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1.0 Executive Summary
1.1 Summary

Formula One racing is an exceedingly competitivartsihat forces engine manufactures to researctyeve
conceivable way to increase the performance of thesign. Because of strict Formula One rules, the
displacement of the engines is closely regulatéérdfore, the only way to increase the performance
would be to choose a material that is better ipexific performance-related property. Our analysis
focuses on a material that has the potential ti@ase the overall engine efficiency. After exteasiv
analysis, Silicon Nitride was chosen because gh#smodynamic and strength properties.

1.2 Conclusions

After the analysis of the hoop stress, thermalrstyclic loading, and crack length, Silicon Nikei
passed all the tests to show that it can be ustinomplex environment inside of a Formula One
engine. Because of the thermodynamic properti¢gseomaterial, it also has been shown to give the
engine a 7% boost in overall efficiency. Becausthe$e great properties, it can also be considered
good candidate for high-performance domestic uke.fmain limiting factor of using the material Wik
the cost of manufacture as well as its fatigue life

1.3 Recommendations

Now that the material has been proven to worktimearetical environment, it should be tested iaa r
world application. Because of the Formula One ptenee to use aluminum materials, further research
should be done to determine if there is an alumitype material that has similar thermodynamic
properties. Further research needs to be donentdifi the manufacture process as well as reduee th
cost associated with it.

2.0 Introduction

Formula Racing is one of the largest spectatinongesports in the world. As part of this heavy
competition, every avenue is explored to decrdaséap time for the driver. The current approadois
increase the horsepower of the engine. This apprbas been hampered as Formula 1 has made several
specifications to limit the horsepower availablehte drivers by limiting the displacement of thegjiees.
Another way to increase the horsepower is to irsed¢he overall efficiency of the engine. This can b
accomplished by increasing the internal temperaifitee engine, or by decreasing the heat lodteo t
environment. The purpose of this report is to oetih method of increasing the efficiency of a Fdanu
engine with the end goal being selecting a new nate be used as a piston as well as a bettatatts
for the piston sleeve. The ideal material will isdeato withstand the complex loads on the systemedls
as stop excessive heat from being lost to the sndiags. The report will outline preliminary findjs
including the calculations and simulation of sedelainaterials. This report contains a Background of
Problem, Theory of Design, Material Selection, TharAnalysis, Material Analysis, Material
Manufacture, Cost Analysis, Future Design Constitana, Conclusion, and Appendices section.

3.0 Background of Problem

Formula One racing grew out of the European GrandrRotor racing, getting its official start in 184
From then on, there was a never ending race teaetiigher and higher horsepower in the name of
decreased lap time. This ended in 1994 after aeswguof driver deaths lead the Fédération
Internationale de I'Automobile (FIA) to severelgtrict the horsepower output of the F1 engines by
limiting their displacement capalbility.

These restriction have led to each individual @aitg the same horsepower output. In the drive to
decrease lap times, the next logical step willdimtrease the efficiency of the engine. This iaseein
efficiency can either be used to use less fuel thakfore conserve weight, or boost the horsepower
output as less heat is lost to the surroundingsndiease the efficiency, we are required to pick a
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material that has a high heat capacity as welbasthermal conductivity. It must also be capable of
withstanding the complex loading present insida Bbrmula One engine.

4.0 Theory of Design

The modern automobile engine is, at its core, sfragieat engine. Because of this, 100% efficiemay c
never be obtained. In a standard engine, the efligi can be determined from the following:

_ Qout
Nth = 1 Qin (1)

Where(;,, is the heat transfer due to combustion @pgl is the heat transfer lost to the atmosphere,
either through the engine block or the exhaustrRiis equation, you can see that in order to ntiage
engine more efficient, at a constant input, we Wmded to decrease the amount of heat loss to the
surroundings. One big way to do this would be thuoe the heat leaving the engine through the engine
block. In order to accomplish this, we need to finchaterial that can act as an insulator in thimdgt
wall. Because of strict FIA rules on displacemém, overall geometry of the piston and cylindeegée
cannot change. These dimensions can be seen imdigpke Because of this limitation on the desige, w
must therefore work within existing parametersiol 2 material that can withstand the loading alé age
provide to be a better insulator to the combugpi@tess.

5.0 Material Selection
Material Selection completed by Javier Banuelos

Current Formula One design uses a variety of alumialloys in their engine design. While this is an
easy to manufacture material, it does not havegptigs that would maximize the engine’s efficiency.
There were many properties that needed to be fakeaccount; with the possible increase in hedt an
pressure due to the increase in efficiency, alsigitanaterial had to be chosen that could withstdgh
heat, high stresses, and possess good insulabpenties. Among the materials under review were
several magnesium alloys that are being used onaative applications. Zinc alloys, which are heavie
and stronger than their magnesium alloy countespastre also considered due to their increased
strength. Additionally, traditional 6061 aluminuwith its well-rounded properties, presented itssifa
possible candidate. An additional material was wamed because of its exceedingly good strength and
thermal properties: Silicon Nitride (Si3N4) was siered because it possessed an almost ideal set of
parameters for the design constraints. These rabeaind their respective properties, can be seen i
Appendix 2.

5.1 Other Materials Considered

While all materials were considered, all but ond adimiting factor large enough to discredit these in
the engine. The Magnesium and Zinc alloys, despéi favorable strengths and low fabrication costs
have very low melting points at around 380-420TFke temperatures inside the cylinder can reach
temperatures in average of 500°C which will rulé lmeth alloys for use in the engine block. Aluminum
though inexpensive and readily available sharegainproperties with the Mg and Zn alloys, witheon
major difference being in a higher melting pointuiinum alloys are currently in use in various
automotive applications, and has proven time and igain that it can be used in the required ciomgit
Since the purpose of this project was to seektannaltive material for marked improvement, Aluminum
is shown merely as a benchmark. Si3N4 is theraf@enly materials that possess both the strength a
thermal conductivity required of the project.

5.2 Benefits of Silicon Nitride

The main goal for this project was to increase magifficiency by reducing heat loss within the quist
cylinder thus increasing pressure and reducingtheunt of fuel needed for each combustion cycle. In
comparison to the other proposed materials, Sids@lal/ed the lowest thermal conductivity, excellent



for insulating the cylinder, along with a high thetl shock resistance and low thermal expansion rate
which would mitigate the thermal stresses the pisted sleeve would be subject to. Additionally tigh
strength values inherent in the material ensurgénewould endure the complex environment it would
be subject to. While the other materials did hagé kenough strength and toughness values to wittista
wear and mechanical stresses, it was in their thigpnoperties that they ultimately failed. Theigti
thermal conductivities would not allow us to prdpénsulate the engine to achieve an ideal efficien
While cost was considered, the target market fBN8iwas for high performance race engines, and
therefore the cost was a negligible issue.

6.0 Thermal Analysis
Thermal Analysis completed by Gregory Berkeley

The thermodynamics of an automotive engine are eemplex and require a high degree of
understanding to perform any type of precise aimlyhis will be an attempt to simplify the thermal
interactions in order to produce results for a marergy efficient engine for Formula One RacingoPr
to introducing any theory and mathematics it istfimportant to understand the interworking
mechanisms inside of an engine.

It is first important to mention that all of thegmeeding research will be conducted at the maximum
allowable power in Formula One Racing, 19,250 riitihe engines crankshaft. This is equivalent to
about 750 horsepower with a torque of 2Y9m . The giothis study is to conjuncture a method that
will allow for another 100 horsepower by utilizitige low thermal conductive property of Silicon M
(Si3N4).

6.1 Summary of Thermal Analysis

Since we are modeling at 19,250 rpm, the entire-$tnoke cycle repeats every 6 milliseconds. This
process happens so rapidly that the energy comifrgiin the spark plug, and ensuing combustion, can
be described as a constant rate of heat transteaisystem. The work coming out of the system,tdue
rotation of the crankshaft, can then be expresseamistant shaft power and the remaining heasts lo
due to material heat conduction as well as exhaigt. allows for the use of a closed steady statdeh
The following diagram gives a representation oféhergy interactions in the system.

Heat transfer
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|

|

I combustion
exhaust I
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Work produced
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Figure 1. Closed Steady State Model



Due to the first law of thermodynamics we know tieg energy can neither be created nor destroyed bu
only converted from one form to another. For arstem the First Law states that the net result af be
work will be a change in the energy of the syst@hegt 47). The general equation for energy can be
algebraically expressed by the following:

AE =Q-W

Q = net heat transferre
W = net work done

AE =change in total energy

By definition of a system at steady state we knlogvahange in energy of the system must be equal to
zero. By simplifying the First Law and taking a &rderivative we can show that the output power will
equal the net heat transfer.

W=
W = Qin - Qout (2
We now have a relationship between the energyaatiens in our model (Figure Before we continue
in the analysis it will be critical to understantbéher aspect of our system, its thermal efficiefigys
combined with the above equation can be used @wate the increase of power in our system. The

following section will discuss the conditions fagtdrmining values for engine efficiency, allowirgto
provide a numerical representation for our research

6.2 Engine Efficiency

The efficiency of an engine is determined by th@amt of work being produced compared with the
amount of heat (energy) put into the system (M&@®n This was expressed in Formula (1) above.

By inspection of this equation we see that by desirgy the heat loss while still maintaining a canst
heat transfer into the system will allow for a mefficient engine. The heat being lost during tfeeking
cycles of the piston can be separated into two $omaterial heat conduction and exhaust. This aimly
will pertain explicitly to the heat transfer thrduthe material as an attempt to achieve an inciiease
horsepower.

6.3 Current Thermodynamics of Formula One

Let us first consider how much power is being pratlwhen the vehicle is traveling at maximum power.
The work done by a torque in rotating a shaft iateal to its displaced angle of orientation (Blalitajee
25). Taking a time derivative of the expressionviork will provide an equation for the power being
produced at a given rpm.

W, = FAs= FrA8 =TA#
W, = lim 188 1p=on Nt
at-0 At 60 ©)



T in Formula (3) is the torque exerted on the cshalt andn is its angular velocity in rpm. By applying
19,250 rpm we are able to find a measurement oeptwing produced. Keep in mind the torque that is
exerted at this rotational rate is 2R M.

19,250 rpm

W = ZHLT = 277[
60 60 s

] 0279 kN [Om

W =5624 kW = 750 hp

Formula One engines run at roughly 33% thermatiefficy (“Formula One Engines”). This means that
one-third of the heat produced by the combustiarketgenerates as work through the piston rotdtiag
crankshaft. Since two-thirds of the heat producethb engine is lost after the full four-stroke leyae
can conclude the following by using our previousagpn:

Z(jin = Qin _gQin :W

Qout - 3

Q, - %Qm = 5624 kW

Q,=1687.2kW Q,, =1,124.8kW (4)
This tells us that 1,124.8 kW of heat is being tbsbugh either the material or exhaust strokdnef t
engine. Let us now take a closer look at how tha Isebeing lost through the material. The follogvin
section will utilize accepted methods of thermadlgsis in order to give this quantity a numerical
representation for both the use of current cylindaterial as well as a prototype made of Silicomidié.
By comparing the results we will be able to det@eran increase in our power output.

6.4 Thermal Conductivity Analysis

At every instant in the model there is a flow o&halong the cylinder walls throughout its voluribe
amount of heat that travels through the cylindeteipendent on the thermal conductive property ®f th
material. The thermal transfer through the matevalls is given by Formula (5) below

: dT
Qout,mat = kAd_
X (5)

wherek is the thermal conductivity is the inner area of the cylinder adifdx is the temperature
gradient at any point throughout the cylinder'skiniess. However, the temperature must be the same
throughout each cross section in order for the $tatemain steady. In other word3/dx is a constant. If
this were not so, the quantity of heat flowing iatoelement of the cylinder would not be the sasiha
heat flowing out. The heat would then accumulasédi|a the cylinder walls and its temperature would
change, contradicting the definition of steadyes{&ears 348).

This allows us to simplify the above equation tmsthing much more feasible:
T, -T¢

Qout,mat = T (6)
WhereTy is the hot temperature inside of the system duwetobustion]T¢ is the cold temperature in the
system’s surroundings, amds the thickness of the cylinder wall.

With this expression as well as empirical equatimiiseat transfer, we are able to achieve a clear
approach for increasing engine efficiency with aeral of considerably lower thermal conductivibet



us now determine values for the rate of energyttasiugh both a cylinder made of Aluminum Alloy as
well as Silicon Nitride.

6.5 Heat Transfer

Table 1, below, shows the values for the Aluminumd Silicon Nitride that are required to solve eurat
(6). Aluminum is used in order to compare the gairthermal efficiency by using Silicon Nitride.

120 W/im.K | 0.01225 500° C 30°C 0.005 m

30 W/im.K 0.01225 500° C 30°C 0.005 m

Table 1. Properties required to calculate the heat trartbfeugh the cylinder wall. See Appendix 3 for
and explanation of Tand T

6.5.1 Heat Transfer through Aluminum

By inserting the values from Table 1 into Equat{6)) we are able to evaluate the rate of heat Hestg
through the walls of an Aluminum Alloy cylinder e engine performs at 750 hp. Knowing that the sum
of the heat lost through material conduction amdugh the exhaust we are also able to determine the
amount of heat lost through exhaust.

. — 120 w (0.01225 2) 500°C — 30°C
Qoutmar = 12077 (0- 0005 m
Qout,mat = 138 kW Qout,exh =987.6 kW (7)

6.5.2 Heat Transfer through Silicon Nitride

Again, by inserting the values for Silicon Nitrifftem Table 1 into Equation (6), we are able to eaté
the rate of heat being lost through the walls Sfleon Nitride cylinder. It is important to notidbat the
heat being lost through exhaust will not differ fois analysis since we are not changing the haiagb
provided to the system. The heat that is storemlitiir insulation will instead be transferred as toial
work being produced by the engine.
. _ 30 w (0.01225 m?) 500°C — 30°C
Qoutmar = 3077 (0. 0,005 m
Qoutmat = 34.5kW Quutoxn = 987.6kW (8)
6.7 Silicon Nitride Thermal Benefits
We now have obtained all of the data necessargiodstrate an increase in power output as well as
energy efficiency for a Formula One engine. Usiggi&ion (2) with the calculated values from Equatio

(8) we are able to evaluate how much more powearméa One car will produce by implementing a
Silicon Nitride cylinder.

W = 1687.2kW - (34.5kW +987.6kW)

W =665.1kW =900hp ©)



Using Equation (1) we are able to determine the eegine efficiency:

Efficiency=1- 10221
1687.2
Efficiency =0.394 = 39.4% (10)

6.8 Conclusion of Thermal Analysis

Decreasing the rate of heat being lost througltytiader has allowed for a greater power outputfro
the engine. The heat that is stored from implemegrdi more thermally insulated material is allowiog
more pressure to be exerted on the piston causingeease of torque on the crankshaft. Using @ilic
Nitride as a replacement material selection fonfda One race cylinders will increase the engine’s
maximum power by 150 hp and provide a 7% raisengire efficiency.

7.0 Material Analysis
Material Analysis completed Levi Lentz

Now that we have found a material to use in theopiand cylinder sleeve, as well as proved thaad

an increase in overall efficiency, the questiomthecomes whether it can handle the complex loaafing
an internal combustion engine. The goal of thigiseds to prove whether or not it can handle this
through both hand calculations as well as throbghRinite Element Analysis capability in SolidWarks
This section contains an Internal Pressure, The8traks, Failure Theory, Cyclic Loading, Crack Ltbng
and Material Conclusion section.

7.1 Internal Pressure

Next to the thermal stress, the largest stres#esrféoth the piston as well as the piston sleeliebe
due to the internal pressure from the combustichefjasoline. This combustion will be cyclic inura,
and therefore will cause the internal stressesitg with time. In order to gain an accurate estiombf
the internal pressure, we need to use two metlwofilsd the internal pressure: the pressure asut refs
the acceleration as well as the pressure due tigiiteon temperature. Both of these pressures lghtme
nearly equal to each other.

7.1.1 Accderation

One method to approximate the internal pressutieeofylinder would be to find the accelerationtad t
piston. The max acceleration will happen at eith@éreme of the piston cycle, with the largest magla
happening at Top Dead Center. Once we have théegatien of the piston, we can approximate the
internal pressure by replacing this force by arithigted load on the top of the piston. The analg$ithis
can be found in Appendix 3. The tabulated resw@tsle found below in Table 2. This table represents
only the maximum pressure, the actual loading liltyclic in nature.

19,250 RPN 9843.9¢ 21.245kn 2.8165MP.

Table 2. Data from the acceleration model for nma@rinal pressure.
7.1.2 Ignition Temperature
Section completed by Art Klutch

One method to correlate the ignition process wittnaperature would be to use the ideal gas law:
P = pRT (11)

This equation will yield the initial pressure judter combustion. The pressure is then approximdated
to the change in volume of the cylinder. Becausth®ftomplexities of the combustion cycle, thipust



an approximation for the internal stress. In rgatiiere would be a discontinuity at the inletlod gas
and the exhaust of the fumes. The max pressurevthhave found was 2.98MPa, within 10% of our
acceleration model. The correlation of the two ni@dbows that we have obtained a close
approximation. However, due to the higher load i ideal gas model, it will be used to obtain a
higher factor of safety.

The benefit of this model is that, like the accafien, it can be shown to be shown to vary withetiffihe
graph of the internal pressure vs time can be keklw in Figure 2. This pressure is useful for iimd
the load on the piston as well as the load on yhieder wall.

Pressure vs. Time
35

1\ /
o1\ /
NN /
ol N\ /

Pressure (MPa)

\ /
0 T T T T T T 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
Time (sec)

Figure 2. Graph of internal Pressure vs. Time.
7.1.3 Hoop Stressand Longitudinal Stress

The largest stress that the cylinder wall will Imeler, due to the internal load, will be from thecatied
hoop stress. This is a stress in the radial dadtiat is a consequence of the internal presBa@ause
of the geometry of the cylinder, the shear stresthe material can be neglected. The hoop stresbea
determined from the following equation:

o="" (12)

This stress, like the internal stress, will be @yl nature. Figure 3 shows how the hoop streseva
with time. Notice that it is similar in shape ta@Bie 2, just in a higher magnitude. This is becalise
hoop stress is simply the internal stress multiphg the geometric property r/t (radius/thickness).
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Hoop Stress vs. Time
25
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Figure 3. Hoop Stress vs. Time

This graph implies that the stress felt in theabdirection varies between 23.01MPa and 2.09MPa,
implying a change in stress of 20.92MPa. This changstress will dictate the life of the cylindézeve.

Because the cylinder is constrained on the topbatidm, there is also a longitudinal stress inakial
direction. All longitudinal stresses correspondhe same time and position to the hoop stressés. Th
stress varies between 5.75MPa and .52MPa. Thetlaolgil stress change therefore changes 5.23MPa in
each cycle.

7.2 Thermal Stress

The largest stress that the material will be undibe from the thermal expansion as the sleeve is
constrained on the top and bottom. If we use spgpsition, we can derive the following relationship,
shown in Appendix 5:

o, = aATE (13)

Since the average operating temperature has beamsb be 500°C, we can find that the stress to be
480.8MPa in compression. This large thermal sigedge in part because of the large modulus of
elasticity. This stress can also be reduced ifghisgap was allowed to exist between the cylirsleeve
and the engine block. This would allow the matdoaéxpand unconstrained, effectively lowering the
amount of stress that the sleeve will be undertduke thermal expansion.

Because of the constraint, the thermal strainérédial direction should be taken into accountweleer,
the way the piston has been designed allows a lapbetween the cylinder sleeve and the piston. The
Poisson effect will not close this gap. This gathexefore closed by the piston rings. These rargs
normally made of hardened steel and have a ragiged than the piston to close the gap betweardit a
the sleeve. It has an angular gap cut in a radéain@r that serves two purposes. The first is tmathe

ring to be inserted onto the piston; the tightfies not allow it to be attached any other way. Sdeond,
and more important, purpose is to allow the ringdwe a constant radius as it warms to the stetady-s
temperature. As the ring warms, the gap closegsdaltieermal expansion, allowing the rings outer and
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inner radius to remain constant. This design elatda the need to closely match the thermal stfain o
both the piston and cylinder sleeve, allowing nuEstigns to use a different material for each part.

7.3 Failure theory

Picking a proper failure theory will be crucialdetermining if our selected material can handle the
applied stresses. While it is not the most consievéheory, the Von Mises Failure theory is a
convenient theory to use to choose as we can whiafyour part does not fail with common Finite
Element Analysis software that commonly use the Mises Criterion.

The Theorem states the following:

2 01— 002 + (01— 03)* + (03— 03)?): < 0 (14)

Using the current loading supplied we can find:tha

01 = —475MPa
g, = 23MPa
g3 = 0

Where the 1-direction is in the longitudinal diieatand represents the addition of the thermastamd
the longitudinal stress of a cylinder; the 2-dii@etis the hoop stress in the radial direction.nirtbe
above stresses and the Von Mises failure theoryamedetermine that our yield stress needs to lee. W
find it to be:

a, > 490MPa (15)

This is a very high stress, yet the yield stresSilifon Nitride far exceeds this value. The vasjarity
of this stress is also in compression; like albeeics, Silicon Nitride handles compressive loady weell
and could handle this load fairly easily, with theld stress in compression being between 600MPa-
3GPa; this value varies considerably based on typatof manufacturing process the material
undergoes.

While Silicon Nitride can handle this stress, itagnd to be so high because of the geometric cainss
on the part. If a slight gap was allowed undetrtli@r piston sleeve to expand prior to touching thgiree
block, the stress would be significantly lower.

7.5 Finite Element Analysis

Solidworks analysis completed by Christian Igartua

In order to verify that our hand calculations averect in their finding that the material will nfatil under
the static loading presented in the preceding@extiThis is achieved by using the Finite Element
Analysis (FEA) in Solidworks 2010. After the rungiof the tests, the parts were found to have not
failed. The results can be seen below. Addition&A was run on aluminum parts, but due to length
restrictions, it is not included in this report.

12



Figure 4. Displacement results for a static load on a Siliblitride Piston

Figure 5. Stress on Silicon Nitride Piston
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Figure 7. Compressive load as well as internal pressure on the Silicon Nitride Sleeve.

7.6 Cyclic Loading

As Figure 2 and 3 show, the piston and cylindes\&eare going to be under a cyclic load each aadyev
engine cycle. As we have chosen Silicon Nitridedior material of choice, we have to examine the
fatigue life of the material.

Because Silicon Nitride is used in high temperaggglications primarily, most of the data that was
readily accessible came from tests performed orhrhigher temperatures (Mutoh, 3939-44). From these
values we can obtain the following relationshig tierivation of which can be seen in Appendix 6.

AoNP%%7 = 135.889 (16)

The graph of which can be seen in Figure 8 belostelthat under the temperatures the piston operates
at, the real graph will be higher, giving us moyeles to failure. Also, as with most ceramics, ¢hisrno
clear endurance limit; eventually our parts will fander any amount cyclic loading.
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Stress vs Cycles to Failure
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Figure8. A log-log graph of the Wéhler curve for Siliconthte.

From the Wohler curve, we can deduce that the dglisleeve can last approximately 5.715*1ycles.
In terms of the engine cycles, this will be haltlas load is applied twice every revolution. Thiglies
that the engine can last 2.85* @evolutions. Assuming the engine could run at 39,RPM the entire
race, there are 193.25*1fevolutions per race. These numbers show thatyimder sleeve will outlast
the life of the engine by several orders of magtéturhis adds credibility to Silicon Nitride beinged in
domestic applications.

7.7 Crack Length

As with all materials, a large consideration needse placed on the critical crack length of thearial.
This is the max length that a crack can be in a&ri@twithout failing under the load. The Irwin
modification to the Griffith equation, shown beldiwEquation (17), provides us a way to relate the
critical crack length with the applied strength.

oYVra = K¢ (17)

Since Silicon Nitride has a low fracture toughnesg.1 MPay/m, the crack length is going to be small.
Solving the above for “a” with our maximum appligtless we obtain that:

oYvra = K¢
480MPa * 1 xy/ma = 6.1MPaym
= a =.05mm (18)

This means that we can have a center crack lerigimmn (as a center crack has a length of 2*a).l§Vhi
this is a relatively short crack length, the maotdee of Silicon Nitride will allow the part to beade
with a max crack length less than this value dubécsintering process, as will be discussed iti@ec
8.0.

7.8 Material Conclusion

After analysis through both hand calculations ak agethrough the Finite Element Analysis it was
shown that the material can withstand the intelosding required of it. This adds credibility tdesging
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it in part because of it thermal properties as @aelhigh strength. The last limiting factor will thee cost
associated with the manufacture of the materiativhiill be discussed in Sections 8 and 9.

8.0 Material Manufacture
Material Manufacture and Cost Analysis completeddyier Banuelos

Si3N4 has several fabrication methods each whiglarirthe material with different mechanical
properties. Hot Pressed Silicon Nitride (HPSN), &®iea-Bonded Silicon Nitride (RBSN), Sintered and
Reaction-Bonded Silicon Nitride (SRBSN), and SiateSilicon Nitride (SSN) are the four fabrication
methods more commonly seen.

Hot Pressed Silicon Nitride, developed in the 19683 1970's, is a way to take advantage of the
material's excellent mechanical properties. Fluadded, usually magnesia, to the pure Si3N4 powder
and the material is then passed through a dieG 48 and 40MPa of pressure. It allows for a dense
billet with high quality properties (Sinternatiorsyalons). However, the two drawbacks to this me#tho
are the fabrication costs as pure Si3N4 powdeerig gxpensive ($80/kg) (Mikijelj, B.) and the prese
allows only for simple shapes that require grindamgl machining to get into the necessary shape,
limiting its possible applications.

Sintered Silicon Nitride has all but replaced HP8Mllows for more complex shapes as Si3N4 powder,
mixed with various sintering additives, is denglifeg 1750 °C in a nitrogen atmosphere. This proaksss
harbors its own drawbacks. Even though the manurfiact process is cheaper, this cost is offset by th
fact that pure Si3N4 is required. Lastly it alsspys significant shrinkage ranging from 17 to 21%
(Mikijelj, B.) which may result in increased neeat firinding or machining to attain the right part
dimensions.

Reaction-bonded Silicon Nitride is the process bjctv Silicon 'dough’ is meticulously nitrided allmg
Si3N4 to grow within the porosity of the dough (®imational Syalons). The benefit to this prodsss
the fact that the Si3N4 displays little to no skege allowing a near accurate part reducing thd fege
machining or grinding significantly. Additionallysi low relative cost is desirable as it allowsdayreater
profit margin. The main drawback to this processies in the increased porosity which reduces the
strength quality of the material, making it inferto Si3N4 made through the other methods.

Sintered and Reaction-Bonded Silicon Nitride bectimdabrication method chosen for this desigis It
a favorable combination of the high quality projesrbf SSN and the low production costs of RBSNe Th
process is very similar to the steps used in simdeand reaction-bonding the Si3N4. The only véoiat
comes in the addition of sintering additives to stating powder that allows for sintering afteg th
reaction-bonding process (Sinternational Syalofis. sintering reduces the porosity induced by the
reaction-bonding, though it introduces shrinkagthtomaterial. However, this shrinkage is signiiity
lower than that of SSN (10-12% as opposed to 17-@dikijelj, B.)) which gives more control over part
dimensions and still maintains a reduced needuithér grinding or machining (Sinternational Syalpn
The reduced porosity increases the strength of SRBSompare to that of HPSN and SSN making it
the desired manufacturing technique for this design

Using the current fabrication methods SRBSN makkesnaterial remarkably self-reinforcing. The

process begins with a Silicon powder compact deg#d Yttrium Oxide, Aluminum Oxide (both

sintering additives) and beta-Silicon Nitride seédse compact is then placed into a tube furnade an
nitridation begins (Lee, J. S. 897-905). The systentosely monitored to maintain a 120KPa control
pressure; as gas is absorbed due to the formation of Sig8ldreasing the pressure, a pressure transducer
then sounds the alert for more gas to be fed h@durnace (Lee, J. S. 897-905). Slowly the tentpeza

is increased in a multi-step process until it reach450 C, the whole process taking approximatedy o

30 hours to complete. It is then that post-sintgrinperformed to further increase densification.
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Some common sintering additives are Yttrium Oxid2@3), Aluminum Oxide (Al20), and Magnesium
Oxide (MgO). The purpose of the sintering additiiee® promote densification and keep thermal
conductivity low due to the increased amount obséary phases (Zhu, X. 5581-91). Additionally
hardness and wear resistance, in part, also depetite presence of additives (Wani, M. F. 52-59).

Beta-seeding is another means to improve Silicaridei properties. Beta phase seeds also improve
material density and, if closely monitored, haymoaitive effect of fracture strength and toughn&ésen
coupled with a larger Si compact grain size (7 oneters aspposed to 2 micrometers) nitridation
percentages are increased, due to the lower S¥@klm the original Silicon powder. Additionally
higher fracture strengths and fracture toughnesseen in the beta-seeded course powder because of
rapid growth of large elongated grains (Lee, BE-905).

9.0 Cost Analysis

Due to the wide array of applications of Silicortridie, a universal cost estimate for these parnteiig
difficult to procure. Reaction-sintered Silicon ilie was the cheapest of the manufacturing prosesse
but was still significantly more expensive tharditimnal metal manufacturing techniques. An estamat
attained through contacting several different mactufring companies gave the cost per kilogram to be
around $450, including all material, machining, #tgbr. With all profits and a wide margin of righe
estimated cost per piston is $650. Due to theivelgtlarge budgets of Formula One race teams,ishas
more than reasonable price, especially for theeeme in performance.

10.0 Future Design Considerations

This report proves that Silicon Nitride can workaagiable material under the complex loading of a
Formula One engine. However, in the past, the R”émoved to make significant material improvements
illegal, and has instead established a precedencsstaluminum materials in the entire engine de#g
part of this, it would be beneficial to find an mdinum-type material that would have similar
thermodynamic properties. This would also help whia manufacturing process as it would decrease on
the amount of initial investment to create thec®iti Nitride parts as well as decrease the cogpamer

Based on current research, there is no aluminummyaterial with similar thermo properties; it would
have to be a composite of some sort. Becausesofati, Silicon Nitride may be the only way to iease

the efficiency of the engine from a purely matesiaind point.

11.0 Conclusion

After all of the complex analysis required for fr@ject, we have shown that Silicon Nitride can kvas
an alternative material for inside of the cylintdock of a F1 engine. As the natural trend of F1
technology is to transition into the field of higlerformance sports cars, our analysis also impiiaisthe
material can be used in a domestic application.rmam limiting factor is the fatigue life as wel the
relatively small max crack length. Future researebds to be done to determine if there are ways to
mediate these limitations.
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12.0 Appendices
Appendix 1
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Appendix 2

Si3N4 Zinc Alloys
Sintered-Reaction Bonded | Sintered Hot Pressed Zamak 3 Zamak 5
Modulus of Elasticity ™ |JeioloJ€]ek:} 300 Gpa 300 Gpa 130 Gpa 130 Gpa
Shear Modulus 148 Mpa 140MPa 145MPa 214 Mpa 262 Mpa
21MPa-
@Rl 5.0-8.0 Mpa-sqrt(m) 7.5 Mpa-sqrt(m) 4.5 Mpa-sqrt(m) | 12.3MPa*sqrt(m) | sqrt(m)
.7GPa (C) @ .6 GPa(C) @
Yield Strength 3 GPa (C) @ 600 € 600C 600C 210 MPa 240 MPa
27 micro-
Thermal Expansion 3.4 micro-m/m.K 3.1 micro-m/m.K 3.2 micro-m/m.K | 27 micro-m/m.K | m/m.K
‘Thermal Conductivity” IPAAWi1E S 22 W/m-K 26 W/m-K 113 W/m*K 110 W/m*K
Density 3.31 g/cm3 3.24 g/lcm3 3.2 g/cm3 6.69/cm3 6.7g/cm3
Melting point 1500+ € 1500+ € 1500+ € 380-387 € 380-386 C
Mg Alloys Aluminum
AZ91A AZ91D 6061
Modulus of Elasticity 45 GPa 45 GPa 68.9 GPa
Shear Modulus 17 GPa 17 GPa 26 GPa
Fracture Toughness 22.9 MPa-sqrt(m) 28 MPa-sgrt(m) | 29 MPa-sqrt(m)
Yield Strength 150 MPa 150 MPa 276 MPa
Same as
Thermal Expansion 26 microm/m*K @ 20-100C | AZ91A 25.2 microm/m.K
Same as
Thermal Conductivity 72W/m-K @ 100-300degC AZ91A 167 W/m-K
Density 1.81g/cm3 1.81g/cm3 2.7 g/lcm3
Melting point 421 C 421 C 582-652 T

Table 3. Properties of materials considered for the project.
Appendix 3

The primary function of the spark plug is to igrtiee air/fuel mixture within the combustion chamber
under any operating condition. The two most comgeauses of spark plug problems are carbon fouling
(occurs below 450° C) and pre-ignition (occurs &®800° C). Carbon fouling occurs when deposits from
combustion start to form on the tip of the spatkgplPre-ignition occurs when the average temperatur
from the spark plug is high enough to prematurealyse the fuel/air mixture to combust, damaging the
engine.. The optimum heat range for spark pludimmiies between these two temperatures as ishelp
self-clean itself of combustion deposits. If thgjier is to be operated at high RPM, under a hezag, |

or at high temperatures for long periods a colgeition will be required. For Formula One race eegi,
there optimum combustion temperature is approxilp&@0° C due their high rates of speed for
extensive periods of time. Figure 11, below, derrates the relationship between ignition tempegatur
and engine speed of a Formula One car. (Sears 482)
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Figure 11 Temperature vs Vehicle Speed for Formula One
Appendix 4

Figure 12. Four-bar link representation of the piston assgmbl

In order to solve for the acceleration of the pis&hown in Figure 12 above, we need to deternhiae t

acceleration of X¥). In order to find this, we need to first formlased vector loop which can be seen
below in Equation 1.

L, (cosBi + sin6j) + L, (cosdi — sindj)) + X = 0 (19)

By taking the derivative of (19) once, we can fthd velocity, and twice, we can find the accelerati
which can be seen below in Equations (20) and ¢2&pectively.

L, (—6sin67 + 6cos0y) + L, (—sind? — peosdy) + X7 =0
= X = L;0sin6 + L, dsind (20)

L L,6cos0
" Lycosd

Differentiate once more:

L ([~0Bsin® — 6%cosB]7 + [Bcos® — 62sinb])) + Ly ([—dsing — p?cosd|i + [—Pcosd + $2sind|f) + X7 = 0

= X = L, (Bsind + 6%cos0) + L, (Psing + pZcosd) (21)
. Bcos® — 0%sind + p2sind
=>¢ =
cosd
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Using these equations, we can find the max acc¢&lare be at the point wheth= ¢ = 0. When
modeled at 19,250 RPM, we find this to be 9843.9g.

Appendix 5

When a material is allowed to undergo thermal stimia completely unconstrained manner, this leéads
all dimensions expanding proportionally to theire@iwient of Thermal Expansion. Since our piston
sleeve is constrained in the axial direction, we ese the superposition principle to determinesthess
on our sleeve:

Oth — 85t =0
_ PL
~AE
PL
AE

Sen

aATL =

= 0y, = aATE (20)
Solving whemAT = 470C
= o, = —480.8MPa
Appendix 6
Using the S-N curve relationship, we obtain théofeing relationship:
AoNf =C (21)
From the data performed on Silicon Nitride at 12@MDtoh, 2):
Ao = 70MPa, Ny = 3.33 10*
Ag = 76MPa, Ny = 9.1575 * 103
Yielding:
a =.0637
¢ = 135.889
Giving:
AoNP%% = 135.889

WhenAg = 20.92MPa; Ny = 5.715 * 1012
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