sleeve inside a mold of the valve. A single-shot experimental injection molder
was used for these tests. A schematic of the one-shot injection molder is shown
in Figure 62 and a picture is shown in Figure 63. The matrix was injected from
either the valve face or the valve tip. The fiber braid was clamped in the mold to
prevent the fiber from being pushed out of the mold. A vent was incorporated
into the opposite end of the mold to allow air to release from the mold.
Temperature of the matrix and mold were varied to see the effect on fiber
orientation and fiber wetting. Table 30 shows the details of the five test

conditions.
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Figure 63. Injection molder in load frame.

Table 30. Injection mold fiber placement test conditions.

TEST | MATRIX | MOLD RAM MOLD SOAK

# TEMP | TEMP | SPEED | TEMPERATURE
T T (IN/SEC) AND TIME
200 ~25 5 NA

5 220 100 5 NA

10 200 200 2 5min @ 185T

13 200 200 2 10 min @ 190T

21 200 225 2 5 min @ 225T
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3.2.1.2 Injection and Fiber Placement Results

A number of insights were gained from the fiber placement experiments.
It was found that having low volume fraction of fibers in a preform tends

Tests showed that injecting from the valve face results in incomplete
wetting of the fibers at the transition from the stem to the face. Conversely,
injecting from the tip of the valve and soaking the mold at temperature for at least
five minutes before cooling results in complete fiber wetting and mold filling
through the entire valve.

At lower temperatures and high injection speeds, the matrix tends to push
the fibers out of the way and does not wet the fiber at all. Increasing the
temperature of the matrix, mold and fiber improves the penetration of the matrix
into the mold and into the fiber. In addition, slowing the injection rate also
increases the fiber wetting. Figure 64 is from injection trial #8. The black is the
carbon fiber weave; the lighter color is the acrylic matrix material. The injection
rate was slowed from previous trials. Fiber, mold and matrix were all at elevated
temperature during injection. Close inspection reveals some penetration of the
matrix into the fiber. From these initial trials, it was determined that a fiber
preform would be needed to maintain fiber orientation during injection of the

matrix.
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Figure 64. Fiber placement trial #8

Additional experiments showed that the resin material must be injected
through the preform in order to completely wet the fibers. Failure to do so will
simply push the fibers out of the way. Figure 65 is a picture of a polystyrene
valve in which the fiber preform was simply clamped to the side of the mold. The

resin did not wet the fibers and simply pushed the preform to the side of the

mold.
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Failure to adequately hold the end of the preform in place during injection
will push the preform down inside the mold. The result is a piece that is fiber-free

at one end and a fiber-rich at the other end.

Figure 65. Polystyrene valve with a carbon fiber preform pushed to the
side.
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In the end, a solution was devised in which two compression-fit rings were
used to clamp the fiber at the tip. This enables positive location of the fiber
preform as well as the ability to inject the resin through the center of the preform.
This setup forces infiltration of the resin through the fiber, wetting the fiber.

Figure 66 is a picture of the fiber clamp on the end of the preform, prior to
insertion into the mold. To the best of the authors knowledge, this is the first time
such a fiber clamp has been used for holding and positively locating a fiber

preform, and injecting through the center of the preform.

Figure 66. Fiber clamping rings in place on the fiber preform.

3.2.2 Mold Design

Once requirements for the valve were known, and a preliminary valve
design was decided upon, processing requirements were determined and the

same design process was used to design the mold.

3.2.2.1 Mold requirements
Mold functions and requirements were determined to be:
e Deliver the matrix material to the fiber
e Achieve tight dimensional tolerances

e Heat and/or cool the composite valve.
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* Hold the fiber and maintain fiber orientation during the injection
process.

+ For the purpose of prototyping, the material should be easy to machine
and of low cost.

o A Coefficient of Thermal Expansion (CTE) different from the
fiber/matrix combination is desirable to ease in release of the valve
from the mold.

e Surface finish of the molded valve should require little or no additional
machining.

¢ The mold must fit within the geometric constraints of the existing
injection molding machine.

e The mold must have provisions for ejecting the valve after molding.

3.2.2.2 Prototype Mold Design

Mold design was undertaken to satisfy the previously outlined
requirements. The initial prototype mold as made of 6061-T6 aluminum.

Aluminum was chosen for the following reasons:

Relatively inexpensive compared to other mold materials.

It was readily available.

e Easily machinable for prototype development.

e Desirable Coefficient of Thermal Expansion (CTE) relative to matrix
materials.

The mold was CNC machined to achieve tight dimensional tolerances and

achieve a superior surface finish on the stem. The mold was designed with a
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right-angle runner that clamps onto the valve head side of the mold (the right side
in Figure 67). This was done to facilitate placement in the one-shot injection
molder. The end cap was made removable to allow ejection of the valve using
an ejector pin at the valve tip. Figure 67 is a wire frame model of the prototype
mold. Figure 68 is a photo of the actual mold showing the runner for matrix

delivery.

Figure 67. Wire frame model of the initial one-piece mold design.

Additional space was left around the valve stem for future placement of
cartridge heaters and/or cooling lines. This was done because curing of high
temperature polymers requires specific heating and cooling rates and times to

achieve maximum strength.
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Figure 68. Photo of prototype mold showing gate and runner orientation.

3.2.2.3 Intermediate Mold Design
After many experiments, the mold design was refined to add the following
features:
e A split mold design was selected to facilitate mold preparation and

part ejection.
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e Electric cartridge heaters were placed along the stem for even
heating.

e Thermocouple holes were located along the stem for mold
temperature monitoring and control.

e Injection ports were revised to allow injection from the tip of the
valve.

¢ Clamping plates were incorporated to minimize flash of resin under
high injection pressures.

e A quick-release union fitting was incorporated for separating the
mold from the injection barrel.

e Vent size and location were revised for better mold filling and fiber
wetting.

* A two-piece end cap at the valve face was developed to allow
compression of fibers into the larger volume of the valve face,
increasing fiber volume fraction in the face.

An exploded view of the intermediate mold design is shown in Figure 69.
A photo of the intermediate mold design with end-caps in place for curing is

shown in Figure 70.
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Figure 70. Intermediate modular mold design shown with flat end plates
used for valve curing.
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3.2.2.4 Final Mold Design
Still more improvements were made after the manufacture of nearly 20
carbon fiber reinforced PETI-RFI valves. A number of additional improvements
were made including:
e A modular valve face section that enables that manufacture of both
intake and exhaust valves.
e Locating pins for precise alignment
e Stainless steel mold material for increased durability, and the ability
to mold different matrix materials.

An exploded view of the final mold design is shown in Figure 71.

3.2.3 Other Process Developments

A number of additional process developments were made that do not fall
into the two categories above.

Recall from the structural analysis of the FRC valve presented in section
2.3 that the stem to face transition area of the valve was reinforced with an
additional two layers of carbon fiber braid. Because the outer diameters of the
valve stem and face are only 0.25 inch in and 1.125 inch respectively and this
transition area is roughly 0.5 inch long, assembling the preform in this
configuration turned out to be extremely difficult. Carbon fiber braid is very
“slippery” and unravels easily. Thus placing the extra fiber layers in this section
was nearly impossible. To alleviate the problem, an alternative technique was
developed. Discs of carbon fiber and PETI-RFI “prepreg” were made by melting

the PETI-RFI in thermoplastic form into sheets of carbon fiber weave.
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Figure 71. Final modular mold design.

Discs the diameter of the valve face were cut or punched from these
sheets. These prepreg discs were then placed into the face of the valve mold
during assembly, in place of the stem reinforcement, prior to injection. When the
thermoplastic resin was injected into the mold, the resin in the prepreg discs
melted together with the resin introduced during RTM. Curing of the valve at
high temperature produced a one-piece mold and no evidence of the separate

‘parts’ was visible. These prepreg discs served the same structural purpose as
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the extra layers of fiber braid mentioned above, but also increased the bending
stiffness of the valve face. Discs were used to increase the fiber fraction in the
face of the valve, thereby increasing strength and stiffness.

Although the use of prepreg is common in the composites industry it is
typically done with a lay-up type part production. The use of sections of prepreg
material in a RTM part is a new development and adds greater flexibility to the
manufacture process. This technique could also be used to add other functional
components to the part, such as tailored wear surfaces or different conductivity
materials to further improve the part performance. This is the technique the
author would recommend to place carbon nanotubes or nanofibers into the face
of the valve to increase conductivity, as mentioned in section 2.5.4. In addition,
this type of insert could also be added after the injection process, but prior to the
final cure.

Most FRC components are relatively thin and uniform in thickness. As a
result, uniform fiber placement and volume fraction is typically not a problem. In
the valve, the transition from the 0.25 inch diameter stem to the 1.125 inch
diameter causes a problem. The use of a one-piece continuous fiber preform
ensures fiber placement and a uniform amount of fiber through the valve profile.
The increase in cross sectional area at the valve transition coupled with the
constant amount of fibers causes a decrease in the volume fraction of fibers and
a corresponding decrease in strength in this area. In addition to the prepreg
discs discussed in the previous paragraph, a device was incorporated into the

face of the valve mold. An extra-long fiber preform was manufactured and the
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excess fiber from the preform was pressed into the face using a disc-in-cup type

arrangement, effectively producing randomly oriented fibers in the interior of the

part. This increased the fiber fraction and thus the strength in the valve face and

transition area.

3.2.4 Final Manufacturing Process

The process of manufacture for the FRC valve under development follows

the steps below:

A fiber preform is assembled from unidirectional fiber and fiber braid.
The fiber preform is placed inside the mold.

Polymer resin at high temperature (245T) is injec ted into the mold, under
high pressure, infiltrating the fiber perform, and filling the mold.

The mold is cooled to allow the polymer to harden.

The ends of the mold are removed and replaced with sealing caps.
The entire mold is placed in an oven and the resin is processed at
elevated temperature (360T) for two hours.

The mold is cooled and the valve is removed from the mold.

Parting lines, which contain only small amounts of excess polymer, are
removed from the valve stem.

The tip is sanded to final length.

The valve is removed from the mold with the proper seat angle and the

keeper geometry already molded in place. Figure 72 is a schematic of the

manufacture process. Figure 73 shows four valves immediately after being
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removed from the mold. The finished valves weigh a mere 7.3 grams each. This

is an 81% mass reduction over the stock steel valve weighing over 38.4 grams.

8-oven cure

PR s

9-molded valve

Figure 72. Schematic of the FRC valve manufacture process.
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Figure 73. As-molded carbon-fiber PETI-RFI valves.

3.3 Processing of PETI-RFI

Once the manufacture process for carbon-fiber reinforced PETI-RFI
valves has been demonstrated, valve manufacture began in earnest. During this
process, small changes were made, primarily to the cure cycle, to improve
processing and valve quality. All of the valves manufactured and mentioned in
the previous section had a small amount of surface porosity. An example of the
surface porosity on the stem of a valve is is shown in Figure 74 and porosity on
the face is shown in Figure 75. This surface porosity did not appear to affect the
performance of the valves, discussed in the following chapter. However, the size

and quantity of surface voids began increasing with increased number of valves
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manufactured. Eventually, porosity increased to the point that the cause and a
solution needed to be addressed in order to produce high quality valves. As a
result, an in-depth processing study of PETI-RFI was conducted. The process

described in this chapter alone took the better part of one year to accomplish.

Figure 74. Photo of the stem of a carbon-fiber/PETI-RFI valve showing
surface porisity
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Figure 75. Surface porosity on the face of a carbon-fiber/PETI-RFI valve.

3.3.1 Background

PETI-RFI is a variant of the polymer PETI-5 developed by NASA and
viscosity modified for resin transfer molding. The polymer has characteristics of
a thermoplastic at low temperature, and high temperature processing results in
cross-linking. The cured polymer retains its strength and does not degrade at
high-temperature (400°C). Previous work with PETI-RFI has focused on
compression molding and vacuum assisted compression molding of simple
shapes. This section details the development of a resin-transfer molding process
for carbon-fiber reinforced PETI-RFI and the process parameters for removing

voids, including injection parameters such as temperature and pressure. Results
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of Differential Scanning Calorimetry (DSC), Thermo-Gravimetric Analysis (TGA)
and optical microscopy are presented. Several processing options for resin-

transfer molding are recommended which lead to reduced void content..

3.3.1.1 Background - High Temperature Composites

High temperature composite materials have been under development
since the 1960’s and rapid progress has been made in a number of areas with
the primary focus being on aerospace applications. However, the number of,
and classes of high temperature composite systems is still fairly limited. Carbon-
carbon and high temperature ceramics exhibit high strength above 2000°C. For
this reason, these materials have found use in satellite and rocket applications.
Manufacture of these materials is time consuming and energy intensive. High
temperature conversions, up to 3000°C, and additional CVD infiltration and
densification steps are required’'®. In addition, uncoated carbon-carbon begins
to degrade at 600°C in an oxidative environment'"’.

For (relatively) lower temperature applications, such as jet engines, high
temperature polymers have been the focus of research. In general, amorphous
polymers have a usable temperature range roughly 25°C below the glass
transition temperature (Tg). Semi crystalline polymers have usable temperature
ranges determined by melting temperature. Typically, high temperature
polymers require even higher temperature processing. For processing above
400°C, the melt process begins to compete with the degradation process’"®.

Epoxy blends are relatively common and have been demonstrated with Tg in

excess of 300°C""®. Another class of high temperature polymers, bismaleimides
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(BMIs) have also shown promise. BMIs have seen use in jet engines and can
withstand temperatures to 180°C — 200°C, however BMIs can be relatively
brittle’®®. Polyimides such as PMR-15 and PMR-II have also been evaluated for
use in jet engines and exhibit high strength and fracture toughness when
reinforced'®’. Many condensation polyimides have a useable range to 350°C.
However, the condensation cure reaction produces solvents that are difficult to
remove during processing and can result in voids'%.

PETI refers to the family of phenylethynyl-terminated imide (PETI)
oligimers and are a sub group of polyimdes that can be thermally cured, rather
than condensation cured. This has the possibility to reduce the amount of

solvents produced during cure and thus reduce the propensity for voids '

3.3.1.2 Background - PETI-RFI

PETI-RFI is a variant of the polymer PETI-5. It was developed by NASA
at the Langley Research Center (LaRC) and is modified for injection molding.
Whereas PETI-5 has a molecular weight of 5000 g/mol, PETI-RFI has a
molecular weight of 1250g/mol and a correspondingly lower process viscosity. It
behaves as a thermoplastic at temperatures below 280T. High temperature
curing, at above 300, converts the polymer to a c rosslinked thermoset. This
thermoset is then stable in an inert environment to 460TC '*°,

PETI oligimer species exhibit a stable melt viscosity below 300°C of below
6.0 Pa's, and often lower. When cured at 371°C, the resulting polymer has a
glass transition temperature (T,) of 236°C'**. The polymers require degassing

prior to injection'?®, The resulting cured polymer has favorable mechanical
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properties with a tensile modulus, E = 3.48 GPa, and an ultimate strength of oy=
94.4 MPa.

Previous work has concentrated on the combined vacuum-hot press
technique with immediate curing of the polymer. (Immediate curing suggests
processing the material from room temperature through the molding temperature
range, 240°C — 280°C, and then continuing heating to the curing temperature
370°C). While this procedure works well for parts of reasonably simple shape, it
can result in a large amount of wasted polymer. For this reason, the single step
curing approach is not desirable for production or for more complex part
geometries. The focus of this work was to define a process which is more

applicable to resin-transfer molding and mass production applications.

3.3.2 Material Properties and Processing

Extensive information on the constituent materials, manufacture, and
characterization of processing of PETI-RFI and PETI-RTM was previously
published by Criss et al."*. Some of the notable properties that make PETI-RFI
attractive for resin transfer-molding are:

e Viscosity @ 250°C 9 Pas
e Viscosity @ 280°C 1.5 Pa's

This melt viscosity (280°C and below) is stable for at least two hours
before appreciable increase in viscosity.

The previously published processing practices for PETI-RFI involve the
following steps:

e Degas the resin under vacuum at 280°C for at least 1 hour
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e Evacuate the mold

e Under pressure, inject the resin into the mold

e Upon filling the mold immediately raise the temperature to 371°C

and cure for one hour under hydrostatic pressure.
This process above involved vacuum-bagging the part during processing.

The vacuum bagged part was then placed in an autoclave where the injection
and curing took place. Flat panels of various sizes as well as I-beams were
manufactured. This process resulted in a cured polymer with the following
properties:

e Porosity 0.8%

o T, 2236°C

e Degradation Temperature  416°C in Ny

e Flexural Strength 933 MPa
e Flexural Modulus 46.5 GPa
e Compressive Strength 629 MPa
e Compressive Modulus 92.3 GPa

(Mechanical properties are for a carbon fiber reinforced specimen, 52% Vf
IM-7, 5HS fabric.)'??

The same group successfully demonstrated RTM of a large |-beam
section using vacuum assisted resin transfer molding of a PETI-RTM, which has
a lower melt viscosity (0.6 Pa-s @ 280°C)°.

Other work at Georgia Tech successfully demonstrated RTM of PETI-RFI

(JC-272-39) with small carbon fiber fractions (0.6 and 0.62 wt%). A 50 ton
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Wabash vacuum hot press was used for injection and 4.5 inch diameter x 0.1 in
thick flat discs were produced. The part was cured in-place at 353°C
immediately after injecting. It was noted that the seals on the mold were prone to
failure, presumably due to the extreme processing requirements, and as a result

it was difficult to maintain pressure during the injection process.'**

3.3.3 Objective of Research

In light of the previously published work, and motivated by the difficulties
with bubble and void formation during the processing of PETI-RFI, the objectives
for this research were defined as:

 Determine the timing of bubble formation in the RTM and cure

processes

* Devise a method for processing that eliminates voids

e Develop a method for separating the injection and cure process

e Reduce the complexity of tooling and introduce flexibility into the

manufacturing process for PETI-RFI

3.3.4 Experimentation

3.3.4.1 Material Characterization

Material analysis and testing was undertaken to determine the most
appropriate injection and cure parameters. Early trials produced samples with
excessive bubbling that appeared to form during the cure process. As a result of
these early experiments avoiding the production of bubbles during the injection
and curing process became of paramount importance. Quantitative thermal
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analyses were used to investigate the processing parameters. This approach

was critical, especially given the limited quantities of the polymer available.

3.3.4.2 Dynamic Thermal Mechanical Analysis (DTMA)

Dynamic Thermal Mechanical Analysis (DTMA) was conducted to
determine the viscosity versus temperature profile of the polymer. This data was
used to determine the temperature range for minimum viscosity of the uncured
polymer and thus the optimum injection temperature and appropriate
temperature for removing bubbles during the degassing process. DTMA was
conducted using a Seiko Instruments SSC/5200 system TMA/SS120C. This
analysis of viscosity was done using a pin-in-cup technique. The pin was excited
in a sinusoidal motion at a frequency of 0.1 Hz with amplitude of 50um. The
resulting force required to move the pin was measured. Temperature was
increased at 10°C/min from room temperature to 300°C. A N, purge of 15cc/min
was used for all tests.

Post processing calculations converted this force and velocity data to
viscosity trends. Although this test does not give a traceable measurement of
absolute viscosity, relative viscosities of polymers can be compared. A
photograph of the pin-in-cup setup is shown in Figure 76. Figure 77 is a picture

of the TMA SS120C.
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the TMA SS120C.
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Figure 76. P
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Figure 77. The Seiko Instruments TMA SS120C.
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3.3.4.3 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measurements were performed
with three different objectives, to investigate:
o Effect of heating rate and peak temperature on reaction rate
¢ Interactions between constituent materials
o Effect of peak cure temperature on the polymer properties
All DSC tests were performed using a Seiko Instruments SSC/5200
system, DSC220C. N, purge gas at a flow rate of 15cc/min was used for all
tests. A sample mass of roughly 10mg was used for all tests. Test parameters
were varied based on the test objectives. Details of the different tests are

described below.

3.3.4.3.1 Effect of Heating Rate and Peak Temperature on Reaction Rate

Experiments were conducted to test the hypothesis that bubbles formed
during the cure process were the result of a fast reaction rate and an inability of
the surrounding polymer to absorb the reaction products. The implication is that
faster reaction rates would have a higher probability of producing voids in the
polymer, and that by slowing the reaction rate, production of bubbles could be
reduced or eliminated.

In separate experiments, heating rate was varied in three steps at
3°C/min, 4°C/min, and 5°C/min from room temperature to a maximum of 355°C.
Additional tests were conducted with the ramp rate held constant at 3°C/min. In

these tests peak cure temperatures were varied between 308°C and 388°C in
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roughly 10°C increments. Normalized DSC plots versus temperature and time

were produced and compared.

3.3.4.3.2 Interactions Between Constituent Materials

Experiments were conducted to test the hypothesis that reactions between
the polymer, carbon fiber and mold release might lead to the formation of
bubbles during processing. These reactions would show up as variations from
the baseline DSC curve for the neat polymer. To test this hypothesis, DSC
measurements were performed on the neat polymer, polymer with carbon fiber
and polymer with mold release (AirTech Inc. Release-All #50). These tests were
performed at a ramp rate of 10°C/min to a peak temperature of 355°C.

Normalized DSC plots versus temperature and time were produced.

3.3.4.3.3 Effect of Peak Cure Temperature on Polymer Tg

In many polymers, the peak cure temperature of the polymer has a strong
effect on the glass transition temperature (T,) of the polymer. Increasing the Tq
may extend the useable range of the polymer, thus knowing the effect of cure
temperature, the process designer can tailor the processing parameters to meet
performance requirements of the polymer.

In order to understand the effect of cure temperature on T, a series of
samples were cured using a standard cure cycle. The cure cycle used was:

e Heat at 10°C/min to 280°C
e Hold at 280°C for 30 minutes

e Heat at 3°C/min to peak cure temperature
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e Hold at peak cure temperature for 60 minutes

Peak cure temperature was varied in 10°C increments from 310°C to
390°C. 390°C was chosen as the highest cure temperature because previous
tests had shown the degradation begins at higher temperatures.

Following the cure cycle, an additional DSC run was performed on each
sample. The sample was heated from 100°C to 500°C at 10°C/min. A DSC
versus Temperature trace was used to find the T;. The T, was calculated from
the midpoint of the inflection curve. Transition temperature T; and end

temperature T,, were also recorded.

3.3.4.4 Thermo Gravimetric Analysis

Thermogravimetric analysis was performed to determine the degradation
temperature of the cured polymer and hence the usable range. TGA was done
using a Seiko Instruments SSC/5200 system TG/DTA 220. N, purge gas was
used for all experiments at a flow rate of 15cc/min. A heating rate of 1°C/min
was used from room temperature to 500°C. The sample size of the cured

polymer was about 10 mg.

3.3.4.5 Vacuum/Pressure Chamber Cure Cycle Experiments

In order to observe the cure process and to identify the factors associated
with bubble formation during cure, a vacuum/pressure chamber with an integral
heat source and a viewing window was designed and constructed. This
apparatus was similar to an autoclave, without the ability to vacuum bag the part.

This enabled a series of experiments where the heating rate, intermediate dwell,
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and chamber pressure were varied. The samples were observed through the
viewing window. A schematic of the test setup is shown in Figure 78 and a photo
of the chamber is shown in Figure 79. Thermal control was accomplished using
a National Instruments USB 9211 thermocouple reader with four K-type
thermocouples. Heater control was accomplished with a NI USB 6009 DAQ
controlling a 250W heater mounted to the base of the chamber. A LabView
Virtual Instrument (V1) was used for data acquisition and to control the heating

cycle automatically.

Viewing Vacuum/
Window Pressure gauge
Vacuum/
Pressure port
__I/ Laptop PC
) Thermocouple + o« «|{ Automated DAQ
Pressure relleL " reader A1 & Temperature
valve - Control
device ( |
120 VAC
4 Thermocouples
250W AC heater power P . Data

(inside chamber)

(in base) = Power

Figure 78. Schematic of the vacuum/pressure vessel test setup.

Experiments were performed by varying the chamber pressure during the
intermediate dwell and during the cure cycle from a vacuum of -24 in Hg to a
pressure of 50 psig (using industrial-grade N;). The formation and behavior of
bubbles was observed and changes to the cure cycle were made based on

observations.
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Figure 79. Photo of the vacuum/pressure chamber.

3.3.4.6 Hot Press Experiments

Hot press experiments were performed in order to quantify the feasibility
of processing carbon fiber reinforced PETI-RFI without using an evacuated mold.
Small 15mm disc shaped samples were prepared via melt-processing using
degassed PETI-RFI and carbon fiber. Polymer and fiber were consolidated by
hand in the mold. The samples were then degassed in a vacuum chamber,
cooled and subsequently cured in the hot press. Fiber fraction of the samples
was varied in the samples. During the cure process ramp rate and cure pressure

were also varied. Samples were evaluated for void content/porosity.
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3.3.4.7 Optical Microscopy

The primary purpose of the optical microscopy experiments was to
determine the presence of bubbles in cured samples that might not have been
visible to the naked eye. Cured samples were sectioned and prepared for
metallographic inspection by mounting in epoxy, polishing and viewing using an
Olympus PME-3 optical metallograph. Images were analyzed using BioScan
OPTIMAS v4.02 image analysis software. Five images from random locations on
each specimen were recorded and analyzed to determine void content in area
percent and fiber area fraction for the reinforced samples. These results were

averaged for each sample.

3.3.5 Results and Discussion

3.3.5.1 Dynamic Thermal Mechanical Analysis (DTMA)

Figure 80 shows the viscosity of PETI-RFI compared to several other
injectable thermoplastics. Figure 81 is a plot of viscosity versus temperature for
PETI-RFI focusing on the range with lowest viscosity. The minimum viscosity is
measured between 220°C and 240°C. This result is slightly lower than previously
published results, which measured minimum viscosity at 280°C'?*, There is a
clear increase in viscosity near 250°C, staying constant through about 280°C.
This is contrary to the previously published information, which showed a
decrease in viscosity between 250°C and 280°C°. It is believed that the sharp
rise in viscosity at 280°C marks the beginning of the cure reaction. From this

data it was determined that the optimum injection temperature for RTM of PETI-

181



RFlis 220°C - 240°C. Additionally, degassing of the material at the same

temperature prior to processing was included to enable more rapid release of

bubbles.
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Figure 80. Relative viscosity of several thermoplastics.
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Figure 81. Viscosity versus Temperature for PETI-RFI showing minimum
viscosity range.
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3.3.5.2 Differential Scanning Calorimetry (DSC)

3.3.5.2.1 Effect of Ramp Rate on reaction rate

Figure 7 shows the DSC plot in yW/mg, versus time for ramp rates of
1°C/min, 2°C/min, and 3°C/min. Figure 8 shows the same data plotted versus
temperature. On these plots, a higher value represents larger positive heat flux
into the sample, or a more endothermic process, whereas a lower represents
reduced heat flux into the sample, or a less endothermic process.

Figure 82 gives a visual representation of the relative lengths of the cure
cycles that result from changing the ramp rate. It also is apparent that the faster
ramp rate results in a more endothermic process. From Figure 83 it is apparent
that a faster ramp rate requires a greater heat flux to maintain the sample
temperature, indicating a greater reaction rate. It should also be noted that, the
peak of the curve moves to lower temperatures for decreased ramp rate. Thus it
is expected that a specific degree of cure will occur at lower temperatures for
slower ramp rates. No attempt was made to characterize the effect of ramp rate

on degree of cure.
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Figure 82. PETI-RFI DSC plot in uW/mg versus time for varying ramp rates.
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Figure 83. DSC plot in uW/mg versus temperature for varying ramp rates.

Previously published work did not focus on optimization of the cure cycle.

Once injected the polymer was immediately raised to 371°C. The current results
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show that the rate of cure is affected by the cure cycle ramp rate, and that, in
general slower is better when approaching the peak cure temperature.

With regards to bubble formation during the cure process, faster ramp
rates produce a more energetic process, thus increasing the likelihood of void
formation. In order to avoid void formation, a final ramp rate to peak cure

temperature of 1°C/min was chosen for the cure cycle.

3.3.5.2.2 Effect of Peak Temperature on reaction rate

Figure 84 shows the DSC plot in yW/mg, versus temperature for peak
cure temperatures of between 308°C and 388°C. Figure 85 shows the same
data plotted versus time. In Figure 84, the spike at 280°C represents the change
in heat flux necessary to transition from a constant ramp rate to an isotherm, and
can thus be ignored. As expected, greater heat flux is required to maintain
equilibrium at higher cure temperatures.

There are no sudden changes in the curve indicating that the cure reaction
is stable across the cure temperature range. In Figure 85, the flat tabletop
section around 2000 seconds represents the 280°C intermediate dwell during the
cure cycle. In the same figure, the highest peak, near 4000 seconds, represents
the most energetic portion of the cure reaction. This peak is lower in magnitude
at lower cure temperatures, and greatest near 350°C. However, following the
same ‘ridge’ line to higher temperatures, there is a sharp drop off immediately
after the peak. This indicates that the cure reaction has completed, and less

heat flux is required for equilibrium.
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Figure 85. DSC versus time for varying peak temperature.
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Thus a higher cure temperature results in a faster cure. The transition on
the tail of the plots indicates the vestiges of the cure reaction. When this section
of the curve reaches equilibrium, the reaction can be considered complete.
Although the peak heat flux into the sample does not change considerably for the
different peak temperatures, the rate at which the reaction approaches
equilibrium occurs faster for the higher peak temperature, again indicating a
more energetic reaction at higher temperatures.

Previous work described curing at 353°C and 371°C."?® This analysis
shows that it is possible to achieve a complete cure at lower temperatures.
Since it is clear that the cure reaction begins near 300°C, it is possible to
completely cure the polymer near 320°C. Based on the hypothesis that bubbles
are formed during the more energetic cure process, these plots indicate that a
lower temperature, longer cure cycle would have a lesser likelihood of producing

bubbles.

3.3.5.2.3 Effect of Peak Temperature on Glass Transition Temperature (T,)

Figure 86 shows the calculated glass transition temperature for samples
of PETI RFI for varying peak cure temperatures from 310°C to 390°C. Despite
the variation in peak cure temperature of 80°C, the glass transition temperature
of the polymer remains in a fairly narrow range between 240 and 243 °C. This is
similar, though slightly higher than the results of 236°C previously published by
Criss et al. This shows that the polymer performance is insensitive to peak cure

temperatures as long as those temperatures are above roughly 320°C. As a
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result, the process designer has a much wider processing range to work in

without changing the performance of the material.

Glass Transition Temperature versus
peak cure Temperature for PETI-RFI
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Figure 86. Glass Transition Temperature (Tg) of PETI-RFI versus peak cure

temperature.
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Figure 87. DSC vs. temperature for neat PETI-RFI, with mold release and
with carbon fiber. Constant ramp rate of 10°C/min.
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3.3.5.2.4 Interactions with Other Materials

Figure 87 is a plot of DSC versus temperature for neat PETI-RFI, PETI-
RFI with carbon fiber, and PETI-RFI with mold release. Some previous work has
indicated a release of some volatiles near 280°C'%*. This was not observed in
these samples during DSC testing. It was however, observed during the
degassing experiments described later in this paper. This suggests that the
products being released are relatively low molecular weight and small in
proportion to the total mass.

An interaction between materials would show itself as an additional
deviation from the base line PETI-RFI curve. Since the basic shape of the three
curves are the same it was concluded that there is no interaction between the
PETI-RFI, carbon fiber and mold release. Initial inspection of the curves might
lead to the conclusion that the PETI-RFI with mold release curve is different from
the other two. This is an artifact of the scale of the plot. Consequently, it was
concluded that the bubbles forming during the cure process are a result of some
other phenomenon, and not from an interaction between the PETI-RFI, carbon

fiber and mold release.

3.3.5.3 Thermo gravimetric Analysis

Figure 88shows a plot of mass loss (TGA) versus temperature for a cured
sample of PETI-RFI as well as the slope of the TGA curve (DTG). No mass loss
occurs below about 400°C. However, rapid mass loss begins above 420°C in Ny,
indicating rapid decomposition of the polymer. From this data it was concluded

that the maximum usable temperature of the cured polymer is approximately
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400°C. This is significantly less than previously published results, which showed

the base material PETI-5 stable to 550°C'?*, but in line with previous results for

PETI-RFI'%,
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Figure 88. Thermogravimetric data for PETI-RFI.

3.3.5.4 Vacuum/Pressure Chamber Cure Cycle Experiments
A great deal of qualitative information, especially about bubble formation,
was gained by observing the behavior of the polymer in the vacuum/hot plate.

These visual observations are described below:

3.3.5.4.1 Degassing:
" Previous work recommends degassing PETI-RFI at 280°C for 1-2 hours
under vacuum'?®. Degassing experiments were performed to observe bubble

formation and determine an appropriate degassing process. Unless otherwise
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noted, experiments were performed with the chamber held at 609 torr vacuum.
Temperatures were increased slowly and held at the intermediate temperatures
described.
Observations of the degassing process are noted below:
e 190°C Bubbles begin to form and volume of the sample begins to
increase
e 220°C Significant increase in polymer volume. Polymer is a very
fine foam.
e 240°C Foam begins to collapse.
e 250°C Larger bubbles appear to form and collapse. Bubble
formation appears to stop after holding at 250°C for 1 hour.
e 280°C Additional, larger bubbles appear. Holding for an additional
hour appears to complete this bubble forrlnation process
The above observations indicate that volatile gases are released from the
polymer at two distinct temperatures, 250°C and 280°C. DSC and TGA analyses
of the polymer did not reveal any mass loss or reactions occurring at these
temperatures. This indicates 2 possibilities; 1) the bubbles are the result of
entrained air captured during the melt process and/or 2) very light molecular
weight volatiles, such as solvents from the manufacture process, are evaporating
off. The most likely explanation is a combination of both of these two factors, but
analysis of the released gases was not performed. Previously published work
has recognized the release of solvents during the cure cycle'?®. From these

observations, the previously described degassing process of holding at 280°C for
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1-2 hours under vacuum was deemed appropriate for removing bubbles. Ramp
rate to the degassing temperature was not found to be important. However, for
fiber reinforced samples it was found that rapid heating may accelerate bubble
formation. If there is not a path for the release of these bubbles (i.e. the fiber
acts as a barrier to bubble release) the resulting cured composite will contain

voids.

3.3.5.4.2 Cure Process:

A number of experiments were undertaken to attempt to add flexibility to
the cure cycle. Observations of these experiments are noted below:

It is possible to build significant flexibility into the manufacturing process,
depending on need. This is especially true of the uncured thermoplastic resin.
Degassed, solid resin is fairly stable. Uncured samples were left out in ambient
air after degassing for 24 hours, 48 hours, and 7 days without noticeable change
in the final cured sample. As a result it is possible to separate the degassing and
injection processes by allowing the degassed resin to solidify at room
temperature, then subsequently re-melting and injecting the resin at a later time.
However, breaking the solid resin apart before re-melting will entrain air, and the
polymer should be degassed again.

With respect to avoiding the formation of voids during the manufacturing
process, several steps are of key importance. Failure to degas the polymer will
result in a cured polymer with a high void fraction. Curing a degassed neat resin
in an open mold at ambient pressure will result in a sample with surface voids.

Curing neat polymer in an open mold under 275 kPa (40 psig) pressure of N, gas
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produces a high quality sample with very low void content. Fiber reinforced
samples will not consolidate under 275 kPa of N, gas pressure and require
mechanical consolidation, such as in an evacuated hot press or under
hydrostatic pressure from the injection process. Failure to do so will result in a

part with significant void content.

3.3.5.5 Hot Press Experiments

A number of experiments were undertaken to determine if the same
processing conditions used in the vacuum/pressure chamber could be replicated
using mechanical pressure from the hot press. It was found that degassed neat
polymer could be cured in the hot press under mechanical pressure as low as
700 kPa. However, the same was not true for fiber reinforced samples.

Fiber reinforced samples were manufactured by melt processing, with
mechanical consolidation of fiber and polymer. Upon subsequent degassing of
these samples, the rising bubbles were able to move the unconstrained fiber
and/or the fibers trapped bubbles in the uncured resin. This resulted in an
unconsolidated sample. When these samples were subsequently cured in the

hot press, all had extremely high void content regardless of cure pressure.

3.3.5.6 Optical Microscopy

Neat polymer and carbon fiber reinforced polymer processed using the
methods described in the previous section were analyzed using optical
techniques to determine void area fraction and fiber area fraction where

appropriate. Figure 89 is a sample of the neat polymer viewed under 1000x
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optical magnification. The parallel lines in the image are polishing marks. Darks
spots are voids. Table 31 documents the average void content and fiber content
for carbon fiber reinforced PETI-RFI for the different cure cycles. It should be

noted that average void content is in the low single digits for all three processing

methods, however, failure to degas the polymer results in a large void fraction,

often between 30 — 50%.

Figure 89. 1000x image of cured neat PETI-RFI polymer. The lines are
polishing marks.

Figure 90 shows a sample of carbon fiber reinforced PETI-RFI at 1000x
optical magnification. This sample was produced using the RTM process

described above. The white ellipses are the ends of the carbon fibers, black
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spots are voids. It is clear from the picture that the resin completely surrounds
the fibers, indicating wetting, and the void fraction is very low. This particular
sample had a void fraction of 1.1%.

Table 31. Average void content and fiber content for different processing
methods of PETI-RFI.

SAMPLE MANUFACTURE FIBER VvVOID
NAME METHOD FRACTION CONTENT
(AREA %) (AREA %)
P-9 RTM 41 1.5
RFI-2 Melt Process - 2.0
RFI-V Hot Press - 36.0
without
degassing
RFI-10 Hot press 30 3.1

Figure 91 shows a sample of un-reinforced PETI-RFI at 50x optical
magnification. This sample was produced using the hot press process described
above without degassing the polymer first. The straight line across the bottom of
the figure is the edge of the sample. This figure shows that large bubbles are
present on the surface as well as throughout the thickness of the sample.

This work has resulted in the development of several possible processing
options for PETI-RFI, all of which produce very good quality parts with low void
content. Itis also clear that failing to degas the material prior to processing will

result in a marked increase in the void content of the finished part.
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Figure 91. 50x magnification image of un-reinforced PETI-RFIl. Large black
spots are voids. This sample was cured without degassing.
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3.3.5.7 Processing Parameters

From the observations above, several process options arose. These
processes are documented below. For all cases, the final cure cycle used was:
1. Ramp from room temperature to 280°C at any rate
2. Hold at 280°C for 30 minutes
3. Ramp at 3°C/min or less to peak cure temperature (above 320°C)
4. Hold at peak cure temperature for at least one hour.
For neat polymer: (Option 1 — Melt process)
1. Degas at 280°C for 1-2 hours
2. If desired, solidify the resin.
3. Melt process the part into an open mold
4. Execute the final cure cycle under 275kPa pressure (N2).

For neat polymer (Option 2 — Hot press)

P

. Degas at 280°C for 1-2 hours

N

If desired, solidify the resin.

o

Melt process the part into an open mold
4. Execute the final cure cycle in the hot press under 700 kPa
mechanical pressure.
For fiber reinforced polymer: (Option 3 — Resin Transfer Mold)
1. Degas at 280°C for 1-2 hours
2. If desired, solidify the resin.
3. Melt process and resin transfer mold the resin at 240°C into a

closed, heated (280°C) mold containing a fiber preform.

197



4. If desired, cool and solidify the part again, keeping the part in the
mold.

5. Seal the mold and execute the final cure cycle. The sealed will
provide the pressure necessary for consolidation.

Cooling rate does not appear to affect the quality of the parts, though a
maximum cooling rate of 10°C/min was used for all processes described. Small
disc shaped samples, 15mm in diameter by 8mm thick, were manufactured using
the melt processing method described above. An intake valve for an internal
combustion engine was manufactured using the RTM process.

The common theme from these three processes is that the polymer must
be degassed prior to processing; any process that entrains air must also be
followed by degassing. During the final cure, an intermediate dwell at 280°C
allows further consolidation and release of any remaining bubbles. This point
was chosen because it is in the low viscosity range and is the highest
temperature at which bubble formation was observed. Removing this dwell will
produce a sample with voids. The final cure must be accomplished under
pressure. This final cure pressure varies by the process used. For neat polymer
in an open mold, 275 kPa N; pressure is sufficient. Hot pressing neat polymer
requires a pressure of 700kPa. Curing of RTM parts can be accomplished in a
closed mold without additional pressure. It is believed that heating the polymer
inside the sealed mold provides enough pressure to force consolidation and

produce a void free part. Internal pressure in the mold was not measured.
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However, when RTM parts were cured in a mold where sealing was lost, the

subsequent part contained noticeable surface voids.

3.4 Discussion of Process Development Results

A great deal of work has been done in developing the initial manufacturing
process for a net-shape molded FRC intake valve. A process has been
developed and demonstrated in which a single-piece fiber preform is used to
fabricate a net-shape fiber reinforced intake valve using resin transfer molding.
Although RTM of composite materials is not a new process, several new and
unique advancements have been made.

A novel method of positively clamping and locating the fiber preform has
been devised. Two concentric rings are press fit with the end of the fiber preform
between them. This positively locates the fiber, prevents fiber pullout, and allows
injection of the resin down the center of the fiber preform when the mold id filled.
This increases the wetting of the fibers in the mold.

A method has been developed whereby prepreg inserts using PETI-RFI in
the thermoplastic stage are manufactured. The inserts are placed into the mold
prior to injection, during the RTM process, the insert is incorporated into the
molded part. Co-curing the parts in the mold results in a net shape part. This
process could also be extended by r the RTM process, but before the final cure
cycle. Any number of different functional inserts could be added to the part this
way.

A working mold has been developed and demonstrated. Three iterations

of the valve mold have been developed, each with successive improvements.
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The final two designs incorporate a device for compressing fibers into the valve
face, thereby increasing the fiber volume fraction and part strength. This device
also serves as a perimeter vent. The final mold design incorporates a modular
structure that allows the manufacture of both an intake and exhaust valve of
different geometries by swapping the two pieces that form the valve face.

A manufacturing process has been demonstrated and over 20 net-shape,
RTM valves have been successfully produced.

Extensive work has been done in relation to the processing of PETI-RFI.
Previously described efforts to process PETI-RFI composites focused on vacuum
hot pressing. Extensive material characterization using DSC, TGA and DTMA
has been performed with a focus on eliminating the formation of voids during
processing and curing. Additional cure experiments were performed using a
vacuum/pressure chamber and hot press with the goal of adding flexibility and
minimizing void formation.

DTMA experiments showed the minimum viscosity for PETI-RFI occurs
between 220°C and 240°C with a rise in viscosity before 280°C. This differs from
previously published results and indicates a minimum viscosity at a slightly lower
temperature.

DSC experiments showed that a slower ramp rate of 1°C /min to the peak
cure temperature may reduce void formation. This is done by slowing and
extending the cure reaction. The cure reaction begins above 300°C and the

reaction rate peaks near 350°C. Lower final cure temperatures may also reduce
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void formation for the same reasons. There appear to be no interactions
between the PETI-RFI polymer, carbon fiber and mold release.

T4 of PETI-RFI is near 242°C for peak cure temperatures between 330°C
and 390°C. In this temperature range, the polymer is insensitive to peak cure
temperature. TGA showed PETI-RFI is stable to 400°C. This is lower than that
of the base material, PETI-5, but still relatively high for a polymer.

Vacuum/pressure chamber experiments showed that degassing is critical
to the processing of polymer without voids. Once degassed, PETI-RFI can
undergo multiple melt-freeze cycles without affecting the final cured product. Any
processing that entrains air will require additional degassing to avoid void
formation in the final product.

As a result of this work three additional methods of processing PETI-RFI
and carbon fiber reinforced PETI-RFI have been documented. These methods
are; melt processing of neat polymer with final cure under N, gas pressure, hot
pressing of neat polymer, and resin transfer molding of fiber reinforced polymer.
Hot pressing fiber reinforced PETI-RFI at ambient air pressure in an unevacuated
mold produced samples of high porosity due to the presence of air entrained in
the manufacture process.

All three manufacturing methods can be accomplished without the use of
a high temperature vacuum bag and without the extremely high pressures
described in previous work. Additional flexibility has been demonstrated by

allowing intermediate cooling of the resin between the degassing, forming and
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curing cycles. All three of these processes have been shown to produce parts
that have excellent consolidation and void content at or below 3% by area.

As a result of this study, an understanding of the surface porosity on the
carbon-fiber PETI-RFI valves mentioned in the introduction of this chapter, a
better understanding of the problem was gained. Recall that the first valves
manufactured had low porosity, and that void content increased with the number
of valves produced. It is the opinion of the author that this was a direct result of
using a 6061-T6 aluminum mold. During manufacture, the mold was carefully
prepared so that all mating surfaces were flat and polished and created a seal.
As mentioned above, during the manufacture process, the mold is repeatedly
heated to over 300°C, effectively removing the effect of age hardening. This
temperature cycling combined with the normal wear and tear of injecting, opening
and closing, mold releasing and polishing the mold caused the mold to lose the
ability to seal. Once this sealing capacity is lost, the PETI-RFI is effectively at
ambient pressure during the cure cycle. Repeated experiments have shown that
PETI-RFI must be held under pressure during cure to avoid formation of voids.
This theory was confirmed when manufacturing began using the stainless steel
valve mold. During the cure cycle, little or no flash was observed at any of the
mold parting lines. Although pressure was not measured inside the mold, from
this observation it is safe to assume that pressure was maintained in the mold
during the cure cycle. Valves cured in this stainless steel mold were free of voids
on the surface and in the cross section. Figure 92 is a picture of a valve cured in

the stainless steel mold.
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Figure 92. Carbon Fiber reinforced PETI-RFI valve cured in the stainless
steel mold, free of voids.
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4 Experimentation and Testing

4.1 Introduction

In order to validate the modeling described in chapter 2, and to validate
the manufacturing process developed in chapter 3, a wide variety of structural,
dynamic and thermal testing has been accomplished.

Validation of net shape RTM FRC intake valve structural design was
conducted using initial and follow-on static testing in a tensile test load frame.
Valve performance and failure modes were determined. Dynamic testing of FRC
valves was conducted in a motored engine to verify performance. Fired engine
testing was conducted to determine if the FRC intake valve could withstand the
structural and thermal loads of operation in the combustion chamber.

Temperature measurements were taken in the running engine to aid in the
determination of boundary conditions for thermal modeling, and to verify design
requirements used n the initial design of the intake valve. Steady state
measurements were taken at numerous points in the engine. High-sampling rate
measurements were taken to determine peak temperatures and temperature
fluctuations in the surface of the steel intake and exhaust valves.

In order to evaluate possible combinations of FRC and coating materials,

and to verify the transient thermal modeling presented in section 2.5, in-engine
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testing of small coupon samples was accomplished in a modified cylinder head in
the running engine.

Details and results of each of these series of tests is presented below.

4.2 Static testing

Initial testing was conducted on two FRC valves, with follow-on testing
conducted on an additional three FRC valves. The purpose of initial static testing
was to apply a proof-load to the valve before doing further motored and fired
testing in the engine. The purpose of the follow-on static testing was to
determine the peak loads and failure modes of the FRC valve. All static testing
was conducted in a screw-actuated load frame. The load frame was controlled
manually. Load, crosshead displacement and extensometer displacement was
recorded automatically through the use of a data acquisition system. A

schematic of the test setup is shown in Figure 28, found in section 2.3.1.7.

4.2.1.1 Initial Static Testing Results

Proof-load testing was conducted on two valves. The resulting plots are
shown in Figure 93 and Figure 94. Tests were run as displacement-controlled
tests. Figure 93 shows crosshead displacement and load versus time for valve #
P-14. It can be seen from these plots that the behavior of the valve under this

load is still in the linear elastic range of the material and that no yielding occurs.
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P-14 Proof Load
Load and Displacement vs Time
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Figure 93. Valve P-14 proof-load, load and displacement vs.. time.
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Figure 94. Valve P-15 proof-load, load vs.. crosshead displacement.

4.2.1.2 Follow-on Static Testing

Follow-on static testing was conducted on three valves. The purpose of

these tests was to determine the tensile failure load and mode of the valves. The
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tests were displacement controlled as in the initial tests. Valves were pulled to
failure. Because multiple failure events occurred for each valve, load vs..
deflection plots are difficult to read. However, plotting load and deflection vs..
time shows a clearer picture of what is happening. The resulting plots are shown
in Figure 95 and Figure 96.

Closer inspection of Figure 95 shows that, although crosshead
displacement is increasing linearly, the load varies significantly. This is due to the
fact that the keeper portion at the tip of the valve is experiencing a shear failure.
Essentially the tip of the valve is being pulled through the keeper. Initial failures
occurred between 900 N and 1100 N for each valve. Peak loads were between
1600 N and 2000 N. This is an order of magnitude above the tensile loads

predicted during normal operation of the test engine.

Valve P-12, Load and Displacement vs Time
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Figure 95. Valve P-12, load and displacement vs. time.
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Valve P-12, Load and Displacement vs Time
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Figure 96. Valve P-12 crosshead and extensometer displacement vs.. time.

Extensometer data taken on the stem of the valve shows a similar pattern.
Figure 96 shows that as the keeper fails, the load drops and the displacement of
the stem section is reduced. Peak displacement in the stem also was consistent
between the two tests, peaking at about 0.05 mm. Displacement in the
extensometer was consistently about 1/100" that of the crosshead displacement,
indicating an extremely stiff valve stem.

The failure mode demonstrated during these tests is relatively graceful. In
each case, the keeper geometry on the valve stem slowly pulled through the
keeper. This is a desirable failure mode. A slipping keeper will result in reduced
spring tension and lost cylinder compression, presumably prompting an engine
teardown. The resulting engine damage will be minimal. For most engine
builders, this is much more desirable failure mode than having a valve break into

pieces and rattle around in the engine.
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4.3 Motored Dynamic Testing

Motored dynamic testing was conducted on two valves. The purpose of
this testing was to gain confidence in the mechanical performance of the valves
prior to fired engine tests. A picture of the motored test rig is shown in Figure 97.
The test profile used is shown in Figure 98. Two valves were run in the motored
test setup. Results are shown in Table 32. No significant wear was noted on

either valve. There were no failures.
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Figure 97. Motored Test Rig.
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Motored Dynamic Test Profile
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Figure 98. Dynamic Motored Test Profile.
Table 32. Motored engine test results.
VALVE TOTAL RUN TIME | OBSERVED FAILURE
NUMBER MM:SS WEAR MODE
P-14 16:00 No None
noticeable
P-15 16:00 Keeper None
wear
(possibly
from
installation)

4.4 Fired Engine Testing

The purpose of fired engine testing was to demonstrate the ability of the
FRC valves to run in a fired engine, under load. A small hydraulic dynamometer

was used for testing, shown in Figure 99. The testing profile used was:

e A 10 minute warm up at idle
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e Ten minutes at the world-wide mapping point (WWMP); 1500 RPM and
2.62 bar BMEP or 3.2 ft-Ibs torque.
 Ten minutes at wide-open throttle, peak power (3500 RPM, 8 ft-Ib torque).
¢ Ten Minutes at max engine RPM.
A compression check was performed between each stage of testing.
Initial fired-engine testing was conducted on two intake valves. Results
are summarized in Table 33. It proved difficult to control the engine load and
RPM to the WWMP described above. This is presumably because this small
engine was designed to operate at either idle or wide open throttle, and because
the throttle control available on the dyno is very coarse. As a result, the total run

time and average load listed in the table for valve #P-14 is approximate. A

number of improvements in the test setup are under way to remedy this problem.

B | e S @
el = : M '
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Figure 99. Small engine dynmoetr used for fired engine testing.
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The first valve tested idled successfully for 10 minutes. Failure occurred
during the attempt to control the engine to the WWMP described above. A loss
of compression caused the engine to stall. Further investigation revealed a hole
burned through the face of the valve in the valve seat region.

As a result of the problems running the first valve (P-14), it was decided
that the second valve should be run at idle for a substantial time, and that dyno
improvements should be made before attempting to the loaded test conditions.

Table 33. Fired engine test results.

VALVE TOTAL RUN OBSERVED FAILURE
NUMBER TIME BEFORE WEAR MODE
FAILURE
HH:MM:SS
P-14 ~ 00:30:00 Some seat wear | Hole burned
through face
P-15 6:40:00 Small seat None
( 1700-1900 wear,
RPM) pitting on face

Valve # P-15 was run at 1700-1900 RPM, with no load for over 400
consecutive minutes without failure. It should be noted that the total run time 6
hours and 40 minutes (or 400 minutes) at 1700-1900 RPM represents a ten fold
performance increase over the previous published maximum run time for a
composite valve. This also represents a total cyclic loading of over 400,000

cycles.
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Figure 100. Valve P-14 after running engine test. Note the small hole burned
from the face and exposed fiber.

4.5 Failure Analysis

Figure 100 shows the hole burned in valve # P-14. Although it is difficult
to see from the photo, it appears that the matrix material decomposed while the
carbon fiber stayed largely in place. This caused a leak and loss of compression.

The failure mode displayed by this valve was also graceful in that it did not
lead to destruction of other engine components. It was observed during motored
engine testing that the FRC valves do not rotate during engine operation the way

steel valves do.
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Failure site

Figure 101. Valve P-14 immediately after the fired engine test. Note the
location of the hole in the intake valve (bottom).

When removing the failed valve from the running engine, it was noted that
the hole burned in the face was at a point on the intake valve that is closest to
the exhaust valve and to the spark plug, see Figure 101. Presumabily this is the
hottest spot in the combustion chamber.

It appears that the thermal/oxidative environment experienced by the

intake valve is more severe than anticipated from preliminary literature studies.
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4.6 Temperature Measurement of Valves in an Operating Engine

4.6.1 Introduction and Background

Based on the apparent thermal degradation of the FRC valves run under
load in the engine, a series of experiments were undertaken to measure the
actual operating temperatures of conventional and composite valves in a running
engine. Design requirements discussed in section 2.3.1, obtained from literature
review, suggested that steel intake valves typically run at 350°C, exhaust valves

run hotter.

4.6.1.1 Valve Temperature Measurement Techniques

As early as 1923, exhaust valve temperature measurements were being
made on running gasoline engines using both thermocouples and optical
pyrometers. It was noted that placing a thermocouple inside a valve and taking
temperature measurements while the engine is running is extremely difficult.
Exhaust valve temperatures were found by both techniques to be between 700°C
and 800°C at full load'®. In 1945, measurements of exhaust valve temperature
in a running supercharged diesel engine were published. Thermocouples were
placed in the intake and exhaust valve and measurements of temperature inter-
cycle temperature fluctuations were measured. An example of these
measurements is shown in Figure 102. The steady state temperature for these

diesel intake valve is between 400°C and 410°C with a fluctuation of roughly 5°C

127
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Figure 102. Fluctuations in intake and exhaust valve temperatures in a
running diesel engine published in 1945'%,

In 1965, exhaust valve temperature measurements were deduced using a
hardness relaxation measurement technique. Specifically designed temperature
check valves were run for one hour at a load that produced maximum
temperatures. Valves were removed from the engine and hardness tested, and
from this hardness the operating temperature was deduced. Experiments were
conducted on four, six and eight cylinder air and water cooled engines.
Measured valve temperatures ranged from 668°C — 771°C (1235°F — 1420°F).
Heat flow through the exhaust valve was also calculated based on temperatures.
An example of this is shown in Figure 103'%%. It was recognized that valve
temperature is affected by a number of factors in the engine including:

e Valve size and geometry
* Engine compression ratio
e Air/Fuel ratio

e Proximity to cooling

e Valve material
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e Valve stem to guide clearance

e Ignition advance
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Figure 103. Exahaust valve temperature contours and heat paths'?®

Other technigues have been used to measure the temperature of the
valve in a test fixture while applying boundary conditions to the valve that
simulate in-engine conditions*’. Modern racing exhaust valves run at 870°C
(1600°F)**'?°. Combinations of thermocouple temperature measurement and
modeling have also been used to determine heat flux and stresses in a running
exhaust valve'’.

The high operating temperatures of exhaust valves causes additional
problems with corrosion'’, and has caused the adoption of expensive high

performance nickel steel super alloys such as Inconel and Nimonic, as standard
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material for exhaust valves' and the development of high performance coatings
to prevent corrosion'®*.

Unfortunately, nearly all of the information published deals with
temperatures and heat flux in exhaust valves. Presumably this is because the
exhaust valve is exposed to higher operating temperatures and the requirements
for the intake valve are relatively “easy.” The only example found of intake valve
temperatures in a gasoline engine measured temperatures at 370°C (700°F)"**.
Since this is below the degradation temperature of the PETI-RFI polymer used, it
is clear that this previously published data is not appropriate for the test engine.

Thus is a set of experiments was devised to measure the temperatures of the

running valves in the test engine.

4.6.2 Experimental Setup and Procedure

4.6.2.1 Objective

Because there appeared to be a discontinuity between actual valve
temperatures in running engine, and published valve temperatures for spark
ignited engines, it became necessary to measure the steady state operating
temperature of both the intake and exhaust valve in the running engine under
varying load. Of secondary importance was measuring the valve face
temperature in both steel and FRC valves to determine the peak temperature

and magnitude of temperature fluctuations under peak load.
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In addition, better boundary condition data was needed for thermal
modeling of the valves. Data about exhaust gas temperature, valve seat

temperature and cylinder head temperature was also needed.

4.6.2.2 Instrumentation of Steel Valves

Since a temperature profile for the valve was desired, multiple K-type
thermocouples were placed in both the intake and exhaust valves. Four holes
were drilled through the face of each valve and one hole through the stem. 32
gauge thermocouples were inserted from the back side of the valve and welded
in place on the surface. Because of the nature of this process, it was difficult to
control the depth of the thermocouple while welding it in place. Figure 104 show
the thermocouple locations when viewed from the port side of the engine. A
through hole was drilled in the valve stem and a pin inserted to prevent rotation
of the valve during running, which would wrap and break the thermocouple wires.
Once all five thermocouples were welded in place the face of the valve was
polished flat. Valves were mounted in the engine Figure 105 shows the
instrumented intake valve mounted in the engine with the cylinder head removed.
Figure 106 shows both the intake and exhaust valves mounted. Bundled
thermocouple wires are clearly visible exiting the side of the intake and exhaust

manifolds on the right side of the picture.
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Figure 104. Exhaust and intake valve thermocouple locations.

Figure 105. Instrumented intake valve mounted in the engine.
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Figure 106. Instrumented intake and exhaust valves mounted in the engine.

4.6.2.3 Instrumentation of the Engine
Additional K-type thermocouples were mounted in the engine at the

following locations:

e Under the intake valve seat

e Under the exhaust valve seat

e Between valve seats

e In the cylinder head (5 locations)

¢ In the oil pan for monitoring oil temperature

e In the exhaust manifold for exhaust gas temperature
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Figure 107 shows a diagram of the engine block with thermocouple
locations marked. Figure 108 shows a picture of the cylinder head with

thermocouple locations marked.

Figure 107. Engine block thermocouple locations.
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Figure 108. Cylinder head thermocouple locations.

4.6.2.4 Data Acquisition

Data acquisition was performed using a National Instruments PXI-1030
chassis connected to a SCXI-100 break out board and SCXI-1031 thermocouple
reader. All data was collected using custom built LabView Virtual Instrument (VI)

designed for collecting the data required for that specific test.

4.6.2.4.1 Low sampling rate (Average temperature) measurements
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The objective of these tests was to get a steady-state temperature for the
valves at different operating conditions. All 18 thermocouples were monitored
simultaneously. Oil temperature, Exhaust gas temperature, dyno RPM and load

were entered manually by the operator, and data points were recorded once the

engine reached steady temperatures. A screen shot of the VI used is shown in

Figure 109. Screen shot of the LabView VI used for steady state valve
temperature measurements.

For this set of tests, the following data acquisition parameters were used:
e Number of samples collected 2
e Sampling rate 100 Hz
e Resulting time between samples 0.005 sec

Data was written to a text file and analyzed post-test.
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The test profile was generated based on the published power curve for the
Briggs and Stratton Raptor engine. The published torque and horsepower
curves for the test engine are shown in Figure 110. This curve was corrected for

altitude. The corrected curve is shown in Figure 111.

Briggs & Stratton Raptor
Published Torque/Horsepower Curves
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Figure 110. Briggs raptor published torque curve (reference).
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Figure 111. Briggs Raptor torque curve adjusted for altitude.
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Figure 112. Briggs Raptor test points.
Approximate test points were taken periodically from this curve for %4, V4,
% and full throttle operating points. These test points are shown graphically in
Figure 112 and are tabulated in Table 34.

Table 34. Briggs test points. All values are in Ib-ft torque.

RPM ~Ys ~1/2 ~3/4 FULL
THROTTLE | THROTTLE | THROTTLE | THROTTLE
3500 1.6 32 4.8 6.4
4500 1.4 2.9 43 5.7
5500 1.0 2.1 3.1 4.1
6500 0.7 1.4 2.2 2.9

After warming up the engine, the operator controlled the engine throttle
and load to the desired test set point. Temperatures were monitored and, once
steady state temperatures were reached, data for the test point was recorded.

The engine was returned to idle and allowed to cool off.
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Because the data was available, torque and RPM data were collected and

measured torque vs. horsepower plots were generated.

4.6.2.4.2 High sampling rate measurements

As mentioned earlier the objective of the high sampling rate tests were two
fold; 1) determine the surface operating temperature of the running valves and 2)
measure the magnitude of temperature fluctuations at the surface of the valve.
As a result of these different objectives, slightly different instrumentation and test
procedures were used. To obtain the highest fidelity data possible, data from
only one thermocouple was gathered at a time. Individual VIs were written for
each valve thermocouple. The VI sampled data as fast as the hardware would
allow and wrote the data to a text file for later processing. Figure 113 is an

image of the high sampling rate VI.

P Bripgs_fast_1_TC.vi Front Panel

fleinthe textbox

Figure 113. High-sampling rate VI.
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The resulting data acquisition parameters used are shown in Table 35:

Table 35. Data acquisition parameters, single thermocouple high sampling
rate, based on 5500 RPM engine speed.

Number of samples collected 10,000
Sampling rate 125 kHz
Resulting time between samples 8 usec
Camshaft data accuracy 0.1 degrees
Equivalent camshaft cycles 4

Because the resulting data was not collected simultaneously, and

therefore not synchronized, an additional VI was written to collect data from four

thermocouples simultaneously at a time at the maximum sampling rate possible.

Operation was identical to the single thermocouple Vis described above, with the

addition of three channels of data an the accompanying slower data acquisition

rate. The resulting data acquisition parameters used are shown in Table 36:

Table 36. Data acquisition parameters for four-thermocouple high sampling
rate, based on 5500 RPM engine speed.

Number of samples collected 10,000
Sampling rate 41 kHz
Resulting time between samples 24 usec
Camshaft data accuracy 0.4 degrees
Equivalent camshaft cycles 11.2
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Because Wide Open Throttle (WOT) at full engine load represents the
most severe environment seen by the valve, all tests were run at these
conditions and load was used to drag the engine down to 5500 RPM

After warming up the engine. the operator controlled the engine throttle
and load to the desired test set point. Temperatures were monitored and, once
steady state temperatures were reached, data for the test point was recorded.

The engine was returned to idle and allowed to cool off.

4.6.3 Results and Discussion

From the steady state data collection experiments, measured torque and

horsepower curves were generated. These curves are shown in

Measured Torque and Horsepower vs. RPM
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Figure 114. Measured torque and HP curves for the Briggs Raptor engine.

This data shows a roughly similar shape, with lower magnitude than the

published data from Briggs and Stratton. This is not surprising considering the
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relatively crude fueling system, high altitude, and rough tolerances on the engine.

It does show that peak power and torque occurring at roughly 3500 RPM.

4.6.3.1 Steady State - Intake Valve Temperatures

Steady State thermocouple temperatures for the part throttle
measurements of the intake valve are shown in Figure 115. Recall the
thermocouple positions shown Figure 104. Thermocouples one through four are
on the valve face, thermocouple five is on the back side of the valve in the intake
port. It is clear that there is a temperature gradient across the face of the valve,
with the center of the valve several degrees cooler than the valve seat surfaces.
Temperature is also increasing with throttle position and speed as expected.
These values are relative close to the intake valve temperatures published in the

literature. As expected, back side temperatures remain well below face

temperatures.
Intake Valve Temperature Profile
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Figure 115. Intake valve temperature profiles, part throttle.
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Figure 116 is thermocouple data for the WOT cases. Temperatures at
WOT are nearly 100°C higher than the temperatures measured at part throttle,
reaching a maximum of 425°C. The same temperature profile is seen across the
valve face and back side temperatures remain well below face temperatures,
though slightly higher than at part throttle operation. Temperature is again

increasing with load and speed.
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Figure 116. Intake valve temperature profiles, full throttle.

4.6.3.2 Steady State - Exhaust Valve Temperatures

Steady State thermocouple temperatures for the part throttle
measurements of the exhaust valve are shown in Figure 117. Data for
thermocouple 2 was not available because the thin wire broke during engine
warm up. Temperatures are fairly uniform across the face of the valve. Again,
temperature is also increasing with throttle position and speed as expected.

These values are also relative close to the exhaust valve temperatures published
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in the literature. As expected, back side temperatures remain well below face

temperatures.
Exhaust Valve Temperature Profile
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Figure 117. Exhaust Valve temperature profiles, part throttle.

Figure 118 is the exhaust valve data for the WOT cases. A temperature
gradient appears across the valve face with cooler temperatures at the face and
hotter temperatures at the seat. Temperatures measured at WOT are nearly
300°C higher than the temperature at part throttle. Temperatures are also much
higher than those reported in the literature and even higher than those claimed
for racing exhaust valves! Back side temperature also rises significantly for all
RPMs and is actual higher than the measured face temperature for several

cases.
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Figure 118. Exhaust valve temperature profiles, full throttle.

4.6.3.3 Steady State- Engine Temperatures

Cylinder head and valve seat temperatures were also measured. Figure

119 is a plot of these temperatures. The series numbers correspond to the

locations shown in Figure 108. Most critical in these measurements is the

exhaust seat temperature which peaks near 300°C. In thermal modeling of the

valve, this seat temperature plays a large part in determining the valve operating

temperature.
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Cylinder Head Temperatures vs. RPM
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Figure 119. Cylinder head temperatures.

Valve Seat Temperature vs RPM
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Figure 120. Valve seat temperatures vs.. RPM.

4.6.3.4 High Sampling Rate - Intake Valve Temperatures

Intake valve temperatures were measured at 125 kHz sampling rate.

During the test, engine speed was 5900 RPM at WOT and full load. Thus, the
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data collected corresponds to 3.9 camshaft cycles. The results are shown in
Figure 121. Only one data series is shown because, by this point in testing the
other thermocouples in the valve had failed. There appears to be a lot of noise
on the plot, but this is to be expected since this particular engine has a large
Covariance of IMEP (COV of IMEP). In other words, the engine runs rough.
Dashed lines on the plot represent the approximate time for one camshatft cycle.
The mean temperature across the entire plot is 380°C. This is near the steady
state values measured for the intake valve at WOT and full load for the same
valve with the same thermocouples. There are two clear excursions in
temperature near 0.015 seconds and 0.055 seconds. These most likely
correspond to opening of the intake valve and the corresponding fresh air charge
cooling the valve briefly. However this cannot be verified without synchronizing
camshaft position data, which was not within the capability of this test setup.
Variation in temperature while the valve is closed appears to around 40°C.
Intake valve cooling of roughly 100°C occurs when the valve is open. This
average valve temperature is near but slightly higher than the 370°C average

temperature reported in the literature.

4.6.3.5 High Sampling Rate - Exhaust Valve Temperatures

Exhaust valve temperatures were also measured at 125 kHz. The results
are shown in Figure 122. Although the temperatures are plotted on the same
time scale, the data was not collected at the same time and is not synchronized.

Dashed lines represent the approximate time for one camshaft revolution.
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Figure 121. Intake valve temperature versus time, sampled at 125kHz.
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Figure 122. Exhaust Valve temperature versus time, 125kHz sampling rate,
unsynchronized data

Data from the exhaust valve is much cleaner than that of the intake valve.
The nature of the data is clear from the plot. This test data was taken at 5250

RPM which corresponds to 3.5 camshaft rotations worth of data. There is a clear

236



difference in temperature between the front and backside of the exhaust valve.
Exhaust face temperatures are lower than the backside because they are
exposed to the cooling charge air for a longer period of time. The clear drops in
temperature on the bask side data most likely occur during valve overlap when
fresh charge air is able to enter the exhaust port. Peak temperatures on the
backside are slightly higher than those reported in the literature, though the
overall range is similar to those reported and lower than that of racing valves. It
is interesting to note that the centerline valve seat temperature stays nearly
constant through the entire cycle. Valve face temperatures near the seat
average 40°C lower than the temperatures at the center of the face. This is the
inverse of opposite of what was seen in the steady state data. Average,
minimum and maximum temperatures for the three thermocouple locations on
the exhaust valve are shown in Table 37. The location numbers cited refer to the
thermocouple locations shown in Figure 104.

Table 37. Minimum, maximum and average exhaust valve temperatures.
5250 RPM, WOT full load.

Face Center Face - seat Backside
Location (location 2) (location 1) (location 5)
Minimum 701°C 589°C°C 658°C
Maximum 713°C 724°C 798°C
Average 702°C 639°C 776°C
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4.7 In-Engine Composite Coating Experiments

4.7.1 Introduction and Purpose

In order to provide some level of verification for the thermal analysis
presented in section 2.5, a series of experiments were undertaken to assess the
ability of fiber orientation and coating combinations to provide adequate thermal
protection for a FRC in the combustion chamber of a running engine. In addition,
an attempt was made to characterize degradation of the samples after testing.
Because of the time and material involved in making a FRC valve and the
challenge associated with making FRC valves from new constituent materials, it
was decided that a method of testing coupon samples in the combustion
chamber would be more time and cost effective. After a fair amount of trial and
error, a configuration was developed which allowed testing three different
samples in the engine at one time. The material and coating combinations for
each sample were varied in the test matrix. Temperature measurements were
made using thermocouples at the interface between FRC and coating, as well as

at the back side of the sample.

4.7.2 Test Setup

In order to test coupon samples in the combustion chamber of a running
engine, a test method was devised which involved drilling a stepped hole in a
custom made cylinder head. Molded and coated FRC samples were placed into
the stepped hole. Thermocouples were attached and the engine was run under

load. Temperatures were recorded at two different locations on the sample, at
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the interface and at the back-surface. A schematic of a single test sample is

shown in Figure 123. A photograph of a single sample is shown in Figure 124.

Bolt

Cylinder _—— Thermocouple #1
Head s

Thermocouple #2

Combustion Chamber Coated Surface

Figure 123. Schematic of coupon test setup.

coating thermocouple wire

composite core

Figure 124. Photograph of a coated coupon test sample.
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4.7.2.1 Test Matrix

In order to evaluate the effect of both fiber orientation and coating material

on performance of the samples a test matrix was developed which varied three

properties; fiber orientation, matrix material and coating material. The test matrix

is shown in Table 38

In the test matrix, carbon fiber is the only fiber used. This was chosen

partly because of the thermal conductivity of carbon fiber, and partly because of

availability. There are three fiber orientations;

None -  no fiber (neat polymer only)
Perpendicular - fibers are oriented perpendicular to the exposed
face

Parallel - fibers are oriented parallel to the exposed face

There are four possible coating configurations;

None -  no coating, fiber and matrix are exposed

Stainless Steel- a stainless steel layer, 0.007 inch thick is placed
on the exposed surface

Alumina Silicate  a high temperature alumina silicate disc is
bonded to the sample face, thicknesses of 0.05 inch and 0.125 inch
were tested

Pyrolitic Graphite: a pyrolitic graphite disc is bonded to the sample

face, thicknesses of 0.05 inch and 0.125 inch were tested
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Table 38. Test matrix for in cylinder fiber orientation, matrix and coating
evaluation.
orientation (to
Sample # Fiber face) Matrix Coating
1 none NA epoxy none
2 carbon perpendicular epoxy none
3 carbon parallel epoxy none
stainless steel
4 none NA epoxy 0.007 in
stainless steel
5 carbon perpendicular epoxy 0.007 in
stainless steel
6 carbon paralllel epoxy 0.007 in
Alumina
Silicate
Ceramic
7 carbon perpendicular epoxy 0.050 in
Alumina
Silicate
Ceramic
8 carbon parallel epoxy 0.050 in
Alumina
Silicate
Ceramic
9 carbon perpendicular epoxy 0.125in
Alumina
Silicate
Ceramic
10 carbon parallel epoxy 0.125in
Pyrolitic
Graphite
11 carbon perpendicular epoxy 0.125in
Pyrolitic
Graphite
12 carbon parallel epoxy 0.125in
Pyrolitic
Graphite
13 carbon perpendicular epoxy 0.050 in
Pyrolitic
Graphite
14 carbon parallel epoxy 0.050 in
15 Al Al Al Al
16 Al Al Al Al
17 Al Al Al Al
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4.7.2.2 Sample preparation

Samples were molded in a stainless steel mold. All samples were 0.5 inch
in diameter and between 0.25 in to 0.275 in thick with a 32 gauge thermocouple
molded into the FRC/coating interface, or to the surface for uncoated samples.

For the manufacture of “perpendicular” fiber samples, a commercially
available “100% carbon” pultruded unidirectional carbon fiber and epoxy rod with
0.5 inch outer diameter was purchased. The rod was sectioned into 0.25 inch
thick discs. The discs were center drilled with a 0.050 inch diameter hole.
Thermocouples were bonded into the hole using EPON 828 resin and 3140
hardener. For the purpose of modeling results, fiber was assumed to be T-300
carbon fiber.

For the manufacture of “parallel” fiber samples, a 0.25 inch thick plate of
plain weave carbon fiber and epoxy was formed from 25 layers of Toray prepreg.
A diamond coated abrasive hole saw was used to cut 0.4 inch diameter discs
from this plate. The discs were center drilled with a 0.050 inch diameter hole.
Thermocouples were bonded into the hole using EPON 828 resin and 3140
hardener. For the purpose of modeling results, fiber was also assumed to be T-
300 carbon fiber.

Un-reinforced epoxy samples were made using an open mold and the
same EPON 828 resin and 3140 hardener. Thermocouples were molded in
place.

Samples with a stainless steel coating were made using 0.007 inch thick

stainless steel. Discs were stambed from a sheet and formed to the inside
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contour of the mold. Alumina silicate coated samples were made by turning
discs of alumina silicate from an unfired 0.50 inch rod. Discs were then fired to
reach maximum strength and service temperature. Pyrolitic graphite coated
samples were made in the same way, with the exception of firing the coating
material. Coating discs, fiber samples and thermocouples were then molded in
place.

Because the T4 of a room temperature cured epoxy is generally relatively
low, and the resulting epoxy will become soft at temperatures well below those
seen inside the engine. With this in mind, epoxy samples were post cured in an
oven using a progressive cure cycle that increased temperature from 50°F to
400°F in 50°F increments with a 2 hour hold at each step. Although time
consuming, this succeeded in producing a sample with a much higher T4 and a

noticeable increase in hardness.

4.7.2.3 Cylinder head preparation

A custom, one-inch-thick billet aluminum cylinder head was acquired from
Jr Race Car Inc. in Greeley, Co. This beautiful, shiny cylinder head was then
drilled with three stepped holes to allow the placement of sample. Figure 125 is
a photo of the inside surface of the cylinder head with sample holes marked.
Each hole is 0.40 inch in diameter, thus the exposed surface area for each
sample is 0.125 in®. The backside of the hole is drilled to 0.5 inch diameter with
a 118" taper for seating the sample. The top (outside) of the hole is threaded
with a 5/8-18 inch internal thread. Socket head hex bolts were used for mounting

and holding samples in the holes and are were center drilled for routing of
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thermocouple wires. This cylinder head maintains the stock compression ratio of

the engine.

Y

ey Sample holes .

Figure 125. Modified cylinder head showing sample mounting locations.

4.7.2.4 Test Preparation

Prior to testing each sample was cleaned and weighed. A sample was
placed in each hole and pressed down into the taper at the bottom of the hole.

The sample is packed with conductive copper paste to fill air gaps and help with
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sealing. A 5/8-18 socket head bolt is threaded into the hole, compressing the
sample into the hole and sealing the hole. Thermocouple wires are threaded
through a 0.01 inch diameter hole through the center of the bolt. Thermocouples
are connected and the test is run.

All tests involved a five minute warm-up, followed by a one-minute run at
WOT and full load after which the engine was turned off and samples were
removed. If possible, samples were cleaned and weighed again to measure any

weight loss due to degradation.

4.7.2.5 Data Acquisition and Instrumentation

Temperature at the FRC/coating interface and on the back side was
monitored for each sample using a thermocouple. In addition, exhaust
temperature was monitored for comparison. Data acquisition was done using the
same National Instruments PXI 10301 chassis and SCXI 1100 thermocouple
reader used for the valve testing in the previous section. Temperature was
monitored continuously throughout the entire test at 100Hz sampling rate. Data
was collected every 15 seconds, written to a text file and post processed once

testing was finished.

4.7.3 Results and Discussion

For each sample, an estimate of material properties was made. From
these material properties, the unitless values for Bi of the coating, St, of the core
and Bb for the sample were calculated. Material properties used are shown in

Table 39. Because sample thickness varied from sample to sample, and coating
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thickness differed between materials, results were normalized for comparison.

When samples of different material are compared, the unitless temperature

measure © is used. For plots of temperature profile, the unitless length x* is

used. An example of the raw data for the alumina silicate coated samples is

shown

in Figure 126.

Table 39. Material properties used for in-engine coating analysis.

Material Axial Thermal Conductivity (W/m%K)
Carbon-epoxy parallel to surface 35
Carbon-epoxy perpendicular to surface 140
Epoxy 0.75
Stainless Steel 16
Alumina Silicate Ceramic 1.26
Pyrolitic Graphite 130
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Figure 126. Raw data, temperature vs.. time for alumina silicate coated

samples.
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4.7.3.1 Effect of fiber orientation on temperature distribution

Data from all tests were analyzed and plotted versus exhaust gas
temperature (EGT). The Temperature drop across te composite sample was
calculated by subtracting the back-side temperature from the interface
temperature. These results are plotted in Figure 127 for uncoated samples,
Figure 128, for samples coated with 0.007 in of stainless steel coating, and
Figure 129 for samples with 0.050 alumina silicate ceramic coating. In these
plots, a lower value is generally better, because it indicates less of a temperature

gradient across the core portion of the sample.

Uncoated Samples (
Temperature Drop Across Sample vs EGT |
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Figure 127. Effect of fiber orientation on temperature drop across the
samples for uncoated samples.
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Figure 128. Effect of fiber orientation on temperature drop across the
sample for stainless steel coated samples.
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Figure 129. Effect of fiber orientation on temperature drop across the
sample for alumina silicate coated samipes.

For each of the sets of samples, the temperature difference is increases
with EGT as expected. Those samples with carbon fiber oriented parallel to the

sample surface (perpendicular to the axial heat path) consistently have a larger
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temperature difference across the sample than those with fibers perpendicular to
the face (parallel to the heat path). This agrees with the results presented in
section 2.5 and is consistent with analysis that shows a higher conductivity
results in a lower temperature gradient and smaller temperature distribution
across the sample. Taking a close look at Figure 128, it can be seen that the
sample with fibers parallel to the surface performs only marginally better than the

un-reinforced (neat) polymer.

4.7.3.2 Effect of Bb on Interface temperature

For each of the data sets, the peak EGT point was located, from this data,
interface recorded. For each sample, surface temperature was assumed to be
equal to EGT. Measured interface temperature vs.. Bb was plotted for
verification of the previous analysis and is shown in Figure 130. Thus, the data
presented is the measured temperature at the boundary between the coating and
core material. The data points plotted encompass the entire range of test data.
The solid black line is a trend line fitted to the data and the dashed black line
highlights the location of Bb = 1. This plot shows the same trend discussed in
section in 2.5.3.1.3. That is, for Bb<1, interface temperature is higher, while for
Bb>1, interface temperature is lower. This data was taken at WOT and peak

EGT.
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Figure 130. Interface versus Bb at peak EGT.

Because temperatures typically had not reached a steady state at the
point test where maximum EGT occurred, this data analysis process was
repeated using a test point with lower EGT, where the engine temperatures had
reached steady state. This was typically the last data point at idle speed before
the throttle was opened and load was applied. Figure 131 shows steady state
interface temperature vs.. Bb. Again, the solid line is a curve fit to the data, the
dashed vertical line highlights the location of Bb = 1. In order to compare this
experimental result with the thermal analysis presented in section 2.5, the
analysis and raw experimental data was plotted on the same plot. This plot is
shown in Figure 132. The two upper curves, labeled L1/L2 = 200 and L1/L2 =1
are the bounding curves for the geometry (aspect ratios) of the experimental

samples.
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Figure 131. Steady state Interface temperature vs. Bb.
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Figure 132. Bb vs.. inteface temperature for analysis results and
experimental test results.

Although the height of the curve is significantly lower than that presented
in the analysis, the downward trend still exists. Adjusting either the assumed

heat transfer coefficient in the analysis downward, or the assumed surface
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temperature (equal to the EGT) for the experimental cases downward would
bring the experimental and analytical curves together. To illustrate this point, the
Analysis curves were adjusted downward by a factor of five. This data,
combined with the experimental results, are shown in Figure 133. Bb=1is
highlighted by the vertical dashed line and the trend line fitted to experimental

data is the thick solid line.
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Figure 133. Interface temperature vs.. Bb, scaled analysis results and
experimental data.

From Figure 133 it is clear that the trend line for the experimental data fits
nicely between the two bounding curves from the analysis data. This comparison
of experimental and analytical data confirms the analysis presented earlier. This
data shows that using the unitless value for Bb as a predictor of relative
temperature distribution in a solid material with a coating. It also shows that

interface temperature, the temperature at the boundary between the coating and
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core material, can be predicted based on the boundary conditions and the

unitless value for Bb.

4.7.3.3 Other observations

One other significant observation was noted during disassembly of the
cylinder head after testing the samples. For the samples with a stainless steel
coating, the epoxy at the interface was degraded to the point that the coating
material was no longer bonded to the core FRC. It appears that the FRC matrix
material was exposed to temperatures higher than the degradation temperature
at the interface. This is consistent with the idea that a conductive coating will
transmit heat directly to the core, although thess samples did not show the
highest interface temperature. These samples also had the thinnest coating,
which should increase the interface temperature as well. No other samples

experienced this type of failure.

4.8 Discussion of Experimentation and Testing Results

Static structural proof load tensile testing of net shape FRC valves has
shown the valves behavior is elastic under the loads seen during normal engine
operation. Failure loading has shown a graceful, progressive failure mode that
involves fiber shear-out at the keeper. Motored testing has shown that the valves
can withstand dynamic loading without experiencing failure.

In engine fired testing has demonstrated that a net-shape resin transfer
molded FRC valve can withstand the structural loading experienced in the

combustion chamber over the entire RPM range. A FRC intake valve was run at
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1700-1900 RPM under low load conditions for 400 consecutive minutes, more
than ten times the previously published performance for a FRC valve. High
engine load conditions caused thermal degradation in the face of the valve.

Temperature measurement of steel valves in a running engine has shown
that the test engine valve temperatures are in the range of or slightly higher those
reported in the literature for gasoline engines. Intake valve temperatures
averages roughly 370°C — 380 'C at WOT and full load. Exhaust valve
temperatures at WOT and full load are between 600°C and 800 ‘C depending on
location. It is unclear from comparison of the steady state and high sampling rate
data if the center of the exhaust valve face runs hotter or cooler than the valve
seat. Arguments for either case could be made. High sampling rate
measurements showed clearly the fluctuation in temperature in both the intake
and exhaust valves. Both intake and exhaust valve temperatures fluctuate over
100°C depending on the location in the valve.

In-engine coupon sample testing of FRC and coating combinations has
verified the thermal analysis presented in section 2.5. It is clear from the data
that fiber orientation plays a major role in governing the temperature distribution
across the FRC sample. Careful selection of coating materials can also
substantially lower the interface temperature between coating and core FRC.
The trend of interface temperature vs.. unitless ratio Bb has been verified with
the analysis presented in section 2.5. Experimental data has confirmed the
analysis showing that interface temperature decreases with increasing values of

Bb. The experimental data trend fits well with analytical data although
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magnitudes of the measured temperatures are significantly lower than those in
the analytical model. This is most likely due to the selection of boundary
conditions for the model and the very high value for the convective heat transfer
coefficient used. It has been shown that the ratio Bb is useful for predicting the
interface temperature as a function of the material properties of the coating and
core material. This also implies that given the appropriate boundary conditions,
the relative temperature gradient in the coating core materials can also be
predicted well. This opens up a number of design possibilities for extending the
usable rang of FRC materials into the combustion chamber. This line of testing
and analysis has shown that combinations of fiber orientation and coatings can

be used to enable the use of FRC components in the in-cylinder environment.
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5 Dissertation Discussion

With the stated goal of extending the usable range of FRC materials for
use in the combustion chamber of an IC engine, extensive literature review,
modeling and analysis, manufacturing process development and experimental
testing have been accomplished.

“Structurally sound, one-piece, near net shape molded fiber reinforced
composite IC engine valves can overcome the manufacturing complexities seen
in previous attempts to reduce valve train reciprocating mass by using composite
materials. Further, it is possible to extend the useable range of one-piece net
shape resin transfer molded polymer matrix, fiber reinforced composite materials
by using a combination of coatings and tailored fiber placement to withstand the
structural and thermal conditions in extreme thermal oxidative environments such

as the combustion chamber of an engine.”

5.1 Literature Review
An in-depth literature has been conducted that covers;
e Engine efficiency
e Documented FRC use in internal combustion engines
e Previous attempts at FRC valves for IC engines
¢ Resin transfer molding
e High temperature composite materials
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e Processing of the high temperature polyimide, PETI-RFI
e One and two dimensional modeling of FRCs under transient
thermal conditions

e Advances in thermal management of FRCs

e Advances in thermal management of FRCs with coatings

e Measurement of valve temperatures in a running IC engines

In short, many, many FRC engine components have been developed,

however FRC components have had limited use in the combustion chamber of
engines due largely to the difficult requirements associated with withstanding the
harsh thermal, oxidative and dynamic structural loads experienced. A great deal
of work has been done in modeling the thermal performance of FRCs for other
applications such as spacecraft and electronics packaging. Little work has been
done with regards to understanding the behavior of FRCs with coatings in an
extreme transient thermal environment such as the combustion chamber. This
work begins to fill that void showing analytically and experimentally that it is
possible to develop a component that can meet the structural and thermal

conditions that a part is exposed to in an IC engine combustion chamber.

5.2 Modeling and Analysis

Using basic mechanics, a prediction of mass reduction was made for a
small aircraft engine. Using direct substitution of FRC materials for existing
components, it is predicted that engine mass can be reduced by roughly 55%. A
72% mass reduction for the reciprocating mechanism is possible. Redesigning

the system to take advantage of the reduced inertial loads enabled by FRC
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components may enable even further mass reduction. A conservative estimate
using this shows 90% mass reduction of reciprocating mass may be possible.
Mass reduction in this range was demonstrated with the development of a net
shape molded FRC intake valve for an IC engine that had a mass just 19% of the
steel valve it replaced, a 81% mass reduction.

In development of this FRC intake valve, viable structural model for a FRC
valve has been designed. Several new, novel ideas have been incorporated into
this design to aid in manufacture with the goal of high-volume production. The
two previous attempts at FRC valves were multi-part components bonded
together. Features of the new design include:

e The fiber is designed to be a one-piece continuous fiber preform

e The finished valve is a net-shape resin transfer molded valve,
minimum machining is required once removed from the mold.

« From the analysis and from follow on testing, the structural design
is at least equal to that of a steel valve.

Initial transient thermal analysis using a one-dimensional flat plate with
convective heat transfer showed that the decreased conductivity of the FRC
matrix material causes a sharp temperature gradient near the exposed surface,
increasing surface temperature. Initial results suggest that orienting conductive
fibers along the heat path will help to alleviate this problem and that a
temperature distribution similar to that in the steel component is attainable using

FRC materials. This was later verified with in-cylinder testing of FRC samples.
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A comprehensive analysis has been undertaken to quantify the effects of
coating and core material combinations on the thermal performance of FRCs with
axial and radial heat paths. Specific emphasis has been placed on reducing the
core temperature of the FRC material.

A novel method of quantifying performance of core/coating combinations
has been developed which compares the ratio the heat carrying capacity of the
coating to the heat carrying capacity of the core material under convective heat

transfer conditions. This ratio is referred to as Bb and is defined as:

; L‘a L1 .
Bb = A—' = 1+h— Equation 31
L, N\ k, k

I 2

Analysis results have shown that for combinations of coating and core
material, Bb<1 will result in a higher interface temperature and that for Bb<0.1,
interface temperature is effectively equal to surface temperature. In these cases,
the coating material effectively transmits heat to the core. For Bb>1, a large
temperature gradient occurs in the coating material, effectively insulating the core
material from the heat source. As seen in the one-dimensional analysis, the
highly orthotropic nature of FRCs greatly affects the thermal response of the
material. While orienting fibers along the heat path reduces the temperature
gradient in that direction, a FRC with a large ratio of conductivities in the
orthogonal directions will experience a steep temperature gradient in the
direction of the lowest conductivity, typically orthogonal to the fiber direction.

This can again lead to high surface temperatures and high internal thermal

stresses.
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The new methodology described allows the designer to more quickly focus
the hone the design than by running numerous complex simulations of specific
materials. This design methodology has been applied to the thermal design of a
FRC intake valve. Initial estimates show that, by changing fiber type and volume
fraction, and by adding a metallic coating, the peak temperature experienced by
the matrix material can be reduced by several hundred degrees, making the FRC
valve thermally viable.

An initial thermal management for the FRC valve face has been presented
which should reduce surface temperature and reduce coating interface
temperatures by roughly 80%. This solution involves increasing the conductivity
of the FRC in the face, as well as adding a stainless steel barrier coating on the

face of the valve.

5.3 Process Development

A great deal of work has been done in developing the initial manufacturing
process for a net-shape molded FRC intake valve. A process has been
developed and demonstrated in which a single-piece fiber preform is used to
fabricate a net-shape fiber reinforced intake valve using resin transfer molding.
Although RTM of composite materials is not a new process, several new and
unique advancements have been made.

A novel method of positively clamping and locating the fiber preform has
been devised. Two concentric rings are press-fit with the end of the fiber preform

between them. This positively locates the fiber, prevents fiber pullout, and allows
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injection of the resin down the center of the fiber preform when the mold is filled.
This increases the wetting of the fibers in the mold.

A method has been developed whereby prepreg inserts using PETI-RFI in
the thermoplastic stage are manufactured. The inserts are placed into the mold
prior to injection. During the RTM process, the insert is incorporated into the
molded part. Co-curing the parts in the mold results in a net shape part. This
process could also be extended by inserting the additional functional part after
the RTM process, but before the final cure cycle. Any number of different
functional inserts could be added to the part this way.

A working mold has been developed and demonstrated. Three iterations
of the valve mold have been developed, each with successive improvements.
The final two designs incorporate a device for compressing fibers into the valve
face, thereby increasing the fiber volume fraction and part strength. This device
also serves as a perimeter vent. The latest mold design incorporates a modular
structure that allows the manufacture of both an intake and exhaust valves of
different geometries by swapping the two pieces that form the valve face. A
manufacturing process has been demonstrated and over 20 net-shape, RTM
valves have been successfully produced.

Extensive work has been done in relation to the processing of PETI-RFI.
Previously described efforts to process PETI-RFI composites focused on vacuum
hot pressing. Extensive material characterization using DSC, TGA and DTMA
has been performed with a focus on eliminating the formation of voids during

processing and curing. Additional cure experiments were performed using a
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vacuum/pressure chamber and hot press with the goal of adding flexibility and
minimizing void formation.

DTMA experiments showed the minimum viscosity for PETI-RFI occurs
between 220°C and 240°C with a rise in viscosity before 280°C. This differs from
previously published results and indicates a minimum viscosity at a slightly lower
temperature.

DSC experiments showed that a slower ramp rate of 1°C /min to the peak
cure temperature may reduce void formation. This is done by slowing and
extending the cure reaction. The cure reaction begins above 300°C and the
reaction rate peaks near 350°C. Lower final cure temperatures may also reduce
void formation for the same reasons. No interactions were found between the
PETI-RFI polymer, carbon fiber and mold release.

T, of PETI-RFI is near 242°C for peak cure temperatures between 330°C
and 390°C. In this temperature range, the polymer is insensitive to peak cure
temperature. TGA showed PETI-RFI is stable to 400°C. This is lower than that
of the base material, PETI-5, but still relatively high for a polymer.

Vacuum/pressure chamber experiments showed that degassing is critical
to the processing of polymer without voids. Once degassed, PETI-RFI can
undergo multiple melt-freeze cycles without affecting the final cured product. Any
processing that entrains air will require additional degassing to avoid void
formation in the final product.

As a result of this work, three additional methods of processing carbon

fiber reinforced PETI-RFI have been documented. These methods are; melt
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processing of neat polymer with final cure under N, gas pressure, hot pressing of
neat polymer, and resin transfer molding of fiber reinforced polymer. Hot
pressing fiber reinforced PETI-RFI at ambient air pressure in an unevacuated
mold produced samples of high porosity due to the presence of air entrained in
the manufacture process.

All three manufacturing methods can be accomplished without the use of
a high temperature vacuum bag and without the extremely high pressures
described in previous work. Additional flexibility has been demonstrated by
allowing intermediate cooling of the resin between the degassing, forming and
curing cycles. All three of these processes have been shown to produce parts

that have excellent consolidation and void content at or below 3% by area.

5.4 Experimentation and Testing

Static structural proof load tensile testing of net shape FRC valves has
shown the valves behavior is elastic under the loads seen during normal engine
operation. Failure loading has shown a graceful, progressive failure mode that
involves fiber shear-out at the keeper. Motored testing has shown that the valves
can withstand dynamic loading without experiencing failure. These series of
tests have demonstrated that a net-shape molded FRC component can withstand
the dynamic structural loads required for operation in the internal combustion
engine.

In engine fired testing has demonstrated that a net-shape resin transfer
molded FRC valve can withstand the structural loading experienced in the

combustion chamber over the entire RPM range. A FRC intake valve was run at
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1700-1900 RPM under low load conditions for 400 consecutive minutes, more
than ten times the previously published performance for a FRC valve. High
engine load conditions caused thermal degradation in the face of the valve.

Greater understanding of the thermal requirements for in combustion
chamber operation was gained through temperature measurement of steel
valves in a running engine. These tests have shown that the test engine valve
temperatures are in the range of or slightly higher those reported in the literature
for gasoline engines. Intake valve temperatures averaged 370°C — 380 "C at
WOT and full load. Exhaust valve temperatures at WOT and full load are
between 600°C and 800 °C depending on location. It is unclear from comparison
of the steady state and high sampling rate data if the center of the exhaust valve
face runs hotter or cooler than the valve seat. Arguments for either case could
be made. High sampling rate measurements showed clearly the fluctuation in
temperature in both the intake and exhaust valves. Both intake and exhaust
valve temperatures fluctuate over 100°C depending on the location in the valve.

In-engine coupon sample testing of FRC and coating combinations has
verified the transient thermal analysis presented in section 2.5. It is clear from
the data that fiber orientation plays a major role in governing the temperature
distribution across the FRC sample. Careful selection of coating materials can
also substantially lower the interface temperature between coating and core
FRC. The trend of interface temperature vs.. unitless ratio Bb has been verified
with the analysis presented in section 2.5 although magnitudes of the

temperature are significantly lower than those in the model. This is most likely
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due to the selection of boundary conditions for the model. This ratio is useful for
predicting the interface temperature as a function of the material properties of the
coating and core material. This opens up a number of design possibilities for
extending the usable rang of FRC materials into the combustion chamber.
Experimentation with has shown that combinations of fiber orientation and
coatings can be used to enable the use of FRC components in the in-cylinder

environment.

5.5 Recommendations for Future Work

In order to complete the demonstration of FRC valves for IC engines, and
to extend this methodology to other components exposed to the combustion
chamber, such as the cylinder, piston and rings, additional analysis and
experimentation will be required. Some suggestions for research along these
lines follow.

A detailed two or three dimensional transient thermal model of the steel
valve in the operating engine should be developed with specific emphasis placed
on refining the boundary conditions to match the experimental results achieved.
Having this model available would be indispensable in evaluating the
performance of fiber orientations and coating in the confines of the actual valve
geometry. It would also allow a more optimized design for the valve, enabling
further mass reduction. Also not discussed, but of significance is the effect of
heat transfer due to radiation. Most analysis to date has neglected this effect, yet
a valve running at 800-900° must be greatly effected by heat radiation of heat

both into and out of the valve face.
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An alternative which may be even ore viable for in-engine components is
the concept of a multi-layer surface for increased thermal performance. For
valves and pistons two potential options are immediately apparent. Firstis a
thicker conductive, perhaps metallic outer coating with an insulating inner coating
covering a FRC core. This would provide a surface heat path, while still lowering
the inner temperature of the core. This could be accomplished a number of
ways. The second is the inverse of the first, an insulating outer coating, followed
by a conducting second coat, covering the FRC core. This would provide the
same advantage as the first option but with less heat flux allowed. This might be
a more viable option for a component such as a piston or combustion chamber
liner.

Inherent in the success of all of the FRC designs is the temperature of the
heat sink, either in the models presented or the in the test engine. Lowering the
temperature of the sink will lower the overall temperature of the entire system.
Modern, liquid cooled engines have coolant operating temperatures of roughly
100°C. The current air cooled test engine reaches cylinder head temperatures of
over 300°C. Simply switching to a small, water cooled test engine would have
dramatic effects on component temperatures, and be more relevant in extending
the technology to production engines. However, for these same reasons the
current engine would continue to be a challenging test bed.

Work towards the goal of using more conventional temperature range

polymers. These are simpler to work with, more readily available, and less
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expensive. There are many more polymers that are structurally sound at 100°C
(like Nalgene™ bottles) than at 400°C.

Valve rotation is important for number of reasons in a running engine. For
reasons that are not understood, the FRC valves did not rotate during operation.
Figuring out what causes this effect and how to guarantee rotation in the FRC
valve would help considerably. The test setup for this research already exists in
the motored test rig.

As mentioned in a number of places in this work, the extreme
temperatures experienced by exhaust valves represent a much more difficult
problem, especially in using polymer matrix composites. The most logical next
step in pursuing this methodology for exhaust valves is to make the leap to
ceramic matrix composite materials. There are a number of commercially or
near-commercially available products that use a pre-ceramic polymer system
with relatively low viscosities to produce a molded ceramic or ceramic matrix
composite. If such products have a low enough viscosity, the process
development work presented here could be easily transferable to manufacture of
a fiber reinforced ceramic exhaust valve. Although mass reduction would not be

quite be as great as for the PMC valve, it would still be significant.
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6 Conclusions

Recall that the stated hypothesis for the research presented was:

“Structurally sound, one-piece, near net shape molded fiber reinforced
polymer matrix composite IC engine valves can overcome the manufacturing
complexities seen in previous attempts to reduce valve train reciprocating mass
by using composite materials. Further, it is possible to extend the useable range
of one-piece net shape resin transfer molded polymer matrix, fiber reinforced
composite materials by using a combination of coatings and tailored fiber
placement to withstand the structural and thermal conditions in extreme thermal
oxidative environments such as the combustion chamber of an engine.”

In demonstrating this hypothesis to be true, a number of accomplishments
and contributions have been made. An in-depth literature review has shown that
FRC engine components have been demonstrated, but have not been successful
in the combustion chamber due to the extreme thermal and oxidative and
structural loads experienced. The two previous attempts at FRC valves were
both multi-piece designs. Both involved either potential or demonstrated
structural failures at the valve transition areas and acknowledgements of the
need for thermal protection. Through a combination of modeling and
experimentation, both the structural and thermal challenges of previous FRC

valves have been overcome. Structural performance of a FRC valve has been
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demonstrated in a running engine. Thermal performance of a coated FRC
sample has been demonstrated in the combustion chamber of a running engine.
Accomplishments in modeling and analysis to address the structural and
thermal oxidative issues identified in previous FRC poppet valve research:
e Using structural analysis, FRC mass reduction over steel
components was predicted to be 70% -90%.
e A structural design for single piece-net shape molded intake valve
was developed using a one-piece fiber preform. Analysis indicates
a structural solution to failures noted by previous researchers.
¢ One-dimensional transient thermal analysis showed that FRC fiber
architecture and orientation can be configured to decrease surface
temperature and tailor temperature profile across a part. Based on
the assumed engine boundary conditions, surface temperature was
reduced by an estimated at 77°C from the initial FRC valve design.
e Detailed transient thermal analysis of FRC materials and coatings
was developed to generate new guidelines for fiber orientation and
selecting coating materials selection based on the unitless value,
Bb.
Accomplishments in process development:
¢ A manufacturing method was developed for the one-piece fiber
preform that addresses the process needs of resin transfer molding

in addition to structural and thermal criteria. Further, the preform
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developed allows optimal use of commercially available fiber forms
— unidirectional tow and braided tube.

A series of molds were developed to allow RTM of FRC intake
valves, including a modular mold which allows the manufacture of
two different geometry valves from a single set of mold pieces.

A process was developed for RTM of FRC valve using the
developed carbon fiber preform and the high temperature polymer
PETI-RFI as the matrix material.

A novel method of positive locating the fiber preform in the mold
using two concentric, interference fit rings was developed. This
allowed injection of resin through the center of the fiber preform and
eliminated migration of the preform within the mold under resin
transfer pressures.

An additional device was developed to allow compression of fibers
into the valve face, increasing fiber volume and strength on the
face.

A method was developed for inserting functional inserts, in the form
of fiber prepreg, into the mold prior to resin transfer molding,
increasing manufacturing flexibility. This additive technique also
enables the insertion of separate valve face materials as required.
Development of detailed processing parameters for PETI-RFI was
accomplished, including three new methods of processing which do

not require an autoclave or vacuum bag. Additional
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recommendations are made for reducing porosity of the polymer

during the cure cycle of PETI-RFI.

Experimental accomplishments:

Static structural testing has shown that the FRC valve performance
is sufficient for operation under the most extreme loading conditions
seen in the engine. Failure testing has shown that the failure mode
of the FRC intake valve is graceful.

Dynamic motored testing has shown that the valve design is able to
withstand dynamic loading under running conditions.

In engine fired testing of a FRC valve has set a new bench mark for
FRC valve performance and demonstrated that a polymer matrix
FRC valve can operate in the combustion chamber. Testing in a
fired engine continuously for more than 400 minutes and in excess
of 1,000,000 cycles without failure has demonstrated the potential
durability of one-piece FRC valves.

In engine steady state temperature measurements have been
made of the cylinder head, valve seats, intake valve, and exhaust
valve which have shown that operating temperatures for the test
engine are roughly 370°C - 380°C for the intake valve and 600°C —
800°C for the exhaust valve.

High sampling rate temperature measurements of steel intake and

exhaust valves in a running engine have shown temperature
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fluctuations in the face of the valve to be on the order of 100°C
throughout the cycle.

In-engine testing of FRC and coating samples has shown that the
use of the unitless Bb is appropriate for predicting interface
temperature and temperature profile across the sample.

In engine static sample testing has also shown that fiber orientation
has a strong effect on the temperature distribution across the
sample. A 100°C temperature difference was measured between
otherwise identical uncoated samples just by changing fiber
orientation. For coated samples, a 50°C temperature difference
was measured as an effect of changing fiber orientation.

In addition, in-engine sample testing has shown that the
appropriate combination of polymer matrix FRC and coating is
capable of withstanding the thermal environment in the combustion
chamber. Fiber and coating combinations have been demonstrated
that reduce the peak temperature of the FRC core material by

100°C from the uncoated samples.

Most significant among these accomplishments is the development of the

unitless ratio Bb. This ratio is defined as Bb = Bi/St, where Bi is the ratio of

thermal resistance on either side of the outer surface, and St is the ratio of

thermal resistance on either side of the coating-core interface. Defining this ratio

allows accurate prediction of the interface temperature between the coating and

core material. As a result, the temperature distribution and temperature
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gradients in both the coating and core material can be accurately predicted. This
is a straightforward calculation and does not require the use of any complex
analyses. Analysis has shown that, for values of Bb < 1, interface temperature is
high, and approaches the surface temperature of the part. The largest
temperature gradient is in the core of the material. For values of Bb < 1 x 10,
the normalized interface temperature © > 0.9. For values of Bb > 1 there is a
large temperature gradient in the coating. The core temperature approaches a
uniform, lower temperature. For values of Bb > 100, the normalized interface
temperature © < 0.2.

This in depth analysis and prediction has been verified through in-engine
testing of coating and core material combinations. The dependence of interface
temperature on the ratio Bb has been shown to be accurate. Scaled analysis
data fits very well with experimental trend line. Experimental data shows that, for
values of Bb < 0.001 normalized temperature © > 0.3. For values of Bb >~80
normalized temperature © < 0.15. This analysis and testing has shown that
appropriate FRC and coating architecture can be used to lower the core
temperature of the FRC to acceptable limits, allowing operation in the
combustion chamber.

Through a combination of structural analysis, thermal analysis, process
development, and experimentation, a net shape molded FRC component has
been demonstrated that is capable of operating under the dynamic structural
loading seen in the IC engine reciprocating mechanism. A manufacturing

process has been developed and demonstrated to enable the production of one
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piece FRC valves which meet the structural requirements, and have been
demonstrated to run in an engine. The manufacturing process developed is
based on processing technology proven in moderate to high volume composites
production. Thermal analysis and experimentation has shown that FRC
components with polymer matrix material can withstand the thermal oxidative
environment seen in the combustion chamber. These facts, when combined
show that a net shape molded FRC component can withstand the demanding
structural and thermal loading exposed to in the combustion chamber of an

internal combustion engine.
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Appendix 2: tabulated mass reduction by material substitution

Results applied to lycoming engine

alternator

starter

Total starter/alternator
gearing

oil sump

pushrod tubes
Total Accessories
exhaust pre turbo
intake cast tube
more exhuast
turbo

Total air/fexhaust
accessory cover
another air cover
covers, air flow
valve covers

Total covers

dist cap wires
distributors

Fuel injector

fuel lines

misc hardware nuts bolts
total miscellaneous
cam followers
connecting rods
exhaust valve
intake valve

piston

pushrods

wrist pins

rocker arms

total recip
camshaft
crankshaft
crankshaft counterbalanc
ring gear

total rotating
Crank case
cylinder/head
journal bearings
mounts

thru bolts

total structure

total mass

Total Original
weight

material

13.00 multiple None
17.00 multiple None
30.00

0.00 Al PMC
23.50 Al PMC
1.00 Al PMC
24.50
13.00 steel None
4.50 Al PMC
4 .50 steel PMC
47 .50 steel Cc-C
69.50
10.00 Al PMC
4.00 steel PMC
13.00 steel PMC
3.50 steel PMC
30.50
5.00 PVC/wire  none
7.50 multiple none
7.00 multiple none
2.50 steel pmc
26.00 steel none
48.00
2.50 steel Cc-C
12.00 steel pmc
1.82 steel c-C
2.03 steel Cc-C
18.00 Al Cc-C
3.00 steel pmc
10.50 steel pmc
3.50 al PMC
53.35
4.50 steel c-c
67.50 stainless ste pmc
9.00 steel mmc
10.00 steel mmc
91.00
82.00 Al mmc
165.00 Al and steel mmc
0.00 steel none
4.40 al PMC
6.00 steel none
257.40
604.25
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Material
substituted

Category
starter/alternator
starter/alternator
Total starter/alternator
accessories
accessories
accessories
Total Accessories
air/exhaust
air/exhaust
air/exhaust
air/exhaust
Total air/lexhaust
covers

covers

covers

covers

Total covers
miscellaneous
miscellaneous
miscellaneous
miscellaneous
miscellaneous
total miscellaneous
recip

recip

recip

recip

recip

recip

recip

recip

total recip
rotating

rotating

rotating

rotating

total rotating
structure
structure
structure
structure
structure

total structure

Total "reduced"” mass

30.00

12.50

26.51

8.59

45.93

16.71

50.18

82.34

272.75



Appendix 3: Stress Plots for FRC valve structural design
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Calculations for future refsrence:
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Appendix 5: Normalized data for axial heat path cases

Case 1: thin-iso-a normalized plots
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Case 1: thin-iso-a normalized plots

Normaiized Teperaturs
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Case 3: thick-iso-a normalized plots
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Case 3: thick-iso-a normalized plots
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Case 5: thin-iso-coat-a normalized plots
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Case 7: thick-iso-coat-a normalized plots
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Case 9: thin-ortho-a normalized plots
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Case 11: thick-ortho-a normalized plots
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Case 13: thin-ortho-coat-a normalized plots
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Case 15: thick-ortho-coat-a normalized plots
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Appendix 6: Normalized data for radial heat path cases
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t=0.01

Case 4: Thick-iso-r nomalized plots
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Case 10: Thin-ortho-r-summary plots
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Case 12: Thick-ortho-r-summary plots
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Case 14: Thin-ortho-coat-r-summary plots
Coating = iso_2 (Insulator)
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Case14: Thin-ortho-coat-r-summary plots
Coating = iso_6 (Conductor)
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Case 16: Thick-ortho-coat-r-summary plots
Coating = iso_2 (Insulator)
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Case 16: Thick-ortho-coat-r-summary plots
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